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Preface

Just as the face of cystic fibrosis has changed, from a respi-
ratory and digestive disease of children to a multisystem
disease predominantly of adults, so the 3rd edition of this
book is radically different from the 2nd edition, published
in 2000. The chapters have been reorganized into seven
main sections, and all have been completely rewritten.
Many of the authors from the previous edition have been
retired, with great thanks, and some have taken on new
tasks, and more than thirty new authors, and a third editor,
have been recruited. We have tried to keep this edition the
same length as its predecessor, by ensuring the old was
excised to make way for the new.

Although this is, in effect, a completely new book, the
opening chapter is rooted in the past, with an account of
the great achievements of our forebears in describing and
understanding the treatment and science of cystic fibrosis.
This is followed by an epidemiological description of
where we are now. Subsequent chapters describe basic 
science for the clinician, diagnostic aspects of the disease
(including how to manage the screened patient), the 
clinical aspects, monitoring of the disease, and a complete
section, that evolved from a single chapter, on multidisci-
plinary care. It ends with a chapter which looks to the
future – which may be required reading in ten years time,

as an illustration of how wrong the most educated of
guesses may be.

This is a book aimed primarily for clinicians with all
degrees of experience, who we hope will learn from our
authors – as we have done. It is predominantly a clinical
book, but with scientific sections that are intended to be
accessible to the interested clinician. We also hope that the
scientist who wishes to find out more about cystic fibrosis
will find the clinical sections informative.

We want to thank all the authors for their hard work and
forbearance of our importuning; the publishers, in particu-
lar Heather Fyfe, for keeping us on track and ensuring the
highest standards in production of the volume; and we ask
the partners, family and friends of all concerned, authors,
publishers and editors, to forgive us for the long hours con-
sumed during the gestation of this volume. We hope the
end-product in small measure repays their patience.

Finally, our chief thanks are due to our teachers – the
patients and their families – from whom we have learned
all we know about cystic fibrosis.

Margaret Hodson
Duncan Geddes
Andrew Bush
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PART 1

INTRODUCTION: WHAT IS CYSTIC FIBROSIS?

1 History of cystic fibrosis 3
James M. Littlewood

2 Epidemiology of cystic fibrosis 21
Sarah Walters and Anil Mehta
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1
History of cystic fibrosis

JAMES M. LITTLEWOOD

Cystic fibrosis (CF) is the most common life-shortening
inherited disorder of Caucasian people. The incidence of
around 1 in 2500 births is remarkably high as, until rela-
tively recently, most affected children died in infancy or
early childhood from pneumonia and malnutrition.

BEFORE THE NINETEEN THIRTIES

The first accurate description of the swollen hardened gleam-
ing white pancreas likely to be due to CF was in an autopsy
report on a supposedly ‘bewitched’ 11-year-old girl in 1595
by Pieter Pauw, Professor of Botany and Anatomy at Leiden
(1564–1617). From the middle of the seventeenth century
there were many reports of infants who almost certainly
had CF described in detail by Busch [1,2,3] even earlier
than the well-known quotation of Rochholz that ‘The child
will soon die whose brow tastes salty when kissed’ in an
almanac of children’s songs and games from Switzerland [4].
Other versions of this prophecy include ‘If it tastes salty when
someone is kissed on the brow then this person is hexed
[bewitched]’ in a dictionary of the Swiss–German language
[5]. In 1838, Rokitansky described the autopsy findings of
ileal perforation and meconium peritonitis in a premature
child likely to have had meconium ileus [6]. Landsteiner
gave a clear description of the pancreatic lesions in an infant
with meconium ileus [7].

In 1888, Samuel Gee described children with the appear-
ances of severe intestinal malabsorption as having the ‘celiac
affection’ with an arrest of growth, a distended abdomen,
and attacks of diarrhea with large, pale, foul-smelling
stools [8]. The cause was unknown but it became apparent
that the syndrome was caused by a number of different
conditions. The causative role of gluten in celiac disease, as
we know it today, was not identified until 1950 [9]. There
were infants reported with the clinical syndrome described
by Gee who at autopsy had definite histological changes in
the pancreas and lungs [10–14]. The pancreatic histology

of all these patients was typical of the changes that Dorothy
Andersen subsequently described using the term ‘cystic
fibrosis’ [15].

THE NINETEEN THIRTIES

‘CYSTIC FIBROSIS OF THE PANCREAS’ RECOGNIZED AS A
SPECIFIC ENTITY

Margaret Harper of Sydney, who earlier had reported two
children with congenital pancreatic steatorrhea [16],
described a further eight children with clinical features
compatible with cystic fibrosis. At autopsy four had typical
pancreatic changes [17]. Blackfan and Wolbach, reviewing
the histological changes in eleven children with vitamin A
deficiency, noted six had extensive pancreatic lesions char-
acterized by ‘dilatation of the acini and ducts, inspissated
secretion, atrophy of the acini, lymphoid and leukocyte
infiltration to some degree and fibrosis’; they noted the
lesions were ‘all identical and presumably representing a dis-
ease entity’ [18]. In 1936, Fanconi described two children
with ‘celiac syndrome’ where ‘the changes in the lungs and
pancreas, two vital organs, are so profound that their fail-
ure appears understandable’ [19]. Blackfan and May
reported a further 35 infants with characteristic pancreatic
histology and chronic lung infection [20], and other simi-
lar reports appeared in 1938 [21,22].

However, it was Dorothy Andersen (Fig. 1.1), the pathol-
ogist at the Babies’ and Children’s Hospital at Columbia
Presbyterian Medical Center in New York, whose 1938 pub-
lication resulted in CF being recognized as a specific entity
[15]. Andersen’s meticulous study was initiated to review
the clinical, laboratory and autopsy findings of children with
celiac disease to define the criteria for identifying those whose
condition was caused by pancreatic disease. She collected
cases in which the presence of a definite pancreatic histolog-
ical abnormality had been identified, and she described in
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great detail the clinical and autopsy findings of 49 such chil-
dren – 20 from her own hospital and others from colleagues
and the literature. She described neonatal intestinal obstruc-
tion, later intestinal and respiratory complications and
many other features, but particularly the striking character-
istic pancreatic histology (Figs 1.2 and 1.3) [15]. The epithe-
lial metaplasia characteristic of vitamin A deficiency was
present in 14 of the 49 infants, and Andersen suggested that
vitamin A deficiency, resulting from the severe intestinal
malabsorption, predisposed to the respiratory infections and
bronchiectasis [23,24].

THE NINETEEN FORTIES

A RECESSIVELY INHERITED MULTISYSTEM DISORDER

Despite Andersen’s clear description of CF in 1938, ‘knowl-
edge and recognition of the disease were almost nil for several
years’ [25]. The few publications on CF came from North
America; also Europe was heavily involved in the Second
World War. Charles May, from the Babies’ Hospital, New
York, then a major in the US army, spoke on CF at a meeting
of the Royal Society of Medicine in London and gave a 
succinct description of the 35 children with CF identified in
Boston from 2800 pediatric autopsies over 15 years [26].

Figure 1.1 Dorothy Andersen 1901–1963.

Figure 1.2 Normal pancreas in an infant at 3 days.

Figure 1.3 Pancreas in an infant with cystic fibrosis at 6 days
[15], showing dilatation of the acini and ducts, inspissated
secretions, atrophy of the acini, leukocyte infiltration and fibrosis.
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The nineteen fifties 5

The familial incidence of CF was soon noted and a
Mendelian recessive mode of inheritance recognized [27,28].
Sydney Farber, pathologist at the Children’s Hospital,
Boston, recognized that CF was a generalized disorder affect-
ing organs other than the pancreas and introduced the term
‘mucoviscidosis’. He concluded: ‘The inspissation of altered
secretions in the pancreatic acini is only a part of a generalized
disorder of secretory mechanisms involving many glandular
structures but exerting its greatest effect on the pancreas’ [29].

RECENTLY AVAILABLE ANTIBIOTICS HAD AN OBVIOUS
BENEFICIAL EFFECT

Paul di Sant’Agnese, for a time a pediatric colleague of
Andersen’s in New York, attributed the improved progno-
sis, which had occurred during the decade, to ‘an appropri-
ate diet began promptly and continued consistently, use of
sulphadiazine during the stage of chronic cough, and the
use of [nebulized] penicillin’ [30]. The use of sulphonamides,
particularly in the early phases of the chest infection, and
penicillin from 1944 and later other antibiotics (chlor-
tetracycline from 1948, oxytetracycline from 1950, chlor-
amphenicol from 1951 and erythromycin from 1951),
soon became the mainstay of the treatment. Most children 
soon became infected with Staphylococcus aureus, which
responded convincingly to small, frequent doses of peni-
cillin aerosol (20 000 units seven times daily) alone or with
intramuscular penicillin. Di Sant’Agnese observed: ‘In most
patients the results were dramatic. From death’s door,
slowly dying from chronic pulmonary disease while we
watched helplessly, patients revived in a few days’ [25].

NUTRITION A MAJOR PROBLEM

Nutritional treatment in the 1940s included a high-protein
diet, relatively crude pancreatic extract with meals and
large doses of intramuscular vitamin A, deficiency of which
Andersen still considered to be the underlying cause of the
respiratory problems [24]. Although not all pediatricians
were convinced pancreatin was of benefit, Archie Norman
and colleagues in London showed considerable improve-
ment in both fat absorption (increased from 46% to 71%
of intake) and nitrogen excretion (decreased from 23.1 g to
10.7 g per day) in children with CF treated with 15 g of
pancreatin four times daily [31].

The availability of penicillin from 1944 had an obvious
beneficial effect in prolonging the survival of affected
infants. But throughout the decade few people, including
most doctors, had even heard of CF and the outlook
remained very poor; for example 64% of patients in one
Mayo Clinic series failed to reach 7 years [32].

THE NINETEEN FIFTIES

THE SWEAT TEST: A NEW ERA IN DIAGNOSIS

The diagnosis of CF was not straightforward and still relied
on a combination of symptoms and signs of intestinal 

malabsorption supported by laboratory evidence of fat
malabsorption and pancreatic insufficiency – the latter
confirmed by measurement of enzyme activity in duodenal
fluid obtained by intubation. A less invasive test to demon-
strate trypsin activity in the stool, by digesting gelatine from
X-ray film, had been described and received considerable
attention, but problems occurred with the effects of intes-
tinal bacteria [33].

During a New York heat wave in 1948, five of ten infants
admitted to hospital with marked dehydration, fever and
signs of circulatory collapse were already known to have CF;
in two the serum chloride values were low [34]. Noticing
that in subsequent summers children with CF seemed to be
particularly intolerant of the heat, in 1952 di Sant’Agnese
investigated sweating function of two teenagers with CF
and two controls. The patients with CF had considerably
higher sweat chloride, sodium and to a lesser extent potas-
sium levels than the controls. Although initially these find-
ings were received with considerable scepticism by some
authorities, this quite fundamental observation was soon
confirmed in a larger series of patients [35]. Unfortunately
attempts by others to obtain sufficient sweat for analysis
occasionally led to problems and at least one fatality was
reported when, to promote sweating, ‘the patient was placed
in a plastic bag up to the neck and covered with a blanket’
[36]. Fortunately, in 1959, Gibson and Cooke described
their pilocarpine iontophoresis method of sweat stimula-
tion, which still remains the standard method [37]. Using
the sweat test, patients with sufficient pancreatic function
to maintain normal intestinal fat absorption could be con-
firmed as having CF, and the infants whose intestinal mal-
absorption syndrome was due to CF could be more easily
identified. Unfortunately, with more widespread use of the
sweat test there was considerable potential for mistakes
when inexperienced people carried out the test [38].

TREATMENT AND OUTLOOK CONTINUE TO IMPROVE 
AT A FEW CENTERS

In the USA the names of Paul di Sant’Agnese and Harry
Shwachman are closely linked with many of the advances in
treatment. In London, from 1950, Winifred Young recom-
mended postural drainage, the traditional treatment for
bronchiectasis, for children with cystic fibrosis [39]. Jocelyn
Reed was the first to recommend ‘tipping the patient so 
that gravity will assist in drainage, clapping and pressure
vibrations during expiration are the most effective forms 
of mechanical stimulus to eliminate secretions’ [40]. These 
so-called ‘English’ methods of physiotherapy were intro-
duced in North America. Details of breathing exercises and
postural drainage were published when Barbara Doyle, an
Irish physiotherapist, was working with Shwachman in
Boston during 1956–58 [41]. Although physiotherapy was
accepted as an important component of treatment, some
pediatricians remained unconvinced of its value – ‘the 
ritual of carefully positioning the patient to drain every 
pulmonary segment separately is usually an exercise in
futility’ [42].
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ANTIBIOTICS BECOME THE MAINSTAY OF TREATMENT

The definite benefits of antibiotic therapy became increas-
ingly apparent. In 1958, Shwachman and Kulczycki
described an improving outlook for children with CF and
noted that survival into adult life occurred with increasing
frequency [43]. Antibiotics (chlortetracycline or oxytetra-
cycline) were recommended for episodes of infection and
continuously for those who were chronically infected; large
oral doses combined with chloramphenicol or erythromycin
were given for more severe infections. Aerosol antibiotics,
penicillin and streptomycin or neomycin and polymyxin,
were added for more severe infections [44]; subsequently
the latter were abandoned because of ototoxicity. The
numerous side-effects resulting from the unusually pro-
longed and repeated use of antibiotics, now becoming an
established feature of CF treatment, were reviewed in detail
at a later date; e.g. allergic reactions, renal, auditory, eye
problems and many others including bacterial resistance
[45]. Penicillin-resistant Staphylococcus aureus and the
appearance of mucoid Pseudomonas aeruginosa were, even
then, emerging problems [46].

NEW FEATURES WITH LONGER SURVIVAL

As survival improved, many additional features of CF were
described. The first studies of lung function in six patients
aged 12–14 years clearly identified most of the important
features of impaired lung function [47], confirmed in later
studies [48]. The beneficial effect of bronchodilators was
recognized by the end of the decade [49], also that cor pul-
monale developed [50]. Bronchial obstruction with the
typical upper lobar atelectasis and emphysema was described
[51], as was the early generalized emphysema, which is
present even in the absence of infection reflecting the air-
way obstruction [52]. Nasal polyposis, unusual in non-CF
children, was reported [53].

NEONATAL AND GASTROINTESTINAL ADVANCES

Although the first infants to survive with meconium ileus
were reported in 1942 [54], the Bishop and Koop ileostomy
significantly improved the outlook [55]. Intestinal obstruc-
tion in an older child was described in 1941 [56]; later Jensen
coined the term ‘meconium ileus equivalent’ [57] for the
condition now termed ‘distal intestinal obstruction syn-
drome’ – still a common problem.

Other new features reported were patients with preser-
vation of sufficient pancreatic function to achieve normal
fat absorption [58]. The ‘pancreatic sufficient’ patients had
a fat absorption of over 90% without enzyme replacement
therapy, yet two that died had typical pancreatic histologi-
cal changes [59]. Rectal prolapse was recognized as a rela-
tively common occurrence in untreated patients [60]. Two
patients with appendicular abscesses were mentioned as
occurring from among 700 patients [61].

LIVER INVOLVEMENT RECOGNIZED AS A MAJOR FEATURE

Small areas of biliary fibrosis had been recognized previ-
ously at autopsy [15,28,29], and massive steatosis had been
described in 1950 [62]. The authors of a more detailed
report of five patients with hepatic cirrhosis suggested that
protein deficiency secondary to the pancreatic dysfunction
was responsible for the liver damage [63] – analogous to
the earlier belief that the bronchial changes were secondary
to vitamin A deficiency. Di Sant’Agnese gave a detailed
description of the multilobular biliary cirrhosis present in
seven of their 325 patients and also of the associated portal
hypertension and suggested that liver involvement should
be added to the major manifestations of the condition
[64,65].

THE CLEVELAND TREATMENT PROGRAM: A PARADIGM 
FOR MODERN CF CARE

In 1957 in Cleveland, a young pediatrician, Leroy Matthews,
was appointed to plan and initiate a ‘comprehensive and
prophylactic [preventive] treatment program’ for CF, ini-
tially suggested and funded by the parents of children with
cystic fibrosis [66]. The treatment program which Matthews
developed included accurate early diagnosis by sweat tests,
and from diagnosis (a major feature of the program) included
regular physiotherapy, frequent follow-up with monthly
respiratory cultures to guide antibiotic therapy using spe-
cial microbiology techniques for CF sputum, regular nebu-
lized treatment using phenylephrine as decongestant and
propylene glycol as a mucolytic, and nocturnal mist tents
[67]. The method of management had a significant effect
on survival, reducing the annual mortality rate there from
over 10% to 2% by 1960. The details and impressive results
of Matthew’s comprehensive treatment program from
1957 onwards were published in 1964 and 1965 [67–69]. In
commenting on the Cleveland program, di Sant’Agnese
questioned the need to start the full prophylactic therapy at
diagnosis, tending to favor the more usual practice of start-
ing treatment when there is an indication of ‘incipient pul-
monary involvement’ [70]. The obvious success of CF
center care was influential in the development of the US CF
Foundation’s Care Teaching and Research Center Program,
which started in 1961.

The nineteen fifties – science

THE BASIC PATHOPHYSIOLOGY WAS CONFUSING

As Paul Quinton later observed, it was obvious to the
pathologist that the disease was caused by abnormal mucus
or proteinaceous inspissations in the lumen of the pan-
creas, lung and intestine. On the other hand, the sweat
gland with its abnormally salty secretion, that produced no
mentionable amount of mucus and showed no structural
defects, became the clearest criterion for diagnosis [71].
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Andersen also observed that the abnormal salt loss could
not be attributed to an abnormality of mucus, suggesting
the basic defect did not lie in the molecular structure of
mucoproteins [72]. Abnormalities of the hormonal or
autonomic control of pancreatic secretion were suggested
even as far as affecting the respiratory physiology [73].
Stimulation of various abdominal viscera could cause
bronchospasm. This excited considerable interest and even
prompted an unsuccessful trial of splanchnicectomies
(interruption of the splanchnic nerves to the pancreas) in
24 patients with CF [74].

THE NINETEEN SIXTIES

THE START OF NATIONAL AND INTERNATIONAL CF
ORGANIZATIONS

The 1960s saw the start of many national CF organizations,
usually following pressure from parents and engendering a
collaborative approach between the medical community
and the CF families. In North America, the National Cystic
Fibrosis Research Foundation (now the Cystic Fibrosis
Foundation) had been founded in 1955 and the Canadian
Cystic Fibrosis Foundation in 1959. In Europe, the UK Cystic
Fibrosis Research Trust (now the Cystic Fibrosis Trust)
was formed in 1964, and in the following year the French
Association Française de lutte contre la Mucoviscidose
(now Vaincre la Mucoviscidose). Other national CF organ-
izations followed in Western Europe and then Australia and
New Zealand, and from the 1970s in South America [75].

In 1965, the International Cystic Fibrosis (Mucovisci-
dosis) Association (ICFMA), the predecessor of CF
Worldwide, was formed at a steering meeting in Paris in 1964
under the medical chairmanship of Paul di Sant’Agnese,
who endeavored to involve those European physicians
with an interest in cystic fibrosis. He had visited Europe in
1960, meeting several interested Europeans including
Guido Fanconi and Ettori Rossi in Switzerland, Andre
Heenequet and Jan Feigleson in France, Archie Norman
and David Lawson in England, de Toni in Italy, and
Weijers, Dicke and van de Kamer in Holland. The aims of
the ICFMA were to improve the care of children and adults
who had CF, to foster research and to disseminate infor-
mation. In 1969, there was the first informal meeting of
Europeans in Interlaken organized by Ettori Rossi and
then the first meeting of the European Working Group for
Cystic Fibrosis in Cambridge, England (in 1998 this
became the European Cystic Fibrosis Society).

EARLY NEONATAL CF SCREENING

The increased protein content of CF meconium [76] resulted
in the development the BM (Boehringer–Mannheim) meco-
nium test for neonatal CF screening; this was later aban-
doned due to the high incidence of false positive and false
negative results. Other possibilities suggested for neonatal

CF screening were analysis of the electrolyte content of nail
clippings [77] or of the parotid secretion [78], or of sweat
using a chloride electrode [79], the chloride plate test [80]
and the immunoreactive trypsin test using the blood spots
obtained for Guthrie testing [81]; the last was subsequently
adopted by a number of neonatal CF screening programs.

PANCREATIC FUNCTION TESTS AND OTHER
GASTROENTEROLOGICAL ADVANCES

Beat Hadorn used pancreozymin–secretin stimulation tests
of pancreatic function in children with CF, using a triple
lumen tube and showed the pancreatic secretion to be of
low volume with low enzyme and bicarbonate levels; he
considered this to result in stagnation of pancreatic secre-
tion and enzymes causing damage to the pancreatic ducts
[82]. However, as the sweat test was now the main diagnos-
tic test available in larger units, rather than the enzyme
content of duodenal fluid, pancreatic insufficiency was
more conveniently confirmed by the less invasive measure-
ment of fecal trypsin and chymotrypsin activity [83]. The
new technique of per-oral small intestinal biopsy to iden-
tify the characteristic duodenal subtotal villous atrophy of
gluten-induced celiac disease allowed further clear separa-
tion of this condition from CF [84]. Celiac disease is slightly
more common in CF than in the general population [85].
The characteristic histological appearance of the small
intestine [86] and rectal mucosa [87] were described in
detail. When the sweat test result was marginal and the
diagnosis in doubt, the failure of oral 9�-fluorohydrocorti-
sone to significantly decrease the sweat electrolyte levels in
people with CF was helpful [88].

PSEUDOMONAS AERUGINOSA INFECTION AND OTHER
RESPIRATORY DEVELOPMENTS

The mucoid form of Pseudomonas aeruginosa was described
in 1964 but opinions still differed as to its importance as 
a pathogen [89]. Measures of respiratory function were
becoming more common to show the day-to-day variability
and the response to bronchodilators [90], and improve-
ment in respiratory function of infants less than 9 months
old after inhaled propylene glycol and bronchodilators [91].
The important association of allergic bronchopulmonary
aspergillosis and CF was reported in 1965 [92]. There were
a number of reports of pneumothorax following the initial
recognition of this complication [93]. The side-effects result-
ing from the prolonged and repeated use of antibiotics –
particularly staining of the teeth from tetracyclines [94] and
optic atrophy from prolonged chloramphenicol therapy
[95] – were an increasing cause for concern.

THE RISE AND FALL OF THE MIST TENT

The use of nocturnal mist tents to moisten the airway secre-
tions became a major component of CF treatment in North
America. Originally suggested by Robert Denton, the mist
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tent is the only major component of the Cleveland pro-
gram not used today [96]. Some objective evidence of clin-
ical improvement during mist tent therapy was published
[97]; in fact, di Sant’Agnese commented: ‘It is generally
accepted by almost all clinicians who have had adequate
experience with this disease that patients have considerable
benefit from such a treatment program’ [98]. However,
further studies were deemed to show little or no lung depo-
sition of fluid or improvement in pulmonary function and
the treatment was eventually discontinued [99].

MAINTAINING A GOOD NUTRITIONAL STATE IN 
OLDER CHILDREN: A MAJOR PROBLEM

The growth and nutritional state of most children who sur-
vived was poor, with progressive deterioration through
childhood as their condition worsened [100]. More inva-
sive methods of nutritional support were not introduced
until the 1980s. Hence the great interest in anabolic steroids,
which were reported to achieve ‘remarkable gains in weight’
in some children with CF [101] and gained some popular-
ity [102]. Acetyl cysteine was recommended for recurrent
abdominal pain [103] and gastrografin enemas for meco-
nium ileus [104]. An infant was described with both celiac
disease and CF [105]. The association with diabetes melli-
tus was recognized [106], and there was considerable liter-
ature on the relationship with CF from many centers around
Europe including reports of the glucose and insulin levels
in children with cystic fibrosis [107].

A FEW ADULTS BUT A BLEAK OUTLOOK FOR 
MOST CHILDREN

Although there were reports of an improving outlook from
a few centers, most affected children still died in early
childhood and the nature of the basic defect remained
unknown. Sir Robert Johnson, a CF parent and founder
member of the UK Cystic Fibrosis Trust, recalls the situa-
tion facing most CF families in the UK in the 1960s: ‘The
general picture here was of ignorance and distress, unmiti-
gated by hope or practical effective action’ [108]. However,
there were a few reports of older children and adults with
CF, and the first clinic for adults was started in London by
Sir John Batten [109]. Some adult patients had presented
unusually late in childhood or adolescence; for example, 31
of Shwachman’s 65 older patients were not diagnosed until
after 10 years of age, and 65% were males – features noted
in some subsequent reports of older patients [110]. This
suggested that some were patients with milder disease, sup-
ported by the fact that their condition did not correlate
with the age of diagnosis or length or adequacy of follow-
up. Shwachman also mentioned other important factors
that contributed to improved survival, including:

our constant availability for guidance and harmonious
relationship to the family physician or pediatrician
and of highly skilled experts in our medical center, our

attempt to secure financial assistance and provide
continuous long-term care by the same group of indi-
viduals regardless of the age of the patient coupled
with efforts to instruct our parents and above all our
positive approach undoubtedly contributes to the rel-
ative success of our programme and survival of some
of these patients beyond adolescence.

Infertility of virtually all men with CF was reported
[111] due to structural abnormalities of the vas deferens
and epididymis [112]; also, the first pregnancy of a woman
with CF was reported but the patient died 6 weeks after the
birth [113].

The nineteen sixties – science

FEW PEOPLE WITH CF AND FEW SCIENTISTS INVOLVED IN
CF RESEARCH

Diverse subjects investigated at the time included the com-
position of the airway secretions [114] and the characteris-
tics of human epithelium [115]. Cultured fibroblasts from
CF patients developed more metachromatically stained
granules compared with those from unaffected subjects
[116]. There was considerable interest in the finding that
serum from people with CF induced marked dyskinesia in
the action of the cilia in rabbit tracheal tissue when applied
to the surface [117], a finding repeated with oyster cilia
[118]. John Mangos and co-workers reported that when
sweat or saliva from people with CF was applied to the sur-
face of rat salivary gland ducts or human gland ducts,
active sodium absorption was inhibited [119]. None of
these observations significantly clarified the basic patho-
physiology of the condition but did raise the possibility of
a circulating ‘CF factor’.

THE NINETEEN SEVENTIES

IMPROVED EXPECTATIONS, TREATMENT AND OUTCOME IN
SELECTED CENTERS

There were few specialist CF centers in any country and
many children were treated at their local hospital and most
died in childhood. Even in some recognized CF centers, ‘the
care was relatively unsophisticated. Patients were seen in
the clinic at intervals of several months, were admitted to
the hospital only when they developed serious pulmonary
disease and were generally expected to die early’ [120].

Yet there were some encouraging reports. The results of
Margaret Mearns and Winifred Young at the Queen Elizabeth
Hospital in London, one of the few UK centers, were com-
parable with best centers in the USA with a 45% survival 
to age 20 years. From the mid-1950s their young patients
had received prophylactic antistaphylococcal drugs, usually
erythromycin, for the first year, early appropriate and 
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prolonged antibiotic treatment for new respiratory symp-
toms, regular physiotherapy and frequent follow-up.
Although there was still some question as to the pathogenic-
ity of Pseudomonas aeruginosa, intravenous gentamicin 
and carbenicillin were used if the patient was generally ill
[121,122]. David Lawson advocated the use of continuous
prophylactic anti-staphylococcal antibiotics from diagno-
sis [123], a practice eventually supported to the age of 
2 years by a relatively small trial in the UK [124], but the
evidence is still not completely clear [125]. Intravenous
antibiotics were used more frequently in some CF centers
and regimens for their use in CF were established. In some
CF centers in the United States, the 50% survival increased
to well beyond age 18 years and was attributed to improve-
ments in antimicrobial therapy, routes of delivery, and
increased therapeutic aggressiveness [126]. The increasing
prevalence of Pseudomonas aeruginosa respiratory infec-
tion and the use of gentamicin and tobramycin, and later
carbenicillin and ticarcillin, all of which required systemic
administration, resulted in the more general use of the
intravenous rather than the intramuscular route.

CYSTIC FIBROSIS: ‘A NOT SO FATAL DISEASE’

Douglas Crozier (who, in 1958, started the CF clinic at the
Hospital for Sick Children, Toronto) reflected this improv-
ing outlook in his paper ‘Cystic fibrosis – a not so fatal dis-
ease’ [127]. As early as 1972, his patients were advised to
take a high-saturated-fat diet of whole milk, butter, eggs
and animal fats which did require them to take between 
60 and 100 pancreatic enzyme capsules (Cotazym) each
day, compared with the then conventional advice to have a
low-fat diet to reduce unpleasant abdominal symptoms.
Later, the better survival of these Toronto patients than
others in Canada and in Boston was attributed to their
superior nutritional state [128].

THE DANISH APPROACH IMPROVES THE PROGNOSIS

In some European clinics this lack of acceptance of the status-
quo approach was also evident. For example, the Danish CF
clinic in Copenhagen, where 80% of the country’s 225
patients were treated, was established as a national CF center
in 1968 by Erhard Flensborg [129]. In 1976, it was shown
that the presence of chronic Pseudomonas aeruginosa infec-
tion was closely associated with a poor prognosis [130].
Therefore a policy of regular 3-monthly courses of intra-
venous anti-pseudomonal antibiotics for chronically
infected patients was started and was associated with a fall
in annual mortality from 10–20% in 1976 to only 1–2% in
1984–85 [131]. Also, from 1981, cohort isolation of patients
in the clinic was introduced – separating those with chronic
Pseudomonas aeruginosa from uninfected patients. Long-
term inhaled colistin was introduced in 1987 for chronically
infected patients [132], and from 1989 inhaled colistin and
oral ciprofloxacin was used to eradicate early Pseudomonas

infection [133]. These treatment changes were eventually
reflected by an impressive improvement in survival [134].

LONGER SURVIVAL WITH WORSENING CHRONIC 
INFECTION COMPROMISED NUTRITION

As survival improved there was an increasing interest in
the chronic nutritional problems that developed in the
adolescents. A number of important studies in the late
1970s and early 1980s reported that the daily energy intake
of people with CF, most of whom were on a restricted fat
intake, was frequently even less than that recommended
for healthy children of their age [135]. There was consider-
able interest in a nutritional supplement consisting of beef
serum protein hydrolysate, a glucose polymer and medium-
chain triglycerides (the ‘Allan diet’) that was reported to
improve weight gain [136], a finding supported by subse-
quent trials [137]. However, the more effective new acid-
resistant pancreatic enzymes were soon to become available,
permitting most patients a normal fat intake – a more palat-
able way of increasing their energy intake. Towards the end
of the 1970s there was further evidence that a good nutri-
tional state was shown to be associated with a better progno-
sis [138]. A new complication, recurrent acute pancreatitis,
was reported in ten adolescents and young adults, all of
whom were pancreatic sufficient [139].

Abnormalities of essential fatty acids had been noted by
many authors from the 1960s [140] and subsequently [141]
and were even suggested as the primary metabolic abnor-
mality. Bob Elliott in New Zealand reported an unusually
favorable clinical course in a child with CF treated with
intravenous infusions of soya oil emulsion, which contains
mainly linoleic acid, as well as in further treated children
[142,143].

IMMUNOREACTIVE TRYPSIN: A RELIABLE TEST FOR
NEONATAL CF SCREENING

The measurement of immunoreactive trypsin (IRT) in the
blood spots collected from newborns for metabolic screen-
ing was the first reliable test for neonatal CF screening [81].
The test was soon used in a number of neonatal CF screen-
ing programs and eventually in most combined with DNA
testing [144]. However, it was apparent from the West
Midlands and Wales UK study during the 1980s that early
diagnosis following neonatal screening must also be fol-
lowed by effective treatment, of the type available at a CF
center, to show a long-term advantage for the screened
infants [145]. Now that more effective treatment is avail-
able, early diagnosis is an established advantage in terms of
growth [146] and even cognitive development [147].

NATIONAL CF REGISTRIES: AN ESSENTIAL PROVISION TO
MONITOR PROGRESS

Data collection was becoming increasingly important 
on both a national and local CF center basis. The CF
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Foundation’s patient registry, developed by Warren
Warwick from 1964 onwards [148], had demonstrated a
rise in median survival from 14 years in 1968 to 20 years in
1977. Also, Norman and colleagues published a series of
papers between 1966 and 1975 recording the improving
prognosis in the UK [149]. Between 1943 and 1964, 80%
died by age 5 years and 90% by age 10 years; and 70% of
infants with meconium ileus succumbed by age 3 months.
Mary Corey had started data collection at the Toronto CF
clinic during the 1970s [150]. In 1995, the UK CF Database
(www.cystic-fibrosis.org.uk) replaced the original CF Survey
started by the working party in 1982 [151]; the UK CF
Database was replaced by CF Trust’s CF Registry in 2007.

As a result of data from various registries, it became clear
that, although there was a steady improvement in the condi-
tion and survival of many people with CF, there were signifi-
cant differences in the treatment, condition and even survival
of patients attending different CF centers. In a study reflect-
ing care through the 1970s, the median survival ages at three
recognized US centers were 9.5, 18.1 and 22.8 years, respec-
tively; it was considered that the differences reflected the 
different degree of supervision (number of clinic visits) and
intensity of treatment (days of intravenous antibiotics) the
patients received [152]. The philosophy of a comprehensive
treatment program recommended by Matthews and his col-
leagues, by Shwachman, and subsequently by Crozier and
others, had a major influence on CF care in the 1970s but
unfortunately remained confined to a few CF centers and
available to only a minority of people with cystic fibrosis.

The nineteen seventies – science

INTERESTING BUT DISPARATE FINDINGS: A SEARCH FOR
THE ‘CF FACTOR’

Scientists continued to search in vain for a lead to the basic
defect. As one experienced CF center director observed:
‘Not professing to be a scientist or bench researcher, the
unmet challenges that confront me every day as a clinician
seem more distant and insolvable than they did thirty years
ago’ [153].

A unique protein band was described in CF serum elec-
trophoresed through a pH gradient to its point of electric
focus [154]. However, despite a great deal of research, nei-
ther isoelectric focusing nor using gels from isoelectric
focusing to raise antibodies permitted accurate identifica-
tion of the elusive ‘CF factor’ [155]. Lieberman described
an elevated protein with lectin-like binding properties in
the blood that was postulated to stimulate increased mucus
production [156]. A variety of other metabolic abnormali-
ties were described. Extensive research into bronchial
mucus and its glycoproteins led to no definite conclusions,
which had a bearing on the etiology [157]. However, Yeates’s
paper on mucociliary transport rates in humans did stimu-
late research into the epithelial transport of water and elec-
trolytes [158].

In summary, although during the 1970s some clinical
progress was made in a few centers in controlling the sec-
ondary effects of the CF defect, generally progress was lim-
ited. Neither the location of the CF gene nor the underlying
mechanisms of its serious pathophysiological effects were
known.

THE NINETEEN EIGHTIES

A DECADE OF EXCEPTIONAL CLINICAL AND SCIENTIFIC
PROGRESS

At the start of the 1980s the basic defect was unknown and
the chromosome on which the CF gene was located had
not been identified but by the end of the decade the CF
gene and its main function had been identified [159–161].

During the decade pre-natal diagnosis was pioneered by
David Brock of Edinburgh [162], which improved in accu-
racy when new linked probes were described in 1985 [163]
allowing families with an affected child to have reliable pre-
natal diagnosis in subsequent pregnancies [164].

There were major advances in clinical care virtually all
of which occurred at the increasing number of CF centers.
Cystic fibrosis center care was already well established in a
few, but by no means all, cities in the UK but still available
to only a minority of families. Survival was reported to be
better in Victoria, Australia, where all patients had special-
ist CF center care, than in England and Wales where the
majority attended the pediatric clinic at their local hospital
[165]. These results prompted the formation of the British
Paediatric Association’s UK Working Party on Cystic
Fibrosis (WPCF) in 1982, whose main recommendation
was that all people with CF should have some contact with
a specialist CF center, as only half the UK patients had such
contact at the time [166].

NEW TECHNIQUES OF PHYSIOTHERAPY

Various new devices and physiotherapy techniques were
described during the decade [167–169] and exercise received
more attention. An increasing proportion of people with
CF received treatment from physiotherapists experienced
in cystic fibrosis. In the USA, the mechanical therapy vest
proved increasingly popular with many patients but, even
now, it is rarely used in the UK [170].

MORE ANTIBIOTICS AND IMPROVED METHODS OF
ADMINISTRATION

There was renewed interest in the use of nebulized anti-
pseudomonal antibiotics after nebulized gentamicin and
carbenicillin were shown to stabilize the condition of adults
chronically infected with Pseudomonas aeruginosa [171].
This proved to be a major advance despite some initial reser-
vations regarding the development of bacterial resistance.
Also there was a short report of successful eradication of
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early infection with P. aeruginosa using nebulized
colomycin, thus delaying or preventing chronic P. aerugi-
nosa infection [172]. The feasibility and success of early
eradication of P. aeruginosa was later confirmed in a con-
trolled trial from Denmark using nebulized colomycin and
oral ciprofloxacin [133]. Early eradication gradually became
established practice in Europe [173] and resulted in a sig-
nificant reduction in the number of patients with chronic
Pseudomonas infection in centers where early treatment
was used [174,175]. Early eradication of P. aeruginosa
eventually became accepted practice in North America fol-
lowing a controlled trial of inhaled tobramycin [176].

During the decade there was earlier, more frequent and
more effective use of intravenous antibiotics at all stages of
infection [177]. Expert microbiological support, the use of
two antibiotics, ensuring adequate blood levels, allowing
for the altered pharmacokinetics in CF and also for the
stage of the infection, gradually became routine practice in
most CF centers. Intensive courses of intravenous antibi-
otics became routine treatment for exacerbations of chest
infection, and in Denmark regular 3-monthly 2-week
courses of intravenous antibiotics were given to most
patients who were chronically infected with P. aeruginosa
[178]. New anti-pseudomonal antibiotics became available
permitting a wider choice of treatment as bacterial resistance
became more common (azlocillin from 1980, piperacillin
from 1982, netilmicin from 1982, ceftazidime from 1983,
aztreonam from 1986 and oral ciprofloxacin from 1986).
With more frequent use of antibiotics, however, side-effects
were an increasing problem [45,94,95].

There were improved techniques for establishing and
maintaining intravenous access with heparin locks [179],
butterfly cannulas, percutaneous silastic catheters, long lines
and central venous catheters. Constant intravenous infusion
pumps permitted maintenance of intravenous lines for
many days at very slow flow rates (particularly useful in small
children), and totally implantable venous access devices
greatly reduced the stress and trauma of repeated venous
access [180,181]. From 1984, EMLA local anesthetic cream
was routinely applied before venepunctures – a major
advance for all children requiring repeated venepunctures
[182] The increasing reliance on and more frequent use of
intravenous antibiotics resulted in an increasing use of home
intravenous antibiotics supervised by specialized CF staff –
usually a CF Specialist Nurse [183,184].

There were hopes that regular oral corticosteroids would
reduce the damaging effects of inflammation [185]; but
although children receiving alternate-day prednisone had
better pulmonary function and reduced morbidity com-
pared to controls, the frequent side-effects precluded the
more general use of oral steroids.

TREATMENT FOR CF-RELATED LIVER DISEASE

In 1989, Carla Colombo from Milan reported the beneficial
effect of regular ursodeoxycholic acid treatment in improving
liver function tests in CF-related liver disease [186]. Prior

to this there had been no specific treatment for liver involve-
ment. The suggestion by Kevin Gaskin that common bile
duct stenosis was important in CF liver disease [187] was not
supported by subsequent studies [188]. Liver transplanta-
tion has been used successfully in patients with CF and the
results are surprisingly good. Lung function, far from deteri-
orating as a result of the long operation, improved in some
patients [189]. Successful heart–lung–liver transplantations
[190] and lung–liver transplantations have been performed
[191].

ACID-RESISTANT PANCREATIC ENZYMES: A MAJOR
NUTRITIONAL ADVANCE

The nutritional state of many patients continued to improve
due the more widespread identification and correction of
their inadequate energy intake [192]. The new acid-resistant
enzymes were obviously more effective than the older unpro-
tected preparations [193–195]. Undoubtedly these new
enzymes were one of the major advances in treatment dur-
ing the decade. They improved not only fat absorption and
the nutritional state but also the symptoms and quality of
life of the many patients, most of whom could now tolerate
a normal fat intake [196].

MORE AGGRESSIVE NUTRITIONAL SUPPORT

Enteral feeding, first by the nasogastric route [197] and
then by gastrostomy [198,199], allowed rehabilitation of
those with severe malnutrition, allowing reasonable nutri-
tional state to be maintained even in many of the most
severely affected patients (e.g. those awaiting transplanta-
tion). The first of a number of studies reported increased
energy expenditure to be a major factor contributing to
malnutrition [200]. Fat-soluble vitamin deficiencies were
identified and corrected by appropriate doses of suitable
supplements with varying success [201–203]. Oral gastro-
grafin was introduced as a treatment for meconium ileus
equivalent – a treatment that is still widely used [204].

ORGAN TRANSPLANTATIONS

A major advance, for those who had reached the end stages
of their disease, was the successful introduction of heart–
lung transplantation in 1985 [205,206]. The possibility of
successful treatment in the terminal stages of the condition
had an obvious major influence not only on the prognosis
but also on the treatment of severely affected individuals.
The first results of heart–lung transplantations were quite
remarkable and were related to surgical skills, to concen-
trated medical expertise in assessment and to aftercare, as
well as to the availability of more effective immunosuppres-
sive therapy to prevent organ rejection [207]. Later, double
lung transplants became more popular [208]. Living-donor
lung transplants have proved successful in some centers and
will be chosen by some families [209].
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INCREASING NEED FOR MORE CF CENTERS FOR ADULTS

As the population and age of people with CF increased,
pediatric CF centers developed in most large cities in many
countries. Towards the end of the 1980s, as a reflection of
the improving survival, more CF centers for adults were
required and gradually developed [210]. Arrangements for
transition from pediatric to adult care received, and con-
tinues to receive, much attention [211].

The nineteen eighties – science

FROM EPITHELIAL TRANSPORT ABNORMALITY TO THE
IDENTIFICATION OF THE GENE

In 1981, Michael Knowles and colleagues demonstrated an
abnormal potential difference in the nasal mucosa of patients
with CF thus providing direct evidence of primary epithelial
dysfunction [212]. In 1983, Paul Quinton showed that the
chloride impermeability he had demonstrated in sweat
glands was the basis for the raised sweat electrolytes in
patients with cystic fibrosis [213]. These were the most
important advances to date in understanding the basic
defect as a cell membrane transport problem and provided
the first description of the basic cellular defect that has
since been seen in all CF-affected cells. It was apparent that
the problems with mucus were not due to abnormalities
with its synthesis or composition, rather the fluid environ-
ment into which it was secreted.

SEARCH FOR AND IDENTIFICATION OF THE CF GENE

From the early 1980s, various groups attempted to identify
the CF gene by using ‘reverse genetics’, as the protein was
unknown. Families with more than one affected child were
studied. In 1985, using this technique, Eiberg in Copenhagen
demonstrated a linkage to the enzyme paraoxinase, which
exists in two forms but was present in the same form in
90% of CF siblings [214]. In the same year, Lap-Chee Tsui
in Toronto, in a series of mouse hybrid experiments,
demonstrated a marker on chromosome 7 linked to both
paraoxinase and cystic fibrosis [215]. Other markers,
known to be on chromosome 7, were closely linked to CF,
the Met oncogenes, Met H and Met D from Ray White in
Salt Lake City [216] and the DNA probe pJ3.11 from Bob
Williamson’s laboratory in London [217]. In 1989, the CF
gene was eventually identified by teams headed by Lap-
Chee Tsui, Francis Collins and Jack Riordan and termed
the ‘cystic fibrosis transmembrane conductance regulator’.
This was reported in three papers in a memorable issue of
Science [159–161].

IMPLICATIONS OF IDENTIFICATION OF THE GENE

Since 1989, well over 1000 different CF gene mutations have
been described (www.genet.sickkids.onca/cftr). There have
been a number of practical benefits for the patients and

their families. Carrier detection, accurate antenatal diagno-
sis and incorporation of DNA testing into the many IRT
neonatal screening programs have been major advances.
Attempts to correlate phenotype and genotype have proved
less successful than at first expected but the major influ-
ence of environmental factors has been a confounding fac-
tor [218]. However, the definite correlation of so-called
‘mild’ mutations with preservation of sufficient pancreatic
function to achieve normal fat absorption (‘pancreatic suf-
ficiency’) and better clinical condition is now well estab-
lished [219]. Also, certain mild mutations are associated
with late-presenting disease often with normal pancreatic
function and normal or near-normal sweat electrolytes
[220]. An association of congenital bilateral absence of 
the vas deferens (CBAVD) in infertile males has been
associated with a high incidence of CF mutations, some with
two mutations, the most common being DF508/R117H –
somewhat blurring the edges of the traditional CF diagnosis
[221]. A significant proportion of people with idiopathic
pancreatitis, but who do not have CF, have been found to
be carriers of a CF mutation [222].

NOW AND THE FUTURE

The improvements in clinical care at the CF centers, which
characterized the 1980s, continue to the present. The real-
ization that cross-infection with both Burkholderia cepacia
[223, 224] and Pseudomonas aeruginosa [225,226] was a
major problem had a profound influence on both hospital
practice and the social lives of people with cystic fibrosis.
Neonatal screening, early diagnosis and treatment before
any chronic pulmonary damage, early eradication treat-
ment of Pseudomonas to prevent or delay chronic infection,
the introduction of effective new drugs such as rhDNase
[227], antibiotic formulations designed specifically for
inhalation [228] and the widespread use of the macrolides
[229] are likely to be reflected in a continuing improve-
ment in health and survival of people with cystic fibrosis.
However, the increasing number of adults with CF has
resulted in more attention being given to problems of 
diabetes mellitus [230], osteoporosis [231], liver disease
[232], pregnancy [233] and infertility [234].

In slightly less than 70 years CF has moved from a little
known genetic condition, usually fatal in infancy and early
childhood, to a complex multisystem disorder now affect-
ing as many adults as children. The abnormality of cell
membrane transport has been recognized and finally the
CF gene identified. The increasingly successful control of
the secondary effects of the basic defect is due largely to
advances in treatment developed at CF centers which have
resulted in clear treatment protocols [235,236] and efforts
to ensure that these are available to all people with cystic
fibrosis [237]. Treatment to correct or modify the basic
defect by gene replacement or pharmacological means are
showing considerable promise and likely to have a major
influence on treatment regimens within a few years.
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2
Epidemiology of cystic fibrosis

SARAH WALTERS AND ANIL MEHTA 

INTRODUCTION

Epidemiology may be defined as the study of the distribu-
tion and determinants of disease frequency in human pop-
ulations [1]. Clinical epidemiology applies epidemiological
principles to a clinical population; i.e. to a population
already known to have a particular disease. An analogous
definition might therefore be that clinical epidemiology is
the study of the distribution of disease manifestations and
determinants of disease outcome in a clinical population.

Clinical epidemiology is the basic science underpinning
the practice of evidence-based medicine. Therefore a
knowledge of the clinical epidemiology of cystic fibrosis
(CF), and in particular a knowledge of risk factors for
development of certain disease manifestations, and factors
influencing overall prognosis, will be of value to all clini-
cians involved in the care of patients with CF.

This chapter examines and describes the epidemiology
and clinical epidemiology of cystic fibrosis. It includes a
description of clinical features and prognostic indicators,
social and demographic features of the population, and
finally some information about the application of clinical
epidemiology to evidence-based practice in CF care.

This chapter could not have been written without the
high-quality information that has been collected over the
years by the US, Canadian and UK patient data registries.
The main sources for this chapter are the US CF
Foundation Patient Data Registry Reports of 1996 and
2004 [2,3], the Canadian CF Foundation Patient Data
Registry Report of 2002 [4], and the UK CF Database
Annual Report of 2003 [5]. Data from surveys of adults
with CF in the UK in 1990, 1994 and 2000 are also used [6].

INCIDENCE AND PREVALENCE

Incidence (number of new cases per 100 000 population),
birth prevalence (number of people with CF born per 10 000

live births) and population prevalence (number of people
with CF per 100 000 population) vary according to the
prevalence of CF genetic mutations in the underlying popu-
lation. Calculation of incidence and prevalence also depends
on access to a complete and accurate patient register.

Genotype distribution

The commonest mutation identified in the world is the
F508del (formerly known as �F508) mutation, which com-
prises 66% of global mutations, followed by G451X and
G551D at 2.4% and 1.6% respectively [7]. However, its
prevalence varies markedly among CF populations world-
wide, and in some populations it is not the most common
genotype. F508del comprises 70% of mutations detected in
Northern Europe, and 74.6% in Australasians of European
origin, but only 45% of mutations in Central and South
America and 28.5% in the Middle East.

Even within individual countries, there are wide varia-
tions in gene frequency: in North America, frequency of
F508del varies depending on ethnic origin of the popula-
tion studied, varying from under 40% to over 80% of all
mutations studied. This is of clinical importance for those
providing medical services to such populations, because
there is evidence that certain globally uncommon geno-
types, which may be more common in particular popula-
tions such as ethnic minorities, are associated with a milder
clinical phenotype, particularly class IV and class V muta-
tions [8]. Such patients may not display classical CF symp-
toms from early childhood, may have a lower sweat
chloride concentration, have improved survival, and in
particular are more likely to be pancreatic sufficient.

Heterozygote prevalence, origins and effects

The commonest CF gene mutation, F508del, is at least
50 000 years old. Today the CF gene is found to be mutated
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in as many as 1 in 17 Irish citizens of Celtic descent, around
1 in 25 UK citizens of Anglo–Saxon descent, and 1 in 35
Continental Europeans of mixed descent (whether resid-
ing in Europe or North America). Table 2.1 summarizes
the global frequency of CF genotypes.

There are considerable variations in the prevalence of
genotypes in Caucasian populations [9], and the geograph-
ical distribution of these genotypes gives clues to potential
origins. F508del occurs in almost 90% of Danish CF and
only 20% of Turkish CF patients with a northwest to south-
east gradient. G542X ranges in prevalence from 17% of
Balearic Island CF chromosomes to less than 1% in Northern
CF populations. A similar southern excess occurs for N1303K
with 17% of Tunisian CF chromosomes being affected. The
G551D mutation remains widespread in northwest and
central Europe. W1282X is commonly found in Israel and
its environs in about 1 in 3 CF chromosomes. In contrast, 17
other mutations have a combined prevalence of less than 1%.

The 7q31.2 chromosome region local to CFTR is in a
genetically very stable region of DNA [9]. It has been sug-
gested that F508del, G542X and N1303K have a common
ancestry, albeit from different times in prehistory, but
G551D and W1282X share a different, younger heritage. A
reasonable working hypothesis is that F508del arose before
N1303K and G542X approximately 35–50 thousand years
ago (Fig. 2.1).

The high prevalence of F508del in Caucasian populations
requires explanation, and there has been much debate about
the nature of the selective pressure that generated the cur-
rent pattern of CF carriage. F508del CFTR is prematurely
degraded, and therefore fails to remain at the apical mem-
brane compared to wild-type CFTR [10]. So, how could the
remaining wild-type CFTR protect the heterozygote?

There are two possibilities. The first is that simply 
having 50% of normal wild-type CFTR in a heterozygote is

sufficient to reduce the binding of Salmonella enterica
serovar Typhi (or some other pathogen) and this afforded
sufficient protection to prevent early death. Alternatively,
it might be that a hitherto unknown positive function
exists for F508del CFTR (and possibly other mutations)
that interferes with the normal process by which the
unknown environmental pressure kills infants and chil-
dren before they have a chance to reproduce. The biologi-
cal advantage for heterozygotes is discussed in greater
depth in Appendix 2.1 to this chapter, and the reasons
behind the variable frequency of CF mutations in different
populations in Appendix 2.2.

CF heterozygotes may differ in phenotype from their
peers. There is some evidence that they are shorter than
their peers [11]. They may also have more upper airway
inflammation than expected in the parents of affected chil-
dren over and above the known clustering of rhinosinusitis
in families [12]. This heightened inflammatory response
might protect the host in single-gene dosage. Similarly,
excess morbidity has been reported for nasal polyps, chronic
pancreatitis, allergic bronchopulmonary aspergillosis and
bronchiectasis. Heterozygosity for CFTR is also associated
with chronic pancreatitis [13,14]. Up to half the cases of
chronic pancreatitis may be associated with CFTR mutations

Table 2.1 CF case frequency and population incidence of
specified CF genotypes.

Genotype Gene Case Live
frequency frequency births

(per 100) per case
(1000s)

�F508/�F508 0.67 � 0.67 45 6
�F508/single 0.67 � 0.03 2.00 120

common
�F508/all common 0.67 � 0.18 12 21
�F508/single rare 0.67 � 0.0002 0.013 2 � 104

�F508/all rare 0.67 � 0.15 10 25
Single common/ 0.03 � 0.03 0.09 3 � 103

single common
Single rare/single 0.0002 � 0.0002 4.0 � 10�6 6 � 107

rare
Single common/ 0.03 � 0.0002 6.0 � 10�4 4 � 105

single rare
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Figure 2.1 The ancient origin of the first CF mutation relative
to changes in Northern European population numbers. The
genetic record of haplotype mutation in nucleotide repeats
suggests that the CF mutation F508del in the hypothetical
progenitor Fibrogenica already existed when the population of
the Indus Valley was only about 20 K and at a time when climate-
driven mass movements of populations into Europe were
occurring (ordinate in thousands, K). The fossil record shows that
the last major volcanic super-eruption was at �70 000 years
which left scattered shards of human population from which
modern populations are derived. Thus CF mutation prevalence is a
form of balanced natural selection whereby nature arrives at a
steady state by offsetting a reproductive advantage gained
against a (historical) lethal environmental factor(s) that kills a
non-CF heterozygote peer group before they can reproduce.
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independently of other genetic forms. This is summarized
in Fig. 2.2.

Birth prevalence

Birth prevalence of CF is higher in Caucasian populations
than in those of other ethnic groups, and within the
European population it generally increases upon moving
westwards. Cystic fibrosis also occurs at a relatively high
frequency in countries to which European populations have
migrated, and at a much lower frequency in non-Caucasian
populations. Among the Caucasian populations there are
exceptional groups with very high birth prevalence due to
relatively high CF gene frequency in small populations that
are geographically or culturally isolated. It is quite difficult
to estimate birth prevalence accurately because mild cases
are diagnosed later in life. This means that a birth cohort
must be followed for a long time so that all late diagnoses
are included, in order to accurately estimate birth preva-
lence. Studies based only on neonatal screening are likely
to be underestimates of birth prevalence.

Birth prevalence is traditionally cited as 1 in 2000 to 1 in
2500 live births in Caucasian populations. Evidence from
more recent and detailed genetic studies and neonatal
screening demonstrates that this is not always the case, and
in some populations birth prevalence is either much higher

than expected (e.g. in Ohio Amish and Saguenay-Lac 
St Jean, Quebec) or lower than expected (e.g. in Norway
and Finland). However, it should be noted that studies of
birth prevalence in small populations are subject to a large
level of random error, and some of these estimates may be
very inaccurate.

Incidence estimates for countries should be based on
large, long-term population studies that would negate the
random variation seen in year-to-year birth prevalence
[15]. A birth prevalence of 1 case in every 2500 births, giv-
ing a CF carrier frequency of 1 in 25 people and a CF gene
frequency of 1 in 50, would seem to be the maximum rea-
sonable estimate for any large Caucasian population. In
communities showing unusually high birth prevalence,
this has been attributed either to a founder effect (e.g. Ohio
Amish) or unusually high prevalence of uncommon genetic
mutations in a small, culturally or geographically isolated
community.

Many Caucasian populations are reported as having a
lower birth prevalence than 1 in 2500. In particular, in
Finland the population has been reported as having a birth
prevalence as low as 1 in 40 000 [16], and values for Sweden
are quoted at 1 in 8000 [17–19]. Population subgroups hav-
ing these antecedents might, therefore, have a substantially
lower incidence than the maximum value suggested here.

For non-Caucasian countries, the problem of estimat-
ing birth prevalence of CF is even greater, and good esti-
mates are lacking. In many countries, the diagnosis and
treatment of CF is a low priority because in terms of its
contribution to total infant mortality (IMR) there are other
more substantial problems, many of which are more easily
dealt with than CF. In these countries, birth prevalence will
appear to be low due to a lack of detection as cases are not
being actively sought. As developing nations improve their
healthcare in childhood, birth prevalence of CF will appear
to rise with active detection of cases, particularly in the
Indian subcontinent [20].

Table 2.2 summarizes the reported birth prevalence of
cystic fibrosis in Caucasian and non-Caucasian populations.
In areas where either prenatal genetic screening or neonatal
screening is offered, birth prevalence may be declining. This
effect has been noted in Canada, Brittany (France), Scotland
[21] and the Netherlands (see Table 2.2).

Population prevalence

Population prevalence of cystic fibrosis depends on both
birth prevalence (incidence) and survival, which in turn
depends on access to high-quality specialist treatment. Very
few studies have reported population prevalence directly,
but it can be calculated from population registers where
sufficiently detailed information exists on both CF and the
general population.

Only one population prevalence study has appeared in
the peer-reviewed literature [22] – in Toronto, Canada, the
population prevalence was reported by age group as being

Parental
short
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males

‘genital
CF’

Chronic sinusitis Nasal polyps
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Figure 2.2 Definition problems in the epidemiology of CF. The
central shaded circle represents CF patients located in disease
registries; most having two classical CFTR mutations. The gap up
to the outer circle defines patients that have partial, atypical or
pre-clinical CF depending on the co-inherited tendencies shown
in the dotted epicircles. CF can be considered as an inherited-
disease inducing tendency whose severity depends on 
co-inheritance and acquired factors (or both). The boundaries of
CF are fluid and will change further as the interactions of the CF
gene/protein are understood. TNF, tumour necrosis factor; MBL,
mannose-binding lectin. See text for references.
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Table 2.2 Birth prevalence (reported as number of live births per incident case) of CF as reported in different populations.

Country or group Birth prevalence Comments

Europe
United Kingdom [103] 2415 Registry-based study
Northern Ireland [104] 1857
Scotland [105] 1984 Estimate from carrier frequencies
Sweden [106] 2200–4500 Registry-based study
Sweden [107] 5600
Norway [108] 6574 Screening study
Denmark [109] 4760
Irish Republic 110] 1838
Finland [111] 25 000
Faroe Islands [112] 1775
Italy [113] 4238 Registry-based study
Italy (Milan) [114] 3170 Screening study
West Brittany (France) [115] 2667 Calculated from figures in paper
Brittany (France) [116] 2838

1972 (if terminated pregnancies included)
Netherlands [117] 3600 (from 1951 to 1965) Registry study

4750 (from 1974 to 1994)

North America
United States [118] 3419 (White)

12 163 (non-White)
United States [119] 2500–3500 (White) Review

4000–10 000 (Hispanic)
15 000–20 000 (Black)

United States [120] 3200 (White) Review
10 500 (Native American)
11 500 (Hispanic)
14 000–17 000 (Black)

Canada (Ontario) [121] 2927
Canada [122] 2500 Registry-based study
Canada [123] 2714 (1971 to 1987)

3608 (in 2000)
Saguenay-Lac St Jean (Quebec) [124] 895
Ohio Amish [125] 569 Founder effect
Zuni Native Americans [126] 333

Middle East
Ashkenazi Jews and Arabs [127] 1800–4000
Bahrain [128] 5800
Jordan [129] 2560 Neonatal screening study

Other
New Zealand (non-Maori) [130] 3185 Not registry-based, likely to be underestimate
New Zealand (non-Maori) [131] 3179 Case-finding study
Australia [132] 2021 (British)

3625 (Italian)
3726 (Greek)

Australia [133] 2874
Japan [134] 355 000 From vital statistics
South Africa (Black) [135] 784–13924 Estimate from carrier frequencies
South Africa [136] 2000 (White) Based on hospital referrals and diagnosis, likely  

12 000 (Colored) to be underestimate
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1 in 6600 (15 per 100 000) in the white population aged 
0 to 14 years, falling to 1 in 12400 (8 per 100 000) in the
white population aged over 25 years. For South Asians, the
figures were 1 in 9200 (10.8 per 100 000) to 1 in 56 600 (1.8
per 100 000), respectively.

In the United Kingdom, 6861 patients were known to
the patient registry in 2003 [5], with a UK population in
the 2001 Census of 58.8 million, giving a crude UK popu-
lation prevalence of 11.7 per 100 000. Table 2.3 shows UK
prevalence by age group (2003 patients and 2004 popula-
tion estimates). This represents prevalence in a country
with high birth prevalence and also relatively high survival.
The total number of patients was taken from the UK CF
Database Annual Report 2003. Lower prevalence in the 0–9
age group than in the 10–14 group is likely to represent
under-notification to the database because of late diagno-
sis; and overall prevalence is therefore likely to be higher
than 11.7 per 100 000 when this under-ascertainment at
younger ages is taken into account.

Prevalence for Canada can be calculated overall as 10.5
per 100 000 (based on 2002 patient registry data [4] and
2005 population estimates), and for the United States as
7.7 per 100 000 (based on 2004 patient registry data [3] and
2005 population estimates). Both figures are likely to be
underestimates in younger age groups for the reasons
given above. Prevalence within the states of the USA varies
from 18.4 per 100 000 in Vermont, 14.3 in New Hampshire
and 13.9 in Maine to 3.7 per 100 000 in the District of
Colombia, 4.8 in New Mexico, 5.7 in Delaware and 6.0 in
New Jersey. Prevalence varies according to a variety of fac-
tors, including ethnic mix of the states, as well as the pro-
portion of patients accessing specialist healthcare for cystic
fibrosis, the method by which they become known to the
registry.

In the UK, the number of patients diagnosed exceeds
deaths by about 100 patients per year, so prevalence is
increasing by almost 0.2 per 100 000 per year. There is a
similar increase in Canada and the United States. Decreases
in birth prevalence are currently more than offset by
increases in survival.

SURVIVAL

This section refers to population measures of survival,
rather than prognosis and prognostic indicators in individ-
ual patients which are considered later in this chapter.

Survival at population level is a useful indicator of clin-
ical outcome, and is likely to be influenced by a variety of
factors, some of which are modifiable by health services
(such as clinical care) and some of which are not (such as
genotype and to some extent socioeconomic factors).

Mortality

Crude mortality is a measure of mortality, measured in
deaths per 1000 population without adjustment for age
and gender. Where adjustment for age and gender compo-
sition of the population is made, mortality is reported as
directly standardized mortality rates.

As a cause of death in the general population, cystic
fibrosis is uncommon. The crude death rate for CF in 2003
in the UK is only 0.17 per 100 000 general population. In
the United States the crude death rate was reported as
falling from 2.4 per million to 1 per million between 1979
and 1991 [23]. However, among younger age groups it is a
significant cause of death, being responsible for 1–2% of all
deaths in the UK between 5 and 24 years of age. In these age
groups it is second only to pneumonia as a respiratory
cause of death, exceeding asthma particularly in the 20–24
age group. Cystic fibrosis is therefore an important respira-
tory cause of death in young people at the population level.

Within the CF population, the crude mortality rates in
the UK have varied between 13.5 and 15.0 per 1000 registered
patients between 2001 and 2003 [5] (this is not calculated as
person years at risk, because insufficient information was
available). Between 1968 and 1995 the crude mortality in
the UK was 21 per 1000 per year [15]. In the United States
the crude mortality has been reported as 23.3 per 1000
between 1991 and 1999 [5], but in 2004 crude mortality rate
was 15.6 per 1000 registered patients [3], and in 2002 the
crude mortality rate in Canada was 14.8 per 1000 registered
patients [4]. All these figures are consistent with falling mor-
tality rates between 1968 and 2004, but it has been noted
that mortality is falling more rapidly among young patients
than among older patients [24].

Mortality-rate comparisons between different popula-
tions can be confounded by the different age structures of
the populations. Thus while the overall all-causes popula-
tion mortality rate for the UK in 1995 was 10.9 per 1000,
for the CF population it was 21 per 1000, apparently only
double the ‘normal’ rate. But the CF population is much
younger than the non-CF population, and the ‘standard-
ized mortality ratio’ (SMR) for the CF population, which
adjusts for the age difference, has been calculated as 3300 –
compared with a normal value of 100 [15].

In the United States, standardized mortality has been
shown to vary significantly with genotype, being as low as

Table 2.3 Population prevalence of CF in the United Kingdom 
in 2003.

Age group Population prevalence per 100 000

0–4 21.01
5–9 31.99

10–14 32.30
15–19 29.56
20–24 25.76
25–29 15.96
30–34 9.98
35 and over 1.79
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4.4 per 1000 person-years at risk for certain genotype com-
binations and as high as 25.0 per 1000 for others. Class IV
mutations have lowest mortality at 7.8 per 1000 and class II
mutations the highest at 21.2 per 1000 [8].

Median age at death

Median age at death is a convenient method of making a
comparison of deaths between different populations (at
national, regional or care-provider level). A low median age
at death is taken to infer more premature deaths and there-
fore possibly suboptimal care. However, this can be a mis-
leading inference. Median age at death will always be
younger than survival measured by life-table methods,
either using the current or cohort methods. This is because
only those patients who have died are included in the mea-
surement of median age at death, whereas all patients in a
cohort or population are included in the latter methods.

This is important, because a population with otherwise
excellent current or cohort survival, but which by chance has
one or two deaths, some of which may not be CF-related,
among relatively young patients, will appear to have rela-
tively poor outcomes. However, in the population most of
the patients are still alive, and until they die they will not be
included in median age at death statistics. Thus a population
of predominantly old, well and stable patients, but with a
few deaths among young patients, may appear to have poor
outcomes by chance. Median age at death is more likely to
suffer from random error the smaller the population to
which it is applied, and its use at clinic population level
must be applied with great caution.

The UK CF Database reports the median age at death
between 2001 and 2003 as being between 23 and 24.2 years
[5]. An international comparison of median age at death
has been made and has demonstrated a secular trend
towards increased median age at death, but with significant
international variations remaining [25]. During the period
of study, the median age at death increased from 8 years to
21 years.

Current survival

Current survival curves are calculated using a statistical
method that applies current age–sex specific mortality risks
to a theoretical population to produce actuarial survival
curves. The importance of this method is that is includes all
the CF population, not just those who have died. However,
it does not take into account cohort effects – for example
the age-specific mortality risk for a patient aged 10 years
may be different for current 10-year-olds than for those
who will be 10 years old in 10 years’ time. The difference is
likely to become greater the older the age group being con-
sidered – it is difficult to predict what the age-specific mor-
tality will be for children with CF being born this year in 
30 or 40 years’ time. Therefore, although it represents the

current actuarial situation for the current CF population, it
does not represent the life expectancy of the current birth
cohort. Calculation of accurate current survival curves
depends on accurate and complete patient registers, as well
as full ascertainment of deaths.

Historically, median survival was low. For the patients
of one clinic for the period 1943–1964 life-table methods
show that meconium ileus usually led to infant death, with
about 15% surviving at 1 year. The non-meconium ileus
median survival was about 9 months, with about 20% sur-
vival to 4 years [26].

More recent, and much improved, current median sur-
vival estimates have been reported for a number of popula-
tions. In 1994, the current UK survival for CF patients was
30 years [12], but this is likely to have improved since then,
although no more recent reports exist. A very high median
current survival age of 37.7 years was reported recently
from Italy. Median survival ages have also been reported
from the United States at 28 years in 1993 [27], but this had
risen to 35.1 years by 2004 [3]. In Canada, median survival
was reported in 1996 as 36.7 for males and 27.8 for females
[28]. The Canadian CF Foundation Patient Data Registry
Report in 2002 [4] showed improvements in current sur-
vival from 22.8 years in 1977 to 37.0 years in 2002, without
the pronounced gender gap in the earlier published report.

It is important to remember that these survival curves
apply only at the population level – an individual patient
who has reached the median age of survival, for example 40
years, will have a probability of surviving another 10 years
that is different from, and probably higher than, the aver-
age survival to 50 years, because they represent a special,
survivor population who did not have what is now consid-
ered optimum healthcare from the time of birth or diagno-
sis. They are not, therefore, useful in estimating prognosis
in individual cases.

Cohort survival

Cohort survival curves are similar to current survival
curves, but calculated for individual birth cohorts in one-,
two- or five-year groups. These are particularly valuable in
showing how survival at various ages has changed over
time. Although it is tempting to extrapolate a median sur-
vival from recent birth cohorts, a degree of caution has to
be used, since it cannot be assumed that mortality risk at
higher ages will be similar in recent birth cohorts to that in
earlier birth cohorts, since members of the latter reaching
advanced ages represent a survivor cohort who may have
different clinical and survival characteristics.

Cohort survival has been reported from a number of
countries including the UK, USA and Italy. Common to all
studies are the findings that survival continues to improve
with each successive birth cohort, and that the majority of
the improvements in survival have come during the first few
years of age. The 2004 US CF Foundation Patient Registry
Annual Report [3] showed that the proportion surviving to
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age 12 years had increased from 93% in the 1980–84 birth
cohort to 96.5% in the 1990–94 birth cohort. In the UK, the
proportion surviving to age 15 years was approximately 49%
and 54% for females and males, respectively, for the
1968–70 birth cohort, but had improved to 77% and 86%,
respectively, for the 1980–82 birth cohort [15].

There is some evidence, however, that there has been a
reduction in the rate at which median survival is improv-
ing in recent years [29]. The only country with published
cohort survival curves for older birth cohorts is the UK.
Survival at older ages has shown improvement with time,
and there is no evidence that cohort survival curves are
converging at older ages as might be expected if a substan-
tial survivor effect was operating in the oldest birth cohorts.
Over the age of 20 years mortality was 50 per 1000 per year
for all birth cohorts (compared with an average over the
same time period of 21 per 1000), suggesting that these
older age groups are not experiencing the improvements in
survival seen at younger ages [30].

Although caution must be used in extrapolating to the
future because of the potential effect of unpredictable fac-
tors on mortality, if we assume that survival at older ages
remains similar to current survival, median survival for the
cohort born since 1990 is likely to exceed 50 years and may
be as high as 60 years in the UK. It is predicted that 95% 
of those born in Sweden since 1991 will survive to their 
25th birthday and the probability of surviving to 40 years
was reported as 83% in Denmark [31]. A high proportion
of current children with CF are therefore likely to reach
middle-age or beyond, and planning of care and treatment
needs to take into account this extended life span.

AGE DISTRIBUTION

The age distribution of patients in a population gives impor-
tant information to planners of healthcare. It is a function
in any population of birth rate, mortality rates and sur-
vival. In many countries the majority of patients are now
adults (aged 16 or over). In the UK in 2003, 50.8% of
patients were adults (aged 16 or over) [5]. In 2002, 47% of
Canadian patients were aged 18 or over [4]. In the United
States in 2004, 42% were aged 18 or over [3]. In Sweden,
45% were aged 18 or over in 1999.

The age distribution of UK patients in 2003 is shown in
Fig. 2.3. Because births exceed deaths, and there are very
few deaths in children, both number and proportion of
adult patients is likely to continue to increase, even in areas
where neonatal or prenatal carrier screening has reduced
birth prevalence.

DIAGNOSIS

Although genotype analysis is readily available, diagnosis is
usually made either on clinical grounds or on the basis of a
screening program. Genetic analysis has made it possible 

to identify homozygous CF in patients with few or no clin-
ical manifestations, and for this reason the definition of
cystic fibrosis has been modified by consensus statement.
Patients with ‘classic’ CF must now have a coherent clinical
syndrome, plus either evidence of CFTR dysfunction
(abnormal sweat chloride or nasal potential difference) or
confirmation of two abnormal CF-causing mutations [32].
Patients who do not meet these criteria, but with some
CFTR abnormality, have CFTR-related disease but not cys-
tic fibrosis.

In 1996, 6.2% of newly-diagnosed patients in the United
States were diagnosed by neonatal screening [2]. The pro-
portion diagnosed by screening in any population depends
on the national or local screening policy, and in the UK the
current proportion diagnosed by screening is likely to be
20% [33]. Regardless of whether the case presents clinically
or through screening, diagnosis is confirmed by the sweat
test. In the United States, 98% of patients had sweat sodium
or chloride �61 mEq/L, with a mean sweat chloride of
101.7 mEq/L (standard deviation 18.91 mEq/L). Of the 2%
who were sweat test negative, 75% were diagnosed on the
basis of two known mutations, 1% on transepithelial poten-
tial difference, and 24% on clinical manifestation [2].

Age at diagnosis

In the United States, 70% of all CF patients were diagnosed
before their first birthday [2], and 90% before their eighth
birthday. The proportion diagnosed before 1 year was similar,
although slightly lower in series from New Zealand (61%)
[34] and Ireland (55%) [35], although the latter patients were
adolescents and adults. In the UK, the median age at diag-
nosis since 2001 has been 4–5 months; and of all newly-
diagnosed children in 2003, 64% were diagnosed under the
age of 1 year [5]. However, late diagnosis continues to be
made, with occasional cases being diagnosed as late as the
seventh decade of life (Fig. 2.4). In the UK, 12% of newly-
diagnosed patients in 2003 were over 16 years of age [5].

Late diagnosis (after age 16) is associated with a milder
clinical syndrome than seen in patients diagnosed as 
children [36]. This includes better lung function and 
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nutritional status, and a lower prevalence of colonization
by Pseudomonas aeruginosa. Late-diagnosed patients usually
represent the mild end of the clinical spectrum presented
by cystic fibrosis. This has very important implications when
considering studies looking at the long-term benefits of
neonatal screening for cystic fibrosis.

Neonatal screening

It seems reasonable to assume that early diagnosis of
patients with cystic fibrosis before the onset of chronic bac-
terial colonization of the respiratory tract, and before the
onset of clinical malnutrition, would lead to an improved
clinical outcome. However, there is surprisingly little high-
level evidence that long-term outcome is improved as a result
of neonatal screening, the majority of evidence coming from
observational studies.

The reasons for this include the lack of high-quality ran-
domized studies, the majority employing either pseudo-
randomization, or using historical or geographic controls,
or no controls at all. In those studies where randomization
has been employed, there is difficulty in interpretation of
results because those diagnosed later in life have milder
disease. This means that the screened cohort will include
the majority of patients, including those with very mild dis-
ease, whereas the control cohort will include, at least initially,
only those with more severe disease. Therefore reported dif-
ferences in clinical outcome might be explained by this bias,
unless this is accounted for in analysis. Also, some studies
with randomized design have been let down by failure to
analyze by intention-to-screen (i.e. analyze the groups as
originally randomized); this usually means including those
missed by screening (false negatives) in the group diagnosed

clinically. This would tend to enhance clinical differences
between the groups.

In a pseudo-randomized study in the UK, which was not
analyzed by intention-to-screen, there were few reported
clinical benefits, the main one being reduced time in hos-
pital in the screened cohort in the first year of life. However,
this could be explained by the differential rates of inclusion
of mild cases in the screened and unscreened cohorts under
the age of 1 year [37]. The study with the most robust
design and analysis comes from Wisconsin in the United
States. This study has recently reported 10-year follow-up,
demonstrating small but significant differences in favor of
the screened cohort for nutritional parameters, especially
in those with pancreatic insufficiency and homozygous for
F508del [38]. A later report from the same study showed
improved nutritional outcomes after 13 years’ follow-up
[39], but benefits do tend to converge over time. Effect of
screening on pulmonary outcomes is less clear, and after 
10 years screened children had worse chest X-ray scores,
possibly due to early chronic Pseudomonas aeruginosa
infection [40]. There are other less quantifiable benefits
from running a screening program among neonates. This
includes the ability to offer prenatal diagnosis to parents 
of infants detected by screening, the reduction of stress
among parents seeking a diagnosis for their sick child, rapid
determination of population prevalence in developing
countries or areas where this is unknown, and the ability 
to research early development of respiratory and nutri-
tional abnormalities in CF patients before clinical symp-
toms develop.

Limitations in design of published studies on neonatal
screening have led to a cautious approach in implementing
nationwide screening in several countries. In 2003, a Center
for Disease Control and CF Foundation workshop consid-
ered that the benefits of neonatal screening outweighed the
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Figure 2.4 Age at diagnosis of cystic
fibrosis. Data from [2].
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potential risks and harms, and concluded that neonatal
screening was justified, although implementation was left
up to individual states [41]. Neonatal screening has also
been recommended or implemented on a national basis in
France, Scotland and England, and has been available in
other countries and regions including Wales, Germany,
Israel, Italy, Belgium, New Zealand and Australia, for vary-
ing periods of time.

Clinical presentation

The commonest clinical presentation of CF remains acute
or persistent respiratory symptoms, appearing in 51% of
all cases diagnosed in the United States [2]. Other common
clinical features on presentation in this report were failure
to thrive or malnutrition (43%), steatorrhea or abnormal
stools (35%), and meconium ileus or intestinal obstruc-
tion (19.1%).

Clinical presentations of US patients in 1996 are sum-
marized in Fig. 2.5. It is interesting to note that, although

overall only 3.5% were diagnosed by screening (prenatal or
neonatal), this method of presentation comprised 9.1% of
newly-diagnosed patients [2]. Genotype as a means pres-
entation was 1.5% overall, but 5.8% of newly-diagnosed
patients in 1996. This suggests that the number of patients
with CF diagnosed before the onset of any clinical symp-
toms is increasing.

Congenital bilateral absence of the vas deferens (CBAVD)
is a clinical syndrome recently described in which there is a
relatively high prevalence of CFTR mutations, with 14.5%
being homozygous for CFTR mutations, 48.1% being het-
erozygous, and 37.4% having no CFTR abnormalities [42].
A high proportion of patients with CBAVD homozygous
for CFTR mutations have abnormal sweat chloride [43],
and a few have some clinical symptoms suggestive of 
CF. This has led to a re-definition of cystic fibrosis, distin-
guishing it from CFTR-related disease that is not cystic
fibrosis [20].

CLINICAL FEATURES

Lung function

In the UK in 2003, the median percentage predicted FEV1

was 70–79% [5]. In Canada in 2002, the mean FEV1 per-
centage predicted was 74.1% [4]. The distribution of per-
centage predicted FEV1 percentiles for children and adults
in the UK CF clinical population is summarized in Fig. 2.6.

FEV1 by age in the US CF population is shown in Fig. 2.7.
These data are difficult to interpret because of age-cohort
effects. They represent all CF patients in the US Patient Data
Registry, and therefore consist of several different birth
cohorts, not all of which were exposed to current treatment
practices throughout their life. In addition, there is a sur-
vivor effect – meaning that, in each cohort, lung function
can be measured only in those remaining alive. As age
increases, the proportion of each birth cohort that remains as
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Figure 2.5 Clinical features suggesting the diagnosis of CF.
These modes of clinical presentation are not mutually exclusive,
and therefore the total is greater than 100%. Data from [2].
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survivors decreases. Those with worse lung function are
usually the ones to die first. Those left therefore become
the extreme survivors of that birth cohort, and therefore
very atypical of the original group.

Difficulties with cohort and survivor effects mean that it
is not possible to predict decline in lung function among a
cohort of existing patients from these current lung func-
tion measurements. However, Fig. 2.5 demonstrates the
pattern that might be expected in a population of patients
who develop a progressive, predominantly obstructive res-
piratory function defect, followed by censoring of patients
with a severe defect from the population either by death or
transplantation. Increase in mean lung function parame-
ters due to censoring are offset by decline among the
remaining members of the cohort. There is evidence from
the US CF Foundation Patient Registry that median per-
centage predicted FEV1 has improved in all age groups
since 1990 [3].

Fig. 2.6 demonstrates that the majority of patients at
any point in time have good lung function, with only a few
suffering from severe respiratory function defects, but this
proportion is higher in the adult age group. Table 2.4
shows that the majority of those with moderate to severe
lung disease are in the older age groups.

Average rates of decline of lung function with time have
not been reported very frequently in the literature. Various

cohort studies of CF patients have demonstrated a lung
function decline in individual adult patients of approxi-
mately 3–5% of predicted per annum in FEV1 [44].
A recent study in the United States showed a mean decline
of �3.89% predicted per annum (	4.11%). The range of
variation was considerable, with some patients showing no
or little decline (1.1% per annum) and others showing very
rapid rates of decline (�8.1% per annum) [45]. The most
recent data from the United States showed a rate of decline
in those not participating in clinical trials of 1.52% per
annum [46]. This is consistent with a recent study from the
UK, which shows that the rate of FEV1 decline per annum
is low, and falling in successive birth cohorts. The mean
annual decline in FEV1 between the ages of 18 and 22 was
1.53%, but this fell from 2.49% to 0.65% with successive
birth cohorts [47]. This suggests that earlier estimates of
rate of decline are no longer valid for more recent groups
of patients, and that the rate of lung function decline can
be reduced to almost zero, even in adults.

Lung function is related to other aspects of clinical sta-
tus in CF (Table 2.5). However, it is difficult to determine
whether these manifestations of CF arose because of declin-
ing lung function, or were the cause of it, from cross-
sectional data, and good-quality cohort studies are lacking.

In the UK in 2003, colonization with Pseudomonas
aeruginosa was also associated with poor lung function [5].
Of those with P. aeruginosa colonization, 22% had poor
lung function (FEV1 under 40% predicted) compared with
6% of non-colonized patients. Only 11% of colonized
patients had normal lung function (90% or more) compared
with 35% of non-colonized patients.

Respiratory infection

The organism most frequently reported in sputum culture
from cystic fibrosis patients is Pseudomonas aeruginosa. In
the United States, 57% of patients had P. aeruginosa in their
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Figure 2.7 Median percentage predicted
FEV1 by age (years) in the US CF clinical
population. Data from [3].

Table 2.4 Severity of lung function defect (FEV1) by age.

Severity of FEV1 defect Children Adults
n % n %

Normal (
90% predicted) 780 38 317 13
Mild (70–89% predicted) 749 37 613 26
Moderate (40–69% predicted) 443 22 914 38
Severe (�40% predicted) 66 3 552 23

Data from UK Cystic Fibrosis Database Annual Data Report 2003 [5].
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sputum or other respiratory cultures in 2004 [3], but the
proportion in the UK in 2003 was much lower at 38% [5].

The prevalence of P. aeruginosa infection varies between
countries, and between treatment centers within countries.
In Canada, for example, the isolation frequency for 
P. aeruginosa was 48% in 1995, but varied between treatment
centers from 25% to 52% [48]. In UK pediatric centers in
2003, colonization rates ranged from 47% to 3%, and in
UK adult centers from 84% to 47% [5]. The reported
prevalence in New Zealand was 44% [22], and in adults in
France was 62% [49] and Ireland 69% [23]. In Italy, preva-
lence was 49% [50].

Of the factors that affect infection rates with different
micro-organisms, one of the most important is age. The
prevalence of Pseudomonas aeruginosa, Burkholderia cepa-
cia, Aspergillus spp and mycobacteria increase with age. The
prevalence of Haemophilus influenzae falls with age. Staphy-
lococcus aureus remains relatively common throughout life.
These patterns are shown for the most frequently isolated
organisms for the UK in 2003 in Fig. 2.8.

Recent recognition of highly-transmissible strains of P.
aeruginosa has led to implementation of segregation and
hygiene policies within clinics which may be responsible for

reduction in prevalence in sputum culture. In addition,
chronic colonization can be prevented or delayed by early
aggressive treatment upon first isolation, which has con-
tributed to reduced prevalence of chronic colonization [51].

Other risk factors for colonization with P. aeruginosa that
have been suggested include genotype (certain genotypes
are associated with lower colonization rates), sex [52]
(females may be colonized younger than males), pancreatic-
insufficient phenotype, and nosocomial transmission
within treatment centers where precautions were not taken
to prevent cross-colonization [53]. Pseudomonas aeruginosa
can appear in the respiratory tract of young infants with CF
[54] prior to the onset of clinical respiratory disease, sug-
gesting that this may be a primary infection, and prior lung
damage by other micro-organisms is not necessary for
infection to be established.

Likewise, although the overall prevalence of Burkholderia
cepacia complex infection was only slightly higher in Canada
than in the United States (9.2% in Canada, 3.6% in the
USA), the prevalence varied from 2% to 21% in different
treatment centers within Canada [48]. This is likely to 
represent both differences in the spread of risk factors for
colonization for these organisms, and differences in policies

Table 2.5 Association between lung function, microbial colonization and nutritional status in the US CF
clinical population in 1996.

FEV1 (% predicted) n % % cultured % cultured % under
Pseudomonas Burkholderia 5th centile
aeruginosa cepacia for weight

Normal (90% or more) 4346 32 44.9 1.3 9.5
Mild (70–89%) 3884 24 64.1 3.0 14.4
Moderate (40–69%) 4182 28 80.9 5.6 31.3
Severe (�40%) 2295 16 87.3 8.4 61.2
Total 14707 100 67.2 4.2 25.1

Data from US Patient Data Registry [2].
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to limit cross-infection operating in the different treatment
centers. Burkholderia cepacia colonization has been clearly
demonstrated to be associated with adverse clinical out-
come, and as with P. aeruginosa, infection control meas-
ures implemented in treatment centers have led to a
reduction in incidence of new cases of B. cepacia complex
infection [55].

The frequency of all organisms isolated in UK patients in
2003 is shown in Fig. 2.9. Different countries, and different
treatment centers within countries, show different patterns
of respiratory infection. For example, the United States has
a higher prevalence of P. aeruginosa infection in both chil-
dren and adults than the UK (approximately 30% and 80%,
respectively), and a high prevalence of Stenotrophomonas
maltophilia infection at 12%, an organism seen less fre-
quently in the UK. Knowledge of local bacteriology patterns
in CF patients is of great importance not only to clinical
care, but also in infection control.

Growth and nutritional status

The distribution of height and weight percentiles in the 
CF clinical population is bimodal, with one mode at 25th
to 50th centile, and another mode at below 5th centile, 
representing a small group (10.5% of patients) with severe
nutritional compromise. The distribution of height, weight
and body mass index (BMI) centiles in the UK in 2003 are
shown in Fig. 2.10. Adults tend to have a lower weight and
body mass index centile than children, but similar height
centile distributions, and a higher proportion of adult
patients are severely underweight (22% as opposed to 13%
of children). However, it should be noted that a proportion
of patients maintain average nutrition or better (39% of
adults and 46% of children are above 50th centile for BMI).
In the UK, 12% of adults with CF meet the definition of
overweight or obese (BMI over 25).

Again, the explanation of this distribution from cross-
sectional data is difficult. Possible explanations include a
cohort effect whereby adults did not benefit from current
nutritional management when they were children, and hence
now suffer from residual effects of malnutrition while young.
There may also be a survivor effect operating, particularly
in respect of the higher height centile, where the smaller
and lighter children did not reach adult life, and the selective
good prognosis of pancreatic sufficiency. There is another
cohort effect that may be operating, namely the late matu-
ration and growth of children with CF, meaning that full
adult height is reached well after the age of 17 years. Finally,
low weight among the adult group may be due to deterio-
rating clinical condition with age.

Average weight percentile is increasing at all ages up to
20 years in the United States, and is also increasing with
successive birth cohorts [3]. The median weight centile at 5
years has increased from 30% in the 1980–84 birth cohort
to 42% in the 2000 cohort. This is consistent with a report

0 5 10 15 20 25 30 35 40

No growth/Normal flora

Staphylococcus aureus

Haemophilus influenzae

Pseudomonas aeruginosa

Other Pseudomonas

Burkholderia cepacia complex

Aspergillus spp

Candida spp

Other

Percent

Adults Children

Figure 2.9 Percentage of patients colonized with common
respiratory pathogens in cystic fibrosis. Number of patients with
data � 5295. Data from [5].
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from Australia showing the proportion of adults with BMI
below 20 fell from 62% to 9% in the 17 years from 1983 to
2000 [56].

Complications

In addition to the classical clinical manifestations of CF –
respiratory infection and malabsorption – there are a num-
ber of clinical complications affecting individuals with CF
that are related to CF, but appear in only a minority of
patients. The overall frequency of various complications in
UK patients is shown in Fig. 2.11. The frequency of all com-
plications rises with age, with the exception of allergic
bronchopulmonary aspergillosis.

The most frequent major complications recorded in the
CF clinical population are diabetes mellitus and abnormal
liver function. In the UK in 2003, 14% of patients had dia-
betic glucose tolerance, and a further 3% impaired glucose
tolerance [5]. The prevalence of diabetes rose from 1% 
in children under 10 years to a maximum of 43% in the

30–35 years age group, falling again to 33% over 35 years 
of age.

There have been varying reports of annual incidence and
overall prevalence of diabetes mellitus in different CF clinical
populations. This variation may in part be due to different
ages of the clinical populations, in part to differences in the
diagnostic tests and criteria applied to define diabetes in the
CF population, and in part due to true differences in preva-
lence. The Danish cohort studies have been the most method-
ologically precise. In 1994, a prevalence of diabetes mellitus of
14.7% was reported in the Danish CF population [57]. Age
was the only reported risk factor for development of diabetes;
underlying severity of cystic fibrosis was not a risk factor. This
study also reported that CF patients develop microvascular
complications of diabetes at a similar rate to diabetics without
CF. In a later report, the same authors recorded a mean age of
diagnosis of diabetes at 21 years, and reported that impaired
glucose tolerance (IGT) on a previous oral glucose tolerance
test conferred a relative risk of 5.6 for development of dia-
betes, although some patients with IGT on one or more occa-
sion did not go on to develop diabetes [58].
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Liver disease is an important complication of CF because
it is associated with an adverse prognosis and may require
liver transplantation. In the UK, 15.4% of patients recorded
abnormal liver function in 2003 [5], as did 8% of US patients
in 2004 [3]. These data registry studies are probably an
underestimate, and a cohort from Canada showed a preva-
lence of 41% at age 12 years, with 7.8% going on to develop
cirrhosis [59]. Prevalence did not rise after the age of 12 in
this cohort, but this does not mean that new cases cannot
arise after that age.

The UK CF Database does not record the prevalence of
bone disease. However, osteoporosis is a recently recog-
nized important complication of CF, reported in 8% of the
US CF population in 2004, and with a prevalence rising
almost linearly with age to 20% of those aged 45 and over
[3]. A high proportion of patients in one study had a bone
mineral density below �1 Standard deviations (42.5%),
and very low bone mineral density measurements are asso-
ciated with low body mass index below 5th centile [60]. In
adults and adolescents, prevalence was even higher at 61%
for osteopenia or osteoporosis, and risk was highest in those
with severe disease and taking corticosteroids [61]. The rea-
sons for low bone mineral density in CF are not known. It is
likely to arise due to a combination of a low rate of bone
mineralization during childhood due to poor nutritional
status, together with poorer preservation of bone mineral-
ization due to poor nutrition and lack of weight-bearing
exercise later in life. Indeed, in patients with normal levels
of nutrition, bone mineral density appears to be normal in
cystic fibrosis when compared with controls of similar
height [62]. This suggests that low bone mineral density is
not inevitable in CF, and that nutritional status is an impor-
tant factor in etiology of CF-related bone disease.

Of recent interest is the question as to whether adults
with CF are more susceptible to cancer. A large cohort study
from the United States concluded that the risk of cancer
among patients with CF overall was the same as that for the
general population (RR 0.8; 95% CI 0.6 to 1.1). However,
there was an increased risk of gastrointestinal cancer in
both the US and European cohorts enrolled in the study,
with a relative risk of 6.5 (3.5 to 11.1) and 6.4 (2.9 to 14.0),
respectively [63].

SOCIAL AND DEMOGRAPHIC FEATURES 
IN ADULTS

Reported measurements of clinical outcome in CF have
not been very sophisticated in reports of either clinical tri-
als, or clinical case series. Measures tend to be confined 
to either survival, or measurements of lung function,
nutritional status, clinical or x-ray scores, or biochemical
parameters. While these are important indicators of clini-
cal status, they do not necessarily reflect how the patient
feels, and more importantly, whether his or her lifestyle
matches that of peers without CF.

Demographic

In the US CF patient population in 1996, 33% of adult
patients were married or cohabiting, with a further 5.2%
separated, widowed or divorced [2], and this had risen to
36% and 5.2%, respectively, in 2004 [3]. Very similar fig-
ures were obtained from a survey of adults in the UK [6],
where 30% were married or cohabiting with a further 2.6%
divorced, separated or widowed in the year 2000. Similar
proportions have been reported elsewhere [64]. The pro-
portion married or cohabiting rises with age to over 60% in
those over 30 years of age. Males are significantly less likely
to be married or cohabiting than females, after adjustment
for age and measures of clinical severity.

Male patients with CF were also significantly more likely
to remain living with their parents than females, although
as age increased, the differences between men and women
decreased. (Fig. 2.12). This suggests that although it may be
harder for young men with CF to achieve independence, 
it is delayed rather than prevented. A study from the
Netherlands suggested that patients with CF were no more
likely to be dependent on their parents than other young
people [65]. In the UK in 2003, 56% of men and 37% 
of women aged 20–24 in the general population were 
still living with their parents [66], suggesting that young
people with CF differ little from the general population,
which also displays a gender difference. The figures for
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Figure 2.12 Marital status and household composition of
adults with cystic fibrosis: (a) household composition; (b)
proportion married or cohabiting by age and sex. Data from [6].
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adults with CF in 2000 aged 20–29 were 54% and 33%,
respectively.

Nine percent of adult patients in the year 2000 had
parental responsibility for children of their own, and the
proportion rose to 22% in those over 40 years of age. Two
percent acted as carer for another adult, usually a parent or
grandparent. As patients survive longer and get older, many
will outlive their parents, and the proportion caring for
elderly relatives is likely to increase. Those providing care
for adults with CF need to recognize that many do not live
with parents, and have their own responsibilities as carers
of others.

Education

Despite the fact that CF patients from time to time miss
periods of education due to episodes of illness, educational
attainments of adults with CF are similar to those of the
general population. In the United States, 27% of adult
patients in 2004 had achieved a college degree or higher [3].
In the UK, the educational attainments of adults with CF
were impressive, and were at least comparable to those of
the general population of the same age, with 78% achieving
GCSE or equivalent qualifications, 28% A-level or equiva-
lent, 24% a degree qualification, and 4% a higher degree
(Masters or Doctorate) [6]. Over 70% of patients take a
further qualification after leaving school.

Any academic qualification is associated with an increased
likelihood of employment (Fig. 2.13), even after adjustment
for clinical status.

A study in the Netherlands suggested that educational
attainments among adults with CF were higher than among
the general population, with the CF population concen-
trating on traditional education, while the general popula-
tion preferred vocational training [65].

Employment

A high proportion of adult patients are able to work, either
full or part-time. In the UK, adults achieved 80% of the
employment rate of the general population of the same age
and sex [67]. In both the United States and the UK, at least
50% of adults are in paid employment, with a further
24–25% students [3,6]. In the UK, 81% of adults with CF
had ever been able to work, either full- or part-time, rising to
over 98% by the age of 40 [6]. Half of those not currently
employed in the UK were unable to work due to ill-health
[6] (Fig. 2.14). In the UK, factors associated with unemploy-
ment were younger age, female gender, lower socioeconomic
status, no basic or advanced school-leaving qualifications
and more severe disease [6]. Older patients are more likely
to give ill-health as a reason for not working. Some patients
continue to work until normal age-related retirement.

Of particular interest is the fact that, although survival
has been steadily increasing, the proportion of adults able
to work has remained similar to studies reporting a decade
ago, suggesting that continued survival increases have not
been at the expense of quality of life. The majority of patients
remain well for the majority of their lives.

Quality of life

Although there are CF-specific quality-of-life instruments,
these do not permit comparison with other conditions, for
which purpose a generic quality-of-life instrument is prefer-
able. In 2000, the EuroQOL questionnaire [68] was included
in a survey of adults with CF in the UK. Very few patients
reported poor quality of life overall (6%). The proportion
reporting problems in different domains of the EQ5D
questionnaire are compared with the normal UK popula-
tion in Fig. 2.15. The proportion of adults with CF report-
ing problems is higher than in the normal population,
although the proportion reporting severe problems was
under 3% in all domains, so the majority of these problems
were not severe. However, the EQ5D score among adults
with CF (0.77) does not differ greatly from reported scores
in adults of similar ages with other chronic medical condi-
tions, including asthma (0.73), chronic fatigue syndrome
(0.76–0.86) and low back pain (0.69). The EQ5D and
Visual Analogue Scale scores were both associated with
markers of clinical severity [6].

PROGNOSIS

There have been many attempts to derive prognostic indi-
cators for CF. This has been made more important by the
advent of transplantation as a treatment for end-stage lung
disease. It is therefore useful to have an index that will indi-
cate when survival is expected to be poorer for the untreated
patient than for a transplanted patient, and hence when
referral for transplantation might be considered. Very few
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EuroQOL quality-of-life instrument compared with
the UK population of the same age: (a) males;
(b) females. Data from [5] and [102].
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of these prognostic models have been validated by standard
measures of sensitivity, specificity and predictive value to
predict death over a pre-specified time period.

The problem with the studies reported in the literature
is that they all start with different baseline populations: for
example some consider children, others adults, and other
all-age groups. They also use different survival times as an
indicator, ranging from 2 to 10 years and over. They use dif-
ferent analytic methods that may produce different results
in the same patient population. They also include slightly
different subsets of clinical information in their multivari-
ate models.

Genotype

Initial studies concentrated on the issue as to whether
homozygosity for the F508del mutation conferred a partic-
ularly severe phenotype. However, the majority of these
studies took place before a good classification of effects of
different mutations on function of CFTR was produced.
The majority of studies employing multivariate modeling
that included genotype markers have concluded that
homozygosity for F508del is not an adverse prognostic indi-
cator, but different mutation classes may be. A cohort study
has established that genotype not only affects phenotype,
but also mortality. Significantly lower mortality rates were
seen in patients carrying the G551D, DeltaI507, R117H,
3849 � 10 kb C : T, 2789 � 5 kb G : A alleles [8].

Pancreatic-sufficient phenotype

A pancreatic-sufficient phenotype is generally associated
with milder clinical manifestations of cystic fibrosis. How-
ever, its association with survival is not as clear as for other
risk factors, like pulmonary function. After accounting for
major prognostic factors, pancreatic-sufficient phenotype
has been a significant positive prognostic indicator in only
a few studies [69,70].

Age

As for phenotype, once major prognostic factors are
accounted for, age appears not to be a major determinant
of survival, appearing as a determinant of survival in only
one study [71].

Sex

It has been reported in some countries that average life
expectancy is shorter for females than males with cystic
fibrosis. However, it is not completely clear whether this is
a gender-specific phenomenon per se, or whether it is related
to increased prevalence of other poor prognostic indicators
in women, such as poor lung function and nutritional 

status. In the first year of life, survival is greater for girls, but
after that, greater for boys, giving an overall survival advan-
tage for males.

A study in a large US clinical cohort demonstrated that,
after adjustment for a number of other prognostic factors,
such as nutritional status, pulmonary function, pancreatic-
sufficient phenotype, age at diagnosis, mode of presenta-
tion, race and airway microbiology, female sex conferred an
additional risk of death before the age of 20 years (RR 1.6;
95% CI 1.4 to 1.8), but after the age of 20 years there was no
significant difference [70]. A similar gender gap in survival
in younger females (aged 2–20 years) was again reported in
2003 in the United States [72]. It has been suggested that this
gender gap in survival may be due to very marked reduction
in life expectancy among females with CF who also have
diabetes [73]. Other possible explanations for the observa-
tion of shorter survival in females include poorer nutrition
in females, which was felt to account for the reduced sur-
vival seen in Canadian females [29], and an earlier age at
first colonization with Pseudomonas aeruginosa.

In some other studies, female sex emerged as an adverse
prognostic indicator [74], but in other careful studies
aimed at developing prognostic indices for CF, female sex
was not an adverse prognostic indicator after other impor-
tant markers for survival were accounted for [75]. In chil-
dren in the UK, gender does not appear to be a prognostic
indicator [76], nor does survival show a gender difference
in Italy [77]. In general, studies demonstrating poorer sur-
vival among females have been from North America, and
those showing no gender difference from the UK or Europe.

Pulmonary function

Almost every study employing multivariate modeling tech-
niques identifies pulmonary function as a major determi-
nant of survival. This includes several of the studies
mentioned above [29,69,71,75]. In some studies, FEV1 was
the only lung function marker associated with survival, in
others, FVC [75] or a marker of gas trapping (RV/TLC;
residual volume/total lung capacity) were independently
associated with survival [78]. In some studies, FEV1 per-
centage predicted emerged as the only significant prognos-
tic marker. Few have reported sensitivity and specificity of
FEV1 to predict mortality at various cut-off points using
receiver–operator curves. One study reported that 54% of
those below FEV1 55% predicted died within 5 years and
96% of those above this value survived 5 years [79].

In a cohort study, we reported that FEV1 was a better
predictor of 2-year survival than the Shwachman clinical
score [80]. With a cut-off of 47% predicted for FEV1, sen-
sitivity was 89% and specificity 80%, but positive predictive
value was only 6% (i.e. 6% of those with an FEV1 below
47% would die within 2 years) – too imprecise to be used
for referral for transplantation. Another study reported a
sensitivity of 42% and specificity of 95% for an FEV1 below
30% predicted [81]. Rate of decline of lung function may
be a better predictor of mortality in those with severe lung
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function limitation [82]. Predictors of mortality may differ
in those who already have severely compromised lung func-
tion than in the general population, and this needs to be
taken into account.

Exercise tolerance

A study from the United States suggested that exercise tol-
erance could be a more sensitive prognostic indicator than
simple lung function tests. This study found that peak oxy-
gen uptake (VO2 peak) was a better predictor of 8-year sur-
vival in patients over 7 years of age than FEV1 [83]. In this
study, colonization with Burkholderia cepacia was the only
other risk factor, age, sex, body mass index, FEV1 and PCO2

after exercise being unrelated to survival.
However, a more recent UK study in adults found that,

although univariate analysis identified exercise performance
as prognostic markers (including VO2 peak, peak work rate,
peak minute ventilation (VE) and VE/VO2 ratio), multivari-
ate analysis revealed only FEV1 to predict 5-year survival [68].
FEV1 over 55% predicted gave a 96% 5-year survival, but for
an FEV1 under 55% predicted 5-year survival was only 46%.
In this study, colonization with Burkholderia cepacia was not
a predictor of survival. As with several other studies, the pre-
dictive value was greater for survival than mortality.

Therefore it remains unclear as to whether exercise test-
ing offers significantly improved prediction of survival when
compared to simple pulmonary function tests alone. The
populations in the two studies were of different ages, and it
may be that exercise testing is more useful in children than
adults.

Bacterial colonization

The majority of studies have considered the role of either
Pseudomonas aeruginosa, Burkholderia cepacia or both in
determining survival in cystic fibrosis patients. Most stud-
ies employing multivariate modeling techniques have failed
to show colonization with either P. aeruginosa or more
specifically with the mucoid subtype to be associated with
survival, after accounting for other prognostic factors, par-
ticularly lung function [29,70,75]. However, mucoid P.
aeruginosa was an adverse prognostic factor in one study
which was also unusual in identifying age as an independent
prognostic indicator [26]. In another study confined to
infants diagnosed before the age of 2 years, with 10-year
follow-up, P. aeruginosa was associated with poorer survival
when Staphylococcus aureus had also been isolated before
the age of 2 years [84].

The position with Burkholderia cepacia colonization is a
little clearer in that, although it appears from some studies
to selectively colonize those with poorer lung function and
a poorer initial prognosis [85], it is also associated with a
poorer prognosis after colonization, even after matching
for initial lung function [29,70,82,86].

Nutritional status

Along with lung function, this appears to be one of the
most important prognostic indicators in cystic fibrosis
patients. Different studies use different indices of nutri-
tion, but in a majority of studies, poor nutritional status
appears to be independently associated with a poor prog-
nosis [29,70,75,78].

Socioeconomic indicators

There have been very few studies looking at the effect of
socioeconomic status on survival in cystic fibrosis, despite
widespread knowledge that low socioeconomic status con-
fers higher mortality rates from a wide variety of other
common conditions. In the study by Britton [74], which
examined mortality rates by region in the UK, there were
only two significant predictors of premature death (death
below the median age of survival): female sex (RR 1.47; 
CI 1.16 to 1.87) and manual social class (RR 2.75; CI 2.16
to 3.52).

In a recent study from the United States, patients who
had health insurance, either privately or through Medicaid,
had a median survival of 20.5 years, compared with just 6.1
years for those without insurance. Socioeconomic status
and possession of insurance were both significantly and
independently associated with survival in this study [87]. 
A more recent study using the US CF Foundation Patient
Registry showed that Medicaid patients (used as a proxy
for low socioeconomic status) had poorer clinical status
and a relative risk of death of 3.65 compared with non-
Medicaid patients. This was not related to frequency of visits
to specialist clinics, and suggests that socioeconomic status
may be a prognostic indicator independent of access to
medical care [88]. Among adults with CF in the UK, access
to specialist care is also not associated with socioeconomic
status [6]. A further study based on the same data registry
linked to US Census data showed a strong association
between median household income, with a relative risk of
death of 1.44 in the lowest income category [89].

Functional status

There has only been one published study showing that,
although functional status appeared to be associated with
survival, after adjustment for important clinical prognostic
indicators, the association became non-significant [90].

Multivariate prognostic models

Several multivariate prognostic models have been published
attempting to predict prognosis in cystic fibrosis based on
cohort studies, and validated in subsequent cohorts. The
first predictive system was proposed in 1992 [91]. This 
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system was developed by retrospective analysis of data on a
single cohort between 1977 and 1987. This system sug-
gested that FEV1 below 30% predicted was an indicator of
poor prognosis over 2 years, as well as low PaO2 and PaCO2.
Younger patients and female patients with a low FEV1 had
a poorer prognosis than older patients or males with the
same FEV1.

The modified Huang clinical score has also been evalu-
ated as a predictor of survival at 6, 12, 18, 24 and 36 months.
As well as showing reliability and internal consistency, the
score provided a more accurate method than FEV1 at pre-
dicting a poor prognosis, particularly at time intervals below
24 months [92].

Another model predicted survival for up to 6 years by
retrospective analysis and was validated in a later cohort.
The variables significantly associated with mortality and
included in the final model were height (taller patients 
do better), hepatomegaly, FVC, FEV1, and total white cell
count [75].

A predictive model for 5-year survival was developed
using the US patient register [93]. The model was devel-
oped from a randomly selected cohort and validated
prospectively against a second randomly selected contem-
poraneous cohort. Their final model included age (older
age implied worse survival), gender (male better), FEV1

(percent predicted), weight for age z-score, pancreatic suf-
ficiency (sufficient is better), diabetes mellitus (diabetes is
worse), colonization with Staphylococcus aureus (better),
Burkholderia cepacia (worse), number of acute exacerba-
tions (more is worse) and an interaction term of B. cepacia
and acute exacerbations.

Another model identified clinical predictors of 2-year
survival was developed and sensitivity and specificity cal-
culated at various cut-offs using receiver–operator curves.
Their model included age (two terms, with a steeper slope
under 21 than over 21), sputum bacteriology (P. aerugi-
nosa, B. cepacia, both or neither), hospitalizations for acute
exacerbation, courses of home intravenous antibiotics,
height and FEV1. Selecting a probability of dying 
0.2 gave
a sensitivity of only 52% but a specificity of 96%. Also,
FEV1 �30% gave a sensitivity of 42% and specificity of
95%. There was no difference between the two in terms of
prognostic accuracy. Both FEV1 and the new model were
better at predicting survival than death [94].

Prognostic factors may differ for children. In children
referred for transplant assessment (therefore already severely
compromised), adverse prognostic factors included low
FEV1, low oxygen saturation during a 12-minute walk, high
heart rate, young age, female gender, low albumin and low
hemoglobin [95]. This model is likely to be applicable only
to severely ill children.

PROVISION OF MEDICAL CARE

Although it seems reasonable to assume that care for patients
with cystic fibrosis can best be provided by clinical teams

specializing in treatment of this condition, it has proved
difficult to subject this assumption to formal study and sta-
tistical analysis. There are theoretical risks of center-based
care (such as increased risk of cross-infection with aggres-
sive respiratory pathogens) as well as substantial theoreti-
cal advantages.

A randomized controlled trial of different models of is
not possible, and non-randomized studies are made diffi-
cult because of the problem obtaining data about patients
who do not attend specialist CF clinics. Patient data reg-
istries generally exclude patients who do not attend recog-
nized CF clinics, making construction of cohort survival
curves difficult, and ascertainment of deaths from cystic
fibrosis may be incomplete. In addition, those who attend
CF clinics may be a self-selected group with pre-existing
good prognosis [74], although other studies have shown
that there is no socioeconomic difference in access to spe-
cialist healthcare [6,88].

Early comparisons of care models were compromised
by using historical controls (i.e. before and after establish-
ment of a CF center) [96], or by relying on comparison of
different median survival rates in countries with different
methods of organizing healthcare. A study in the UK by 
the British Paediatric Association demonstrated that those
patients attending centers where 40 or more patients were
registered had better survival than those attending smaller
treatment centers. Although the cut-off point was arbi-
trary, and it does not address the problem of self-selection
of good prognosis patients, it provided the best evidence at
that time that specialist center care improved outcome in
cystic fibrosis [97].

Size of clinic is a crude measure of specialization, as is
survival a crude measure of health status. We surveyed all
known adults with CF in the UK in 1990, 1994 and 2000 [6].
One-third of the group surveyed in 1990 were not attending
separate clinics for cystic fibrosis patients at any hospital,
and were therefore deemed to be receiving non-specialist
care. There were no social class differences between the
groups. Patients attending the specialist clinics were more
likely to have had simple but important clinical investiga-
tions performed recently, more likely to have had access to
paramedical personnel (dietitians, physiotherapists, nurse
specialists), more likely to have received home intravenous
therapy, were taking higher doses of pancreatic enzymes
with meals and snacks, had less severe symptom scores, and
were more likely to be satisfied with professional aspects of
their care [98]. These differences persisted in successive sur-
veys, even when access to specialist care increased [6].

The proportion not receiving specialist care had fallen
from one-third in 1990 to 23% in 1994 and just over 8% by
2000 [6]. Patients were also asked in 1994 and 2000 how
they would prefer their care to be organized. This included
the option of having care shared between a local hospital
and a more distant specialist center. The results from 2000
are shown in Fig. 2.16. Only 2% of adult patients wanted
care provided by a local general hospital. The rest would be
prepared to travel at least 25 miles to a local specialist center,
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and many would be prepared to travel up to 100 miles to a
major specialist center. These results were similar regard-
less of the type of care actually being received [6].

There is now wide consensus that specialist center care
is of benefit to patients. The World Health Organization/
ICF(M)A has recommended the establishment of such care
centers as an appropriate model of care in countries where
CF is thought to be more widespread than is appreciated 
by the medical profession [99]. In the UK, the Clinical
Standards Advisory Group recommended that healthcare
purchasers/commissioners ensure that all CF patients resi-
dent in their area should have access to specialist services
[100]. The UK Cystic Fibrosis Trust has also published
standards of care for patients with CF that recommend all
patients should be cared for by centers specialising in the
treatment of patients with CF [101] either directly or by
shared-care arrangements.

TREATMENT OF CYSTIC FIBROSIS

This chapter on clinical epidemiology would not be com-
plete without mentioning treatment of cystic fibrosis, but
cannot possibly hope to cover the whole scope of manage-
ment of this complex disease, nor to re-visit many areas
already addressed in this book. Therefore this section
addresses the way in which systematic reviews of the litera-
ture can assist the clinician in evidence-based practice in
cystic fibrosis, and introduces the Cochrane Collaboration
CF and Genetic Disorders Group.

Evidence-based medicine in CF

Evidence-based medicine is the process of applying pub-
lished evidence regarding the epidemiology, diagnosis,
investigation, treatment and prognosis of medical condi-
tions to the individual patient. Although many doctors
would contend this is what they do all the time, in practice

it is extremely difficult for practitioners to collect together,
critically appraise and then put into practice the vast liter-
ature on a particular clinical area.

Traditional reviews, such as this chapter, of the medical
literature have a number of problems, and are subject to
the biased inclusion and exclusion of papers by the author,
as well as the author’s biased interpretation of the informa-
tion contained in the selected papers. Therefore, although
the primary research may be based on careful methodology
and criteria, reviews of the research may be much less rig-
orous in their criteria for minimization of bias. In addition,
traditional reviews may be out of date.

The systematic review of medical literature is an attempt
to overcome some of the drawbacks of traditional reviews,
while at the same time presenting the clinician with an
overview that reduces the need to refer to the extensive 
primary literature. A systematic review will have a pre-
determined protocol, with explicit criteria for ensuring a
thorough search of the literature, minimization of publica-
tion bias, selection of studies for inclusion in the review,
pre-defined outcomes for consideration in the review, pro-
tocols for data extraction, and methods for undertaking
statistical overviews, including methods for sensitivity analy-
sis to check for bias.

The Cochrane Collaboration is an international collab-
oration that produces and maintains, in perpetuity, system-
atic reviews of randomized controlled trials of healthcare
interventions. This covers the whole of medical practice.
Cochrane reviews are produced according to a strict proto-
col, and updated each time new trials become available. 
A Cochrane CF and Genetic Disorders group has been
established, and both protocols and reviews appear on the
Cochrane Library, an electronic publication that is updated
several times a year. The advantage of protocols appearing
in the library is that criticism and feedback can be received
before the review is performed. Input from patients and
consumers of healthcare is encouraged to ensure that 
the outcomes considered in reviews are of relevance to
consumers.

Access to abstracts of Cochrane Collaboration reviews is
free online to all at http://www.thecochranelibrary.com.
The CF and Genetic Disorders Group can be accessed at
http://www.liv.ac.uk/cfgd/.

APPENDIX 2.1: BIOLOGICAL ADVANTAGE FOR
CF HETEROZYGOTES

Carriage of the cystic fibrosis gene could be viewed as a
potentially beneficial mutation. In this light, counselling
for carrier status in clinical practice takes on a different hue
because carriers do not carry a ‘defective gene’ as commonly
stated; instead such endophenotypes could be viewed as the
embodiment of Darwinian biological selection [137,138].
For example, CF heterozygotes might be protected against
diarrheal diseases. Pier and co-workers showed that murine
typhoid caused by Salmonella enterica (serovar Typhi) 
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utilizes CFTR to enter epithelial cells in the gut of wild-type
mice such that a survival advantage accrues for transgenic
CF heterozygotes [139]. F508del heterozygote mice mani-
fested 80% fewer invasive episodes of Salmonella infection
[139,140]. Recently a typhoid protection hypothesis has been
tested in humans in a case–controlled study in Indonesia
with some evidence that naturally occurring variants of
CFTR also protect against invasion of Salmonella typhi into
the bloodstream in childhood [141]. This is a complex
issue because this selective advantage ensues from wild-
type non-coding (intronic) CFTR regions in the absence of
the F508del mutation. Thus Indonesian populations that
do not carry the common European variant to any signifi-
cant penetrance (less than 1%) nevertheless accrue signifi-
cant typhoid resistance dependent on an intronic inheritance
pattern of CFTR. In this model, CFTR intron 4 carries two
common variants bearing two different numbers of CA
repeats that reduce the chances of finding typhoid bacteria
in the bloodstream of those particular ‘carriers’. These pre-
liminary findings widen the concept of the heterozygote
advantage for the mutant CF gene. Further supportive
human data testing the typhoid hypothesis suggests that
increments in F508del frequency occur after succeeding
waves of typhoid. The cholera-protective hypothesis is
more problematic in that Vibrio cholerae toxin has at least
three different ways of entering the cell and it is unclear
whether all (or some) of them are CFTR-dependent. Thus
it is not unreasonable to presume that the elimination of
carrier status might not be beneficial should catastrophic
circumstances recur at some time in future generations.

APPENDIX 2.2: WHY IS THE FREQUENCY OF
CFTR EXONIC MUTATION SO DIFFERENT IN
DIFFERENT POPULATIONS?

The CFTR protein cycles from the epithelial cell interior to
the apical cell surface facing the outside world and back
again such that 50% of the resident CFTR molecules leave
approximately every 15 hours [142]. Why this should be so
is unknown. In contrast, F508del CFTR fails to traffic api-
cally and may also exit more rapidly from the apical sur-
face. The net result is a reduced residence time in the apical
membrane. Current models invoke the idea that, when res-
ident on the outer surface of the epithelial cell, the com-
plexly glycosylated CFTR provides a docking site for one or
more pathogens. This notion has important theoretical
consequences for CF epidemiology.

Let us suppose that wild-type CFTR cycling was hijacked
by a particularly lethal intra-epithelial pathogen and used to
enter the cell from the apical membrane. Then, natural
selection would eliminate surface-resident CFTR mutations
because they enhanced pathogen entry. Random chance
could also play a role in variability with the common muta-
tion arising more than once but only surviving on one
occasion. Alternatively, where CF is rare, it might be that
there was no selective environmental pressure to maintain

a given mutant CF gene at high prevalence. Outside CF, such
‘pressure-relief’ decline is already happening in the USA
where sickle cell homozygosity affects as many as 1 in 600
African–American neonates. Yet the sickle gene frequency
is declining as the selective pressure from malaria wanes in
African–Americans whereas no such decline has occurred
in their parent populations in Africa. Thus for CF, as diar-
rheal disease becomes less prevalent in developed nations,
the CF gene frequency might decline.
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3
Molecular biology of cystic fibrosis: CFTR
processing and functions, and classes of mutations

MALKA NISSIM-RAFINIA, BATSHEVA KEREM AND EITAN KEREM

THE CFTR PROCESSING AND FUNCTIONS

The CFTR gene was cloned in 1989 using positional cloning
approach which included chromosome walking and jump-
ing, linkage disequilibrium analysis and correlation of tissue
expression pattern between CF and non-CF tissues [1,2,3].
The gene comprises 27 coding exons, spanning over 250 kb
on chromosome 7q31.2, and the transcript is 6.5 kb (Fig.
3.1). The most common CF mutation is a 3bp deletion, caus-
ing a loss of phenylalanine at position 508 of the protein,
F508del [1].

The protein encoded by the CFTR gene is a chloride (Cl�)
channel in the apical membrane of exocrine epithelial cells
[3] (see Fig. 3.1). It comprises 1480 amino acids with a
molecular weight of �170 kDa. The protein comprised five
domains: two membrane-spanning domains (MSD1 and
MSD2), each composed of six transmembrane segments
(TM1 to TM12) that form the channel, two nucleotide-bind-
ing domains (NBD1 and NBD2), capable of ATP hydrolysis,
and a regulatory domain (R), which contains numerous
phosphorylation sites [3,4] (Fig. 3.1). This protein structure
indicates that the CFTR is part of the ATP-binding cassette
(ABC) transporter proteins. Phosphorylation of sites in the 
R domain by protein kinase A (PKA), regulated by cyclic
adenosine monophosphate (cAMP), and the hydrolysis of
ATP by the NBDs, are essential for activating the chloride
channel (reviewed in [4]). This complex multidomain
assembly is thought to be responsible for the inefficient con-
formational maturation process of the CFTR (only 20–50%)
in the endoplasmic reticulum (ER) (reviewed in [5]).

During its folding, the CFTR binds to molecular chap-
erones, such as the heat shock proteins Hsc70, Hsp40 and
Hsp90, and calnexin, a calcium-binding transmembrane
protein chaperone that assists newly synthesized proteins

to fold into a normal structure in the ER (Fig. 3.2b).
Complex formation with these chaperones is involved not
only in facilitating folding but also in the degradation of
non-native conformers; the latter are targeted for proteo-
lysis by the ER-associated degradation (ERAD) to prevent
the accumulation of toxic polypeptides in the cell (Fig. 3.2c)
[6]. Folded CFTR is then transported out of the ER and
into the Golgi to acquire cell type-specific carbohydrates in
two alternative pathways, both regulated by coat protein
complex II (COPII) (Fig. 3.2d). In the conventional path-
way the CFTR is transferred via the cis and then the trans
Golgi compartments. In the non-conventional pathway,
the CFTR is trafficked to the trans Golgi prior to retrieval
to the earlier compartment. The post-ER processing of the
CFTR is modulated by several protein–protein interactions,
through the C-terminal sequence of the CFTR protein,
which forms a binding motif for interaction with PDZ-
domain-containing proteins [7]. PDZ-mediated protein–
protein interaction was detected between CFTR and
CFTR-associated ligand (CAL), which is mainly localized
at the trans Golgi compartment [8]. Mature CFTR level
depends on CAL concentration, such that over-expression
of CAL down-regulates CFTR expression. Another PDZ-
domain-containing protein that was implicated in the 
regulation of CFTR trafficking is the Na�/H� exchange
regulatory factor (NHERF), localized at the apical surface
(reviewed in [9]). Through NHERF, CFTR is tethered to
the cytoskeleton actin filaments and couples with protein
kinase A. Thus, NHERF is thought to contribute to CFTR
apical expression and activation in cells. Deletion of CFTR
C-terminal sequence led to CFTR protein accumulation at
the membrane and caused almost complete loss of the
PKA-activated CFTR function [10]. However, these results
are inconsistent with the mild clinical phenotype in patients
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Figure 3.1 Schematic diagram of the CFTR gene. (a) Structure of the CFTR gene consisting of promoter region (P) and 27 exons. (b) CFTR
polypeptide with predicted domains (highlighted). (c) Topology of the CFTR protein relative to the cytoplasmic membrane and position of
the most common mutation, F508del. Box deletion of three nucleotides, CTT (underlined), and subsequent loss of phenylalanine 508
(underlined). Adapted from [42].

carrying the same C-terminal deletion [11]. In addition to
the CFTR expression being regulated by NHERF, the CFTR
seems to regulate the Na�/H� exchanger (NHE3). Since
both CFTR and NHE3 interact with the PDZ domain of
NHERF and since CFTR is required for cAMP-mediated
inhibition of NHE3, it is possible that a complex of these
proteins is needed for NHE3 regulation [12]. Thus, the
CFTR is not only regulated through its C-terminal interac-
tion with PDZ-domain-containing proteins but also regu-
lates such proteins. Another example for CFTR regulation
of ion exchangers is the SLC26T family of Cl�/HCO3

�

exchangers. PDZ-mediated protein–protein interaction was
detected between CFTR and these Cl�/HCO3

� exchangers.
Moreover, defective CFTR-dependent HCO3

� secretion was
demonstrated in CF epithelia [13].

After the CFTR protein reaches the plasma membrane it
undergoes a rapid endocytosis (Fig. 3.2f) and efficient
recycling (Fig. 3.2g) back into the cell surface. This process
is needed to maintain a long residence time of the CFTR at
the cell surface. The PDZ binding motif was shown to play
a role not only in the trafficking of the CFTR into the Golgi
but also in its endocytic recycling. Deletion of the PDZ

binding motif reduced the half-life of CFTR in the apical
membrane by decreasing CFTR endocytic recycling [14].
Two other motifs in the C-terminus of the CFTR, the tyro-
sine and the di-leucine based motifs, play a role in the CFTR
clathrin-dependent endocytosis. CFTR forms a complex
with clathrin, myosin VI, the myosin VI adaptor protein 
disabled-2 (Dab2), which facilitates CFTR endocytosis [15].

The pathophysiology of CF is complex and cannot be
narrowed down to the loss of the CFTR function as a chlo-
ride channel. The CFTR appears to have an effect on a
growing number of proteins (reviewed in [16]). In addi-
tion to the mentioned above effect of the CFTR on the
Na�/H� and Cl�/HCO3

� exchangers, the CFTR modifies
also the function and properties of ion transporters includ-
ing chloride, sodium and potassium channels (Fig. 3.3).
The CFTR has an inhibitory effect on the epithelial Na�

channel ENaC. The loss of inhibition of ENaC by defective
CFTR is regarded as an important cause for the enhanced
epithelial Na� absorption found in the airways of CF
patients. The CFTR has a similar effect on the cAMP regu-
lated Cl� channel, the outward rectifying Cl� channel
(ORCC). Therefore Cl� secretion, by the cAMP pathway,
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is markedly diminished in CF patients. However, in epithe-
lial cells Cl� is secreted also through the Ca2� regulated
Cl� channel, the CaCC. Enhanced CaCC activity has been
detected in human and murine CF airways [17]. Hence,
high levels of CaCC expression in murine airways have
been suggested to compensate for the lack of CFTR, thus

preventing the development of lung disease in CF mice
[18]. The end result in human CF airways is reduced vol-
ume of airway surface fluid layer. This volume reduction is
associated with reduced mucociliary clearance and impaired
innate immunity leading to chronic infection and inflam-
mation and lung damage.

CLASSIFICATION OF CFTR MUTATIONS

Over 1300 sequence variations (mutations, which are
involved in disease expression and polymorphisms, which
have no effect on the phenotype) have been identified so far
along the entire CFTR gene [19]. F508del is found in �70%
of the CF chromosomes worldwide; however its frequency
varies greatly among different ethnic groups, between
100% in the isolated Faroe Islands of Denmark to 18% in
Tunisia. In Europe there is a clear decreasing gradient in
the frequency of �F508 from northeast to southwest. All
the other mutations are mostly rare and only 11 were
found in more than 100 patients [20,21]. Several of the rare
mutations however, appear with high incidence in isolated
populations (Table 3.1).

As can be seen in Table 3.2, 48.7% of the mutations are
missense, 19.5% are frameshifts caused by small insertions
or deletions, 15.7% are splicing and 12.9% are nonsense
mutations. The remaining (3.2%) affect other sequence
variations, like in-frame insertions or deletions and muta-
tions in the promoter [20]. Although hot spots for muta-
tions along the CFTR gene were not found, several CFTR
amino acids or even specific CFTR nucleotides show higher
probability for mutations (e.g. amino acids R117, R347,
I506, S549 and nucleotides 460 and 1058) [20]. Further-
more, the density of mutations is higher in the first half 
of the protein (particularly in MSD1 and NBD1), while
very few occur in the R domain (Table 3.2), suggesting a
different role for each domain. Recently it was shown 
that heterodimerization of the two CFTR NBDs exhibited
2- to 3-fold enhancement in ATPase activity relative to
homodimerization of each NBD [22], which indicates a
separate role for the two NBDs. Such a separate role was
shown for another ABC protein, MRP1, in which ATP
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binding affinity and hydrolysis differs between the two
NBDs [23].

The cloning of the CFTR gene and the identification 
of its mutations has enabled extensive research into the
association between genotype and phenotype, which has
contributed to our understanding of the mechanisms
responsible for the remarkable clinical heterogeneity of CF.

It is clear by now that most of the CFTR mutations are
associated with the classical severe disease presentation.
These patients carry two severe CFTR mutations and thus
have the classical phenotype of early age of disease pres-
entation and age at diagnosis (usually below 1 year), 
pancreatic insufficiency (PI), poor weight gain and nutri-
tional status and elevated sweat chloride. It is important to

Table 3.1 CFTR mutations with high incidence in specific populations.

Mutation Frequency (%) in Frequency (%) in Ref.
specific populationsa the general populationb

Q359K/T360K Georgian Jews (88) [1]
M1101K Hutterite Brethren (69) [2]
S549K United Arab Emirates (61.5) [2]
W1282X Ashkenazi Jews (48) 1.2 [1]

Tunisian Jews (17)
Israeli Arabs (10.6)

405 � 1G : A Tunisian Jews (48) [1]
Libyan Jews (18)

3120 � 1G : A Bantu, Africa (46.4) [2,3]
South African (17.4)
African American, USA (13.9)
African American, Africa (12.2)
Saudi Arabia (10)

N1303K Egyptian Jews (33) 1.3 [1,2]
Israeli Arabs (21)
Algeria (20)
Lebanon (10)

G85E Turkish Jews (30) [1]
1898 � 5G : T Taiwan (30) [2]
394delTT Finland (28.8) [2]

Estonia (13.3) 
621 � 1G : T Saguenay Lac-Saint-Jean, Canada (24.3) 0.7 [2]

Northern Greece (12.1)
Y122X Reunion Island (24) [2]
3905insT Amish, Mennonite (16.7) [2]

Switzerland (9.8) 
Y569D UK, Pakistani (15.4) [2]
T338I Italy, Sardinia (15.1) [4]
1548delG Saudi Arabia (15) [3]
R553X Switzerland (14) 0.7 [2]
3120 � 1kb del8.6 kb Israeli Arabs (13) [5]
I1234V Saudi Arabia (13) [3]
R347P Turkish population, Bulgaria (11.7) 0.2 [4]
Q98X Pakistani, UK (11.5) [2]
G542X South Spain (11.4) 2.4 [4]
711 � 1G : T Algeria (10) [2]
4010del4 Lebanon (10) [2]
R1162X Northeast Italy (9.8) 0.3 [2]
1525�1G : A Pakistani, UK (9.6) [2]
aMutations were included only if their frequency in a specific population was at least 10%, excluding �F508. The mutations are listed in a decreasing order
of their frequency (in case of more than one population, the frequency was listed according to the highest).
bThe frequency in the general population was listed only if it reached 
0.1%, based on the CF mutation database [6].
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emphasize that a small percentage of patients with pancre-
atic sufficiency (PS) will be found to carry two severe muta-
tions, but the current data suggest that these patients will
eventually develop PI. Only few mutations were found to
be associated with the atypical phenotype. Patients carry-
ing at least one atypical mutation (being dominant over
the classical severe mutation) were diagnosed at a later age
(usually after age 10 years), were older at the time of the
study, had normal, borderline or mildly elevated sweat
chloride levels, had better nutritional status, and most of
them (60–70%) had PS. In some of these patients, CF diag-
nosis could be made only after genotype analysis was avail-
able. It is important to note that not all the patients who
carry the atypical mutations have PS. There is a substantial
variability in the extent of pulmonary involvement among
patients carrying the same severe mutations and among
patients carrying the same mild atypical mutations. In view
of the current data, it appears that the variability in disease
severity in patients with CF is not a consequence of relative
preservation of pancreatic function but is a result of different
CF gene mutants, together with additional factors, genetic
and/or environmental.

So far, it has been shown that the location of a mutation
along the CFTR gene has no direct effect on severity of CF
disease. Likewise the type of mutation, either deletion,
insertion, nonsense etc., is not directly affecting disease
severity. Classical and atypical mutations were identified
along the CFTR gene and in all types of mutation. The
increased knowledge on the molecular mechanisms by
which the mutations cause CF led to classify the different
CFTR mutations into five major classes according to their
effect on CFTR function (Fig. 3.4 and Tables 3.3 and 3.4).

Class I: defective protein synthesis

Class I includes mutations which lead to the disruption of
the CFTR protein synthesis. The mutations in this class
include nonsense and frameshifts, which lead to the cre-
ation of premature termination codons (PTCs) (
30%;
Table 3.2). As can be seen in Table 3.1, PTCs (W1282X,
G542X, etc.) are among the more frequent mutations in the
population. PTCs were known to result in truncated pro-
teins; however it is now apparent that they have additional

Table 3.2 Distribution of sequence variation (mutations and polymorphisms) along the CFTR gene.

(a) Mutation distribution

Pro MSD1 ExLs1 InLs1 NBD1 R MSD2 ExLs2 InLs2 NBD2 Othera Total (%)

Missense 68 18 47 93 47 46 23 59 59 91 551 (48.7)
Frameshift (PTC) 20 5 18 27 33 15 6 22 26 49 221 (19.5)
Splicing 12 0 25 22 5 13 6 18 23 54 178 (15.7)
Nonsense (PTC) 13 4 7 17 26 12 2 10 15 40 146 (12.9)
In-frame in/del 2 1 4 4 2 1 0 5 2 7 28 (2.5)
Non-coding 8 8 (0.7)
Total mutations 8 115 28 101 163 113 87 37 114 125 241 1132

(b) Mutation density

Pro MSD1 Exl1 Inl1 NBD1 R MSD2 Exl2 Inl2 NBD2 Othera Total

Total mutations 8 115 28 101 163 113 87 37 114 125 241 1132
Size (aa) 129 20 121 152 242 127 50 126 164 349 1480
Densityb 0.89 1.4 0.83 1.07 0.47 0.69 0.74 0.9 0.176 0.69 0.76

(c) Variation distribution

Pro MSD1 Exl1 Inl1 NBD1 R MSD2 Exl2 Inl2 NBD2 Othera Total

Total mutations 8 115 28 101 163 113 87 37 114 125 241 1132
Polymorphism 6 16 1 14 23 12 14 10 19 19 62 196
Total variations 14 131 29 115 186 125 101 47 133 144 303 1328
aMutations in the intracellular domains.
bNumber of mutations per domain size.
Pro, promoter; MSD, membrane-spanning domain; ExLs, extracellular loops within the MSD; InLs, intracellular loops within the MSD; NBD, nucleotide-
binding domain; R, regulator; PTC, premature termination codon; in/del, insertion/deletion, aa, amino acid.
Data based on the CF mutation database [6].
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effects on transcripts carrying these mutations. PTCs can
dramatically decrease the half-lives of mutant mRNAs by the
nonsense-mediated mRNA decay (NMD) pathway, as well as
alter the pattern of pre-mRNA splicing. Therefore, such
mutations are expected to produce little or no protein.
Indeed, genotype–phenotype studies revealed that CFTR
PTCs are associated with a severe form of the disease [24].

A specific therapy for PTCs has been suggested, aiming
to read-through the nonsense codon, allowing synthesis of
full-length proteins. Aminoglycoside antibiotics, in addi-
tion to their antimicrobial activity, can inefficiently inter-
act with the A site of eukaryotic rRNA, leading to alteration
in RNA conformation, which reduces the accuracy between

codon–anticodon pairing. This can lead to read-through of
the PTCs by binding of any tRNA to the nonsense codon,
thereby permitting protein translation to continue to the
normal end of the transcript (reviewed in [25]). Since the
normal termination of eukaryote genes consists of several
termination codons, the aminoglycosides are not expected
to affect the normal termination. In addition, in cases where
even low levels of physiologically functional proteins are
sufficient to restore the function, aminoglycosides might
be suitable for treatment.

Several in-vitro studies demonstrated that aminogly-
cosides can read-through PTCs in the CFTR gene, and 
lead to functional full-length CFTR proteins [26]. Ex-vivo

Class V
Reduced level

Class IV
Impaired

conductance

Class III
Regulation

Class II
Protein processing

Class I
Protein production

CFTR
gene

Cl� Cl�

x

Figure 3.4 Classes of CFTR mutations.

Table 3.3 Classes of CFTR mutations: molecular mechanisms and potential therapies.

Class Effect on CFTR Functional CFTR Presence of CFTR Potential treatmentsa

on cell membrane

I Unstable RNA No No Aminoglycosides
Production of CFTR is degraded PTC124
truncated protein in the cytoplasm

II Impaired protein No No Stabilizing chaperones – sodium-4-
processing in the Golgi CFTR is degraded phenylbutyrate, ER Ca�� pump

in the cytoplasm inhibitor – thapsigargin

III Defective regulation No Yes Alkylxanthines 8-cyclopentyl-1,3-
dipropylxanthine (CPX), flavonoids – genistein

IV Impaired function Yes, but reduced Yes CFTR activators:
causing reduced Alkylxanthines 8-cyclopentyl-1,3-
chloride transport dipropylxanthine (CPX), IBMX, DPCPX,

flavonoids – genistein, NS-004, milrinone,
modulators of CFTR protein–protein 
interactions – with PDZ-binding proteins and
syntaxins

V Reduced synthesis of Depending on number Yes, depending Splicing factors that promote exon inclusion or
normal functioning of functional CFTR on number of  factors that promote exon skipping depending
CFTR functional CFTR on the molecular defect

aCFTR activators might be beneficial additives for all the classes of CFTR mutations.
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exposure of airway cells from CF patients carrying nonsense
mutations led to the identification of surface-localized
CFTR in a dose-dependent fashion [27]. Clinical studies
provided evidence that the aminoglycoside gentamicin can
read-through PTCs in vivo. A pilot study in nine patients
with CF carrying at least one nonsense mutation demon-
strated a significant correction of the basic electrophysio-
logical abnormalities characteristic of CF, using application
of gentamicin drops to the nasal epithelium [28]. In most
patients the main effect of gentamicin was activation of
transmembrane chloride transport that approached the
normal range. An additional clinical study in which sys-
temic gentamicin was administrated also showed correc-
tion of the CFTR abnormalities [27]. Recently, in a
double-blind placebo-controlled crossover study we have
demonstrated expression of full-length CFTR proteins and
restoration of CFTR function following topical application
of gentamicin to the nasal epithelium of 19 CF patients 
carrying the W1282X mutation [29]. Complete normaliza-
tion of the electrophysiological abnormalities was found in
21% of the patients and in 68% there was restoration of
either chloride or sodium transport. Furthermore, a signif-
icant increase in peripheral and surface staining for full-
length CFTR proteins was observed in the nasal epithelial
cells of the patients following the treatment [29]. Together,
these results suggest that gentamicin treatment can read-
through PTCs. It is important to note that studies on other
genetic diseases also showed that aminoglycoside have a
potential to read-through PTCs, and restore the function of
defective proteins encoded by nonsense alleles, both ex vivo
and in vivo [25].

Class II: defective protein processing

Class II mutations are associated with defective protein
processing. As discussed above, upon completion of the
CFTR protein translation, the normal protein undergoes
glycosilation and folding in the endoplasmic reticulum
(ER) and the Golgi apparatus, which enable the protein
trafficking to the apical membrane. Class II mutations
cause impairment of this process, which leads to degrada-
tion of the abnormally processed protein. The major muta-
tion, F508del, results in the synthesis of a CFTR protein that
is unable to correctly fold into its appropriate tertiary con-
formation. Consequently, this protein is retained in the ER
and abnormally degraded (
99% vs 75% in normal pro-
teins). In addition, more recently it was found that � F508
CFTR proteins, on reaching the plasma membrane, undergo
abnormal internalization and recycling into the membrane.
However, most of the internalized F508del proteins will be
marked for degradation and will not be recycled into the
membrane [30]. This process further reduces the level of
the defective protein in the membrane.

In-vitro studies of the F508del-CFTR protein demon-
strated that this mutant polypeptide can function as a
cAMP-dependent chloride channel once it reaches the cell
membrane, suggesting that a therapy aimed at correcting
protein folding and trafficking might partially correct the
CFTR defect. A number of different chaperones within the
lumen of the ER and in the cytosol can stabilize the mis-
folded structures and promote F508del-CFTR trafficking.
Among the molecular chaperones are calnexin, Hsp70 and
Hsc70, and sodium-4-phenylbutyrate, a histone deacetyl-
ase inhibitor that down-regulates Hsc70 and up-regulates
Hsp70 [31]. The mutant CFTR undergoes a prolonged
specific association with calnexin and with Hsp70.

Classes III and IV: defective protein regulation
and altered conductance

Phosphorylation and dephosphorylation of the CFTR is
considered the major pathway by which the chloride chan-
nel activity is physiologically regulated. In addition, the
normal gating cycle of CFTR (both opening and closing)
requires ATP binding and hydrolysis, at the two NBDs.
Class III includes mutations that lead to the production of
proteins (e.g. G551D and Y569D), which reach the plasma
membrane; however their regulation is defective, so they
cannot be activated by ATP or cAMP. Class IV mutations
are associated with altered conductance (e.g. R347P, R117H
and D1152H) such that the rate of chloride transport is
reduced. Thus, mutations in both class III and IV lead to
CFTR proteins that can be produced, processed, trans-
ported and inserted into the apical membrane, but display
a defective conductance. Investigators have searched for
exogenous compounds that are potential therapeutic activa-
tors of class III and IV mutant protein (including flavonoids,
like genistein and NS-004, and xanthine derivatives, like CPX

Table 3.4 Classification of CFTR mutations.

Class Mutations

I Stop codons: W1282X, G542X, R1162X, R553X, E822X
Splicing mutations that completely abolish protein
synthesis: 1717 � 1G : A, 621 � 3A : T,
711 � 1G : T, 1525�1 G : A, 2751 � 2T : A,
296 � 1G : C

II F508del, D1507, S549R, S549I, S549N, S549R, S945D,
S945L, H1054D, G1061R, L1065P, R1066C, R1066M,
L1077P, H1085R, N1303K, G85E

III G551D, S492F, V520F, R553G, R560T, R560S, Y569D

IV R117H, R117C, R117P, R117L D1152H, L88S, G91R,
E92K, Q98R, P205S, L206W, L227R, F311L, G314E,
R334W, R334Q, I336K, T338I, L346P, R347C, R347H,
R347L, R347P, L927P, R1070W, R1070Q

V 3849 � 10 kb C : T, 1811� 1.6 kb A : G,
3272�26A : G, IVS8-5T, D565G, G576A, c4006-1
G : A, 2789 � 5G : A

Included in this table are mutations that have enough experimental data
in the RNA/protein level to indicate their molecular mechanism.
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and IBMX). Genistein was shown to increase open proba-
bilities of phosphorylated channels by binding directly to
one or both of the NBDs without raising cAMP concentra-
tion and without affecting either protein kinases or protein
phosphatases. IBMX seems, on the other hand, to affect
CFTR through combined effects of raising cAMP levels
and blocking protein phosphatases.

Class V: reduced CFTR level

Class V mutations lead to the production of normal pro-
teins, but in reduced levels. This class includes promoter
mutations that reduce transcription and amino acid sub-
stitutions that cause inefficient protein maturation. Yet,
most of the mutations are splicing mutations, which affect
the normal splicing of the pre-mRNA and thus reduce the
levels of correctly spliced mRNA, by partial exon skipping or
inclusion of intronic sequences. The alteration in the splic-
ing pattern is caused by disrupting or generating intronic
splicing motifs, required for exon recognition. These muta-
tions account for 
5% of CFTR mutations and include
mutations that are relatively frequent in the general popu-
lation (such as 3849 � 10 kb C : T, the twelfth most com-
mon mutation) and/or in specific populations (1898 �
5 kb G : T, 3120 � 1 kb del8.6 kb; see Table 3.1). In addi-
tion, there are mutations and polymorphisms that disrupt
exonic splicing motifs, which also affect the splicing pat-
tern. Class V splicing mutations (e.g. 3849 � 10 kb C : T,
3272 � 26 A : G, IVS8-5T, D565G and G576A) can lead
to variable levels of correctly spliced transcripts among dif-
ferent patients and among different organs of the same
patient (reviewed in [32] and [33]). These levels were found
to inversely correlate with the variable disease expression,
such that lower levels of correctly spliced transcripts are
associated with a severe disease, while higher levels are
associated with milder disease [34].

Splicing is regulated through the interaction of a com-
plex repertoire of splicing factors with various splicing
motifs (reviewed in [35]). Differences in the levels of func-
tional splicing factors were found among different tissues,
which have been suggested to regulate the level of alternatively
spliced transcripts. Initially, the effect of over-expression of
splicing factors on the level of correctly spliced CFTR tran-
scripts were studied in minigenes carrying mutations,
which lead to partial skipping of exons 9, 12, and the 5 end
of exon 13 and the 3849 � 10 kb C : T mutation, which
results in partial inclusion of an 84-bp sequence from
intron 19. Most (10/11) of the minigenes were modulated
by splicing factors. Higher levels of correctly spliced tran-
scripts were generated by several of these factors: Htra-�
and E4-ORF3 promoted exon 13 and 9 inclusion, respec-
tively, and hnRNP A1 and E4-0RF6 promoted 
skipping over the cryptic 84-bp exon (reviewed in [33]).
Subsequently, we showed that Htra2-�1 and SC35 increased
the level of correctly spliced mRNA transcribed from an
endogenous CFTR allele carrying the 3849 � 10 kb C : T

mutation [33]. Importantly, this increase activated the
CFTR channel and restored its function. Over-expression of
other splicing factors had no effect on the transcript level
and did not restore the CFTR function.

Therapeutic approaches for this class aim to increase 
the level of correctly spliced transcripts and up-regulation 
of CFTR expression. One such approach is using antisense
oligonucleotides designed to inhibit cryptic splicing.
Antisense oligonucleotides for the 84-bp exon, cotransfected
with CFTR cDNA carrying the 3849 � 10 kb C : T muta-
tion, resulted in a decrease in the level of aberrant CFTR
transcripts containing the 84-bp ‘exon’ [36]. Recently, a
similar approach was taken for the SMN2 (Survival Motor
Neuron) and BRCA1 (Breast Cancer) genes. Chimerical
antisense oligonucleotides comprising two parts were
designed, one complementary to the aberrantly spliced exon
providing exon specificity, and the other containing binding
motifs for recruitment of splicing factors to the mutation
site [37]. An increase in the binding of splicing factors by
such oligonucleotides resulted in an increased level of cor-
rectly spliced transcripts.

Another approach is the identification of small mole-
cules that may lead to an increase in the level of correctly
spliced transcripts. Recently it was shown that administra-
tion of sodium butyrate (NaBu), a histone deacetylase
inhibitor that up-regulates the expression of splicing fac-
tors [38], led to a decrease in the level of aberrant CFTR
transcripts containing the 84-bp ‘exon’. Importantly, this
decrease resulted in activation of the CFTR channel and
restoration of the CFTR function [33]. Several other small
molecules were shown to increase the level of correctly
spliced mRNA transcribed from other genes, including
aclarubicin, sodium vanadate and valproic acid in SMN2
and EGCG ((�)-epigallocatechin gallate) and kinetin in
I�AP (I�B kinase complex-associated protein) (reviewed
in [33]). These molecules among others might be appro-
priate for CFTR therapy.

CFTR polymorphisms

As mentioned above, DNA sequence polymorphisms are
defined as sequence variations that do not lead to disease
expression. Yet, several polymorphisms in the CFTR gene
were shown to modify disease severity. For example, the
number of TG repeats in IVS8 correlates with the level of
exon 9 skipping, and therefore with disease severity 
[39]. Similarly, R668C was shown to affect exon 12 skip-
ping [40]. In addition, M470V was shown to have an effect 
on the CFTR channel activity and correlate with disease
severity [39].

It should be mentioned that CFTR polymorphisms were
also found in patients with CF-related diseases, with no
other mutations in the CFTR. Thus, sequence variations
that were defined as CF polymorphisms (not causing CF),
can be defined as mutations causing CF-related diseases
(listed in Table 3.5). The same CF-related diseases, atypical
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cases of CF presenting in adolescence and manifested in
only one or two organ systems, were also associated with
carriers of CFTR mutations [41].

FUTURE PROSPECTS

Identifying all the mutations in the CFTR gene THAT are
involved in the typical CF and CF-related diseases, and
developing simple and inexpensive methods for screening a
large number of mutations, will enable early genetic diag-
nosis of all the patients before the development of symp-
toms, at young individuals and even at neonates. Additional
studies aiming to better understand the effect of different
mutations along the CFTR gene on the CFTR function will
broaden our understanding the different functions of the
CFTR protein as well as the function of each CFTR domain.
Further studies aiming to investigate the potential modula-
tion of the CF phenotype by polymorphisms in the CFTR
sequence and/or by other genes will enable us to learn more
on the genetic complexity of the disease. Furthermore,
development of mutation-specific therapies using high-
throughput screening for small molecules will lead to phar-
macotherapy targeting the basic CFTR defect.

REFERENCES

1. Kerem B, Rommens JM, Buchanan JA et al. Identification of
the cystic fibrosis gene: genetic analysis. Science 1989;
245:1073–1080.

2. Rommens JM, Iannuzzi MC, Kerem B et al. Identification of the
cystic fibrosis gene: chromosome walking and jumping.
Science 1989; 245:1059–1065.

3. Riordan JR, Rommens JM, Kerem B et al. Identification of the
cystic fibrosis gene: cloning and characterization of
complementary DNA. Science 1989; 245:1066–1073.

4. Sheppard DN, Welsh MJ. Structure and function of the CFTR
chloride channel. Physiol Rev 1999; 79:S23–45.

5. Riordan JR. Assembly of functional CFTR chloride channels.
Annu Rev Physiol 2005; 67:701–718.

6. Ellgaard L, Helenius A. Quality control in the endoplasmic
reticulum. Natl Rev Mol Cell Biol 2003; 4:181–191.

7. Short DB, Trotter KW, Reczek D. An apical PDZ protein
anchors the cystic fibrosis transmembrane conductance
regulator to the cytoskeleton. J Biol Chem 1998;
273:19797–19801.

8. Cheng J, Moyer BD, Milewski M. A Golgi-associated PDZ
domain protein modulates cystic fibrosis transmembrane
regulator plasma membrane expression. J Biol Chem 2002:
277:3520–3529.

9. Hung AY, Sheng M. PDZ domains: structural modules for
protein complex assembly. J Biol Chem 2002;
277:5699–5702.

10. Moyer BD, Duhaime M, Shaw C et al. The PDZ-interacting
domain of cystic fibrosis transmembrane conductance
regulator is required for functional expression in the apical
plasma membrane. J Biol Chem 2000; 275:27069–27074.

11. Mickle JE, Macek M, Fulmer-Smentek SB et al. A mutation in
the cystic fibrosis transmembrane conductance regulator
gene associated with elevated sweat chloride concentrations
in the absence of cystic fibrosis. Hum Mol Genet 1998;
7:729–735.

12. Weinman EJ, Minkoff C, Shenolikar S. Signal complex
regulation of renal transport proteins: NHERF and regulation
of NHE3 by PKA. Am J Physiol Renal Physiol 2000;
279:F393–399.

13. Smith JJ, Welsh MJ. cAMP stimulates bicarbonate secretion
across normal, but not cystic fibrosis airway epithelia. J Clin
Invest 1992; 89:1148–1153.

14. Swiatecka-Urban A, Duhaime M, Coutermarsh B. PDZ domain
interaction controls the endocytic recycling of the cystic
fibrosis transmembrane conductance regulator. J Biol Chem
2002; 277:40099–40105.

15. Swiatecka-Urban A, Boyd C, Coutermarsh B. Myosin VI
regulates endocytosis of the cystic fibrosis transmembrane
conductance regulator. J Biol Chem 2004;
279:38025–38031.

16. Kunzelmann K, Schreiber R, Nitschke R, Mall M. Control 
of epithelial Na� conductance by the cystic fibrosis
transmembrane conductance regulator. Pflugers Arch 2000;
440:193–201.

17. Knowles MR, Clarke LL, Boucher RC. Activation by
extracellular nucleotides of chloride secretion in the airway
epithelia of patients with cystic fibrosis. N Engl J Med 1991;
325:533–538.

18. Clarke LL, Grubb BR, Yankaskas JR. Relationship of a non-
cystic fibrosis transmembrane conductance regulator-
mediated chloride conductance to organ-level disease in
Cftr(-/-) mice. Proc Natl Acad Sci USA 1994; 91:479–483.

19. Consortium of the Cystic Fibrosis Genetic Analysis
Consortium. www.genet.sickkids.on.ca/cftr.

20. Consortium of the TCFGA. Population variation of common
cystic fibrosis mutations. Hum Mutat 1994; 4:167–177.

Table 3.5 Phenotypes associated with increased incidence of
CFTR mutations.

Obstructive azoospermia and congenital bilateral absence of the
vas deferens
Chronic bronchitis
Chronic bronchiectasis
Pseudomonas bronchitis
Idiopathic disseminated bronchiectasis 
Chronic sinusitis
Nasal polyposis
Allergic bronchopulmonary aspergillosis
Asthma
Neonatal hypertrypsinemia
Primary sclerosing cholangitis
Neonatal transitory hypertrypsinemia
Hypoelectrolytemia and alkalosis
Idiopathic chronic pancreatitis
Liver disease

www.genet.sickkids.on.ca/cftr


58 Molecular biology of cystic fibrosis: CFTR processing and functions, and classes of mutations

21. Zielenski J, Tsui LC. Cystic fibrosis: genotypic and phenotypic
variations. Annu Rev Genet 1995; 29:777–807.

22. Kidd JF, Ramjeesingh M, Stratford F et al. A heteromeric
complex of the two nucleotide binding domains of cystic
fibrosis transmembrane conductance regulator (CFTR) mediates
ATPase activity. J Biol Chem 2004; 279:41664–41669.

23. Hou YX, Riordan JR, Chang XB. ATP binding, not hydrolysis, at
the first nucleotide-binding domain of multidrug resistance-
associated protein MRP1 enhances ADP. Vi trapping at the
second domain. J Biol Chem 2003; 278:3599–3605.

24. Consortium of the TCFGP. Correlation between genotype and
phenotype in patients with cystic fibrosis. N Engl J Med 1993;
329:1308–1313.

25. Holbrook JA, Neu-Yilik G, Hentze MW, Kulozik AE. Nonsense-
mediated decay approaches the clinic. Nat Genet 2004;
36:801–808.

26. Bedwell DM, Kaenjak A, Benos DJ et al. Suppression of a CFTR
premature stop mutation in a bronchial epithelial cell line.
Nat Med 1997; 3:1280–1284.

27. Clancy JP, Bebok Z, Ruiz F et al. Evidence that systemic
gentamicin suppresses premature stop mutations in patients
with cystic fibrosis. Am J Respir Crit Care Med 2001;
163:1683–1692.

28. Wilschanski M, Famini C, Blau H et al. A pilot study of the
effect of gentamicin on nasal potential difference
measurements in cystic fibrosis patients carrying stop
mutations. Am J Respir Crit Care Med 2000; 161:860–865.

29. Wilschanski M, Yahav Y, Yaacov Y et al. Gentamicin-induced
correction of CFTR function in patients with cystic fibrosis and
CFTR stop mutations. N Engl J Med 2003; 349:1433–1441.

30. Sharma M, Pampinella F, Nemes C et al. Misfolding diverts
CFTR from recycling to degradation: quality control at early
endosomes. J Cell Biol 2004; 164:923–933.

31. Choo-Kang LR, Zeitlin PL. Induction of HSP70 promotes
DeltaF508 CFTR trafficking. Am J Physiol Lung Cell Mol
Physiol 2001; 281:L58–68.

32. Nissim-Rafinia M, Kerem B. Splicing regulation as a potential
genetic modifier. Trends Genet 2002; 18:123–127.

33. Nissim-Rafinia M, Aviram M, Randell SH et al. Restoration of
the cystic fibrosis transmembrane conductance regulator
function by splicing modulation. EMBO Rep 2004; 5:
1071–1077.

34. Kerem E, Rave-Harel N, Augarten A et al. A cystic fibrosis
transmembrane conductance regulator splice variant with
partial penetrance associated with variable cystic fibrosis
presentations. Am J Respir Crit Care Med 1997;
155:1914–1920.

35. Black DL. Mechanisms of alternative pre-messenger RNA
splicing. Annu Rev Biochem 2003; 72:291–336.

36. Friedman K, Kole J, Cohn JA et al. Correction of aberrant
splicing of the cystic fibrosis transmembrane conductance
regulator (CFTR) gene by antisense oligonucleotides. J Biol
Chem 1999; 274:36193–36199.

37. Cartegni L, Krainer AR. Correction of disease-associated exon
skipping by synthetic by synthetic exon-specific activators.
Nat Struct Biol 2003; 10:120–125.

38. Chang JG, Hsieh-Li HM, Jong YJ et al. Treatment of spinal
muscular atrophy by sodium butyrate. Proc Natl Acad Sci USA
2001; 98:9808–9813.

39. Cuppens H, Lin W, Jaspers M et al. Polyvariant mutant cystic
fibrosis transmembrane conductance regulator genes. The
polymorphic (Tg)m locus explains the partial penetrance of
the T5 polymorphism as  disease mutation. J Clin Invest 1998;
101:487–496.

40. Pagani F, Stuani C, Tzetis M et al. New type of disease
causing mutations: the example of the composite exonic
regulatory elements of splicing in CFTR exon 12. Hum Mol
Genet 2003; 12:1111–1120.

41. Boyle MP. Nonclassic cystic fibrosis and CFTR-related
diseases. Curr Opin Pulmon Med 2003; 9:498–503.

42. Zielenski J. Genotype and phenotype in cystic fibrosis.
Respiration 2000; 67:117–133.

www.ebook3000.com

http://www.ebook3000.org


4
Pathophysiology: epithelial cell biology and 
ion channel function in the lung, sweat gland 
and pancreas

RAYMOND D. COAKLEY AND RICHARD C. BOUCHER

INTRODUCTION

Cystic fibrosis (CF) is a lethal, autosomal recessive, multisys-
tem disease, primarily affecting organs of epithelial origin.
Although approximately 90% of the morbidity and mor-
tality associated with CF is due to chronic suppurative lung
disease, characteristic pathological findings are also evi-
dent in other organs, including the pancreas and intestinal,
hepatobiliary and reproductive tracts. In addition, func-
tional abnormalities in the sweat duct are well described
and correlate with abnormally high sweat chloride content.

Despite its ‘ancient’ roots, CF was first described as a clin-
ical syndrome in 1938 [1], and it was not until 1989 that
mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene were identified as its cause [2–4].
Since that time, links between aberrant CFTR expression and
the diverse pathological manifestations of the condition have
been vigorously (and largely successfully) sought.

Although not all aspects of CF pathogenesis have been
fully elucidated, and some remain contentious, it is increas-
ingly accepted that CFTR mutations promote disease by
interfering with epithelial ion transport. Lack of functional
CFTR expression has contrasting effects on ion transport
in various organs, suggesting organ-specific mechanisms
of disease pathogenesis. For instance, in the CF lung, iso-
tonic liquid absorption dominates; in the gastrointestinal
system, isotonic Cl� and water secretion are impaired; in
the CF pancreas, ductal Na�HCO3

� and liquid secretion
are abnormal; and in the sweat duct, hypertonic absorp-
tion of NaCl fails to occur. In this chapter, we will explore
these concepts of CF pathogenesis and describe how our
enhanced understanding of disease mechanism has advanced
the goal of developing therapies that specifically address pri-
mary defects in CF, as opposed to merely tempering their

consequences. We will focus most intensely on the lung,
describing the accumulating evidence that abnormal ion
transport causes inadequate hydration of luminal secretions
and fosters the accumulation of viscous mucus in CF (of note,
a condition formerly termed ‘mucoviscidosis). This defect, in
turn, compromises a key component of innate lung host
defense, namely mucociliary clearance, leading to chronic
infection, inflammation and, ultimately, parenchymal lung
destruction.

GENETIC BASIS OF CF

CF is an autosomal recessive condition resulting from muta-
tions in the cystic fibrosis transmembrane regulator (CFTR)
gene, a �250-kb gene located on the long arm of chromo-
some 7. Introns within the CFTR gene contain information
that allows for alternative splicing. To date, more than 1000
candidate mutations in the CF gene have been identified and
reported to the CF Gene Mutation Consortium in Toronto,
Canada [5]. Targeting more common CFTR mutations has
made population screening for CF feasible. However, even
in patients in whom a diagnosis of CF has been made (based
on positive sweat test and/or consistent nasal potential differ-
ence and an appropriate clinical context), it is not uncom-
mon for CFTR mutations to evade detection (on one allele at
least) and, occasionally, sequencing of the CFTR gene is
undertaken where the diagnosis remains in doubt.

Mechanisms by which several classes of CFTR mutations
disrupt protein function have been described and are dealt
with in Chapter 3. The relationship between specific CFTR
gene mutations and clinical manifestations of the disease are
much more complex than was previously thought. In gen-
eral, classes I, II and III are associated with the more severe
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phenotypic expression of the CFTR gene, while classes IV
and V are associated with less severe clinical consequences.
However, although the identification of CFTR mutations in a
given individual has proven to be a reliable predictor of dis-
ease in the GI tract, pancreas and sweat duct, it is a less reli-
able as a predictor of lung disease severity. In fact, even in the
presence of two mutations generally associated with a ‘severe’
extrapulmonary phenotype, there is a wide clinical spectrum
of pulmonary disease. Some such adults may survive to
adulthood with minimal lung disease. Clearly, both environ-
mental and CFTR-independent genetic influences may be
important in this regard. A variety of potential gene-modi-
fiers have been suggested, including those that modulate
innate lung defense [6–11]; also see Chapters 6a and 6b.
However, the most rigorous and convincing evidence for a
gene modifier of CF severity was provided in a comparative
analysis of 808 F508del homozygous CF patients who man-
ifested either mild or severe lung disease, in whom poly-
morphisms of the gene regulating TGF� reproducibly
predicted pulmonary severity [12]. The conjunction of
such approaches in the future with proteomic analyses may
lead to the generation of novel therapeutic targets.

MOLECULAR BASIS OF CF

Cystic fibrosis appears to reflect the relative absence of func-
tional CFTR at an appropriate location in the apical cell
membrane in epithelial organs. While a variety of CFTR
mutation classes have been characterized, null mutations
and those associated with CFTR non-function (in terms of
ion transport) are rare. Most disease-causing mutations
appear to result in misfolding of CFTR, with consequent fail-
ure of the mature protein to translocate to the plasma mem-
brane. This mechanism was first suggested for the �F508
mutation [13]. Since �F508 CFTR retains ion-transport
function, the concept of manipulating protein trafficking to
pharmacologically ‘rescue’ the protein and facilitate its pas-
sage to the apical membrane is an attractive one and is being
actively explored [14]. However, it remains possible that
even if some F508del CFTR protein reaches the apical mem-
brane in the airway cell, it will be recycled too rapidly to func-
tion effectively, and excessive removal and degradation of
CFTR could limit the therapeutic utility of such novel
agents [15].

It is conceivable that accumulation of mutant CFTR
within the cell may be deleterious, in a manner that is inde-
pendent of absence of CFTR channel activity and analogous
to functional derangements that occur in hepatocytes from
patients with �1-antitrypsin deficiency, due in accumulation
of mutated ‘z’ �1-antitrypsin protein in hepatocytes [16]. It
has been suggested that such an ‘unfolded protein response’
would constitutively activate NF�B, thereby promoting dys-
regulation of inflammatory responses in affected subjects
[17,18]. However, it has not been possible to show that
inflammation is innately dysregulated in primary cell cul-
ture models of CF airway epithelia once environmental

influences are controlled for [19–21]. The severe pheno-
type in patients with null mutations also argues against this
hypothesis [22].

PATHOPHYSIOLOGY OF LUNG DISEASE

Over the past five decades, a combination of clinical observa-
tions and experimental endeavors has led to a cogent and
well-supported hypothesis to explain the pathophysiology of
lung disease in CF, one that plausibly links the salty brow, vis-
cid mucus and fibrocystic lung destruction that have been
recognized for centuries.

Initially, divergent hypotheses were put forward to link
altered Cl� transport with lung disease in cystic fibrosis. In
one, it was suggested that abnormally high tonicity of airway
surface liquid (ASL), due to an inability of Cl� to enter the
cell via CFTR, might foster infection in CF airways by inacti-
vation of endogenous salt-sensing antimicrobials including
defensins [23–25]. However, more recent observations, in a
variety of species (including human tissues and live subjects)
and using a variety of investigative techniques, suggested
instead that ASL is, in fact, isotonic in both CF and non-CF
airways [26–29].

The weight of evidence now strongly favors an abnormal
ASL volume hypothesis, to explain pathophysiological abnor-
malities in the CF lung. In this (now widely accepted) theory,
lung disease in CF occurs due to ASL dehydration, which
interferes with mucociliary clearance (MCC). Several innate
mechanisms exist to meet the persistent challenge of inhaled
bacteria. Although bacterial growth can also be suppressed by
natural antibiotic substances secreted into the airway lumen
(such as lacto-ferrin and lysozyme), the bactericidal capacity
of these substances appears to be limited in magnitude and
duration [30]. This observation emphasizes the primacy of
physical clearance of bacteria to maintain sterility of the air-
ways. This physical mode of bacterial clearance relies on their
being trapped in airway mucus, which is in turn wafted in a
cephalad direction by the coordinated beating of cilia. This
activity requires not only the presence of normally beating
cilia, but also sufficient periciliary liquid (PCL) to lubricate
the transport of dense tangles of mucin molecules as well as to
provide the necessary low-viscosity environment for efficient
ciliary movement. Sufficient liquid must also be present to
hydrate the ‘mass’ of mucin molecules in the mucus layer.

Failure of MCC (with consequent chronic suppurative
lung disease) arises in patients with primary ciliary dyskine-
sia, due to abnormal ciliary motility [31]. It is believed that
inappropriate dehydration of the periciliary and mucus lay-
ers underlies a similar but more severe phenomenon in CF.
Several lines of evidence support this contention. First, using
confocal immunofluorescence imaging studies of primary
cultures of airway epithelium grown at an air–liquid inter-
face, it has been possible to demonstrate that rotational
mucus transport is maintained in normal cultures where the
periciliary liquid layer is of the order of 7 �m (approximat-
ing the length of the outstretched cilium), but is impaired
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in CF cultures, where PCL is notably depleted [32,33] (Fig.
4.1). This liquid depletion promotes direct apposition (and
likely tethering) of mucus plaques and the apical membrane.
Importantly, mucus transport can be restored in CF cultures
by simply replacing depleted surface liquid [34]. Paralleling
these in-vitro observations are key recent clinical trials which
reveal benefits derived by CF patients from regular inhalation
of 7% hypertonic saline, a measure designed to increase
hydration of airway secretions [35,36].

The importance of airway surface hydration in MC and
lung defense is reinforced by other lines of evidence. Mice
genetically engineered to excessively hyperabsorb Na� and
liquid from airway surfaces develop mucus accumulation
and impaired host bacterial clearance [37]. In contrast to 
the dehydration of ASL in CF patients and �-ENaC over-
expressing mice, humans with inherited deficiencies of air-
ways Na� absorption, who exhibit excessive ASL hydration,
actually manifest accelerated MCC [38]. This latter observa-
tion is interesting in that it is consistent with the notion that
adding extra liquid to ASL may be an appropriate physiolog-
ical response to inhaled toxins/infectious agents (see later).

REGULATION OF ASL VOLUME BY ACTIVE 
ION TRANSPORT

The volume of liquid on airway surfaces may be regulated
by both passive and active forces. Passive regulation reflects

that capacity of the mucus layer to act as a liquid ‘reservoir’,
adding water to, or extracting water from, the PCL, depend-
ing on its hydration state. However, active ion transport
appears to represent a more dominant influence on ASL vol-
ume regulation [39]. Airway epithelium is relatively water-
permeable [40]. Thus, ASL volume is adjusted by active
transport of salt in either a mucosal or serosal direction.

● Absorption of liquid from the ASL occurs by active
transport of Na� in a serosal direction, with the subse-
quent passive movement of (a) Cl� (paracellular route)
to maintain electrochemical neutrality, and (b) water
(transcellular route, via aquaporin water channels [41])
down an osmotic gradient. The driving force for Na�

absorption is generated by a basolaterally located Na�-
K�-ATPase, and the process is controlled at the apical
membrane by tight regulation of apical Na� sodium
channels (ENaC) (see Fig. 4.1A).

● Secretion of liquid into ASL occurs, in contrast, via active
mucosal transport of Cl� in a mucosal direction, with
passive movement of Na� and water following electro-
chemical and osmotic gradients, respectively (see Fig.
4.1A).

Normally, when ASL volume is excessive, Na� absorp-
tion dominates, but as ASL height approaches a level that
appears to be physiologically optimal, Na� absorption is
attenuated. In fact, under conditions where ASL is depleted

Figure 4.1 Ion and mucus transport in CF and non-CF airway epithelia. (A) Non-CF airway epithelia can exhibit both absorptive and
secretory modes to regulate airway surface liquid (ASL) height. In the presence of an excess of liquid on airway surfaces, the dominant
mode is Na�-dependent volume absorption (active transcellular Na� transport with apical ingress via ENaC channels and passive
paracellular Cl� transport). In contrast, when ASL is depleted, ENaC is inhibited and a more negative membrane potential favors apical
secretion of Cl� via CFTR or the CaCC. (B) Schema illustrating optimal hydration of non-CF airway surfaces. Note that the adequate
periciliary liquid (PCL) layer allows cilia to stretch upward and touch the underside of the mucus blanket, which floats above. (C) This
optimal situation allows for rotational mucus transportation on primary cultures of non-CF airway epithelium (the image represents time
lapse photography of fluorescent beads within an aggregation of rotating mucus upon the polarized culture surface). (D) Mucus layer in
fixed specimen of a primary culture preparation of non-CF airway epithelia. (E) Electron microscopic imaging demonstrating normal PCL
height and ciliary orientation in a primary cultured airway epithelial preparation grown at an air–liquid interface. (F) Schema illustrating
ion-transport pathways in CF airway epithelial cells. Note that Na� absorption, via ENaC, is augmented and unopposed by Cl� secretion
via CFTR, although the CaCC pathway remains intact. This results in adherence of mucus plaques to apical cell surfaces (G), absent
rotational mucus transport on cultured airway epithelial cells (H) and adherence and stagnation of mucus plaques on CF airway surfaces in
vitro (I) and flattening and abnormal ciliary orientation in CF culture preparations (J). Adapted from [124] and [125]. See also Plate 4.1.
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or Na� transport is inhibited, Cl� secretion can become
dominant, facilitating repletion of ASL volume [39,42,43].
The surface ‘factors’ that transduce ASL volume regulatory
signals, and control Na� absorption, are not fully charac-
terized, though nucleotides, nucleosides and cell surface
proteases appear to be important [44,45].

Egress of Cl� via the apical membrane can occur via
cAMP-regulated CFTR Cl� channels, or by nucleotide-
regulated Ca2� activated Cl� channels (CaCC) [42,43].
Under basal conditions, it appears that CFTR is the more
active channel, whereas the function of both channels may be
augmented in response to physiological or pathological
stresses [42;43,46]. Of note, there appear to be regulatory
interactions between components of the apical ion-transport
apparatus. Most notably, CFTR and ENaC interact, via as yet
unknown mechanisms, with resultant tonic inhibition of
Na� absorption [47], a phenomenon that explains key 
in-vivo bioelectric findings (see later).

In CF airway epithelial cells, two derangements of ion
transport contribute to abnormal regulation of ASL volume
(see Fig. 4.1F). First, in-vitro approaches suggest that lack of
functional CFTR in the apical membrane releases ENaC
from tonic inhibition, thereby promoting hyperabsorption
of Na� and depletion of surface liquid [32,34,42,43,48–52].
These observations are consistent with in-vivo studies that
confirm (a) significantly more negative basal nasal potential
difference (PD), and (b) markedly increased magnitude of its
fractional amiloride-sensitive component [53]. In this regard,
differences between CF and non-CF subjects are so striking
that nasal PDs have been widely adopted as a secondary diag-
nostic investigation in clinical situations where CF is sus-
pected but other diagnostic evaluations are equivocal.
Further, CF epithelia also, as expected, exhibit defective Cl�

permeability [54,55]. This creates a doubly disadvantageous
situation in CF; i.e. both hyperabsorption of Na� and an
inability to compensate by secreting Cl�. It is believed that
the combination of defects promotes depletion of PCL and
this ultimately results in adherence of mucus plaques in the
airway and arrest of MCC.

Cl� secretion in response to nucleotides (adenosine and
uridine triphosphates; ATP, UTP) contained within ASL is
not defective in CF. In fact, nasal PD studies in CF patients
suggest that UTP responses are actually up-regulated when
compared to non-CF controls [56]. However, likely because
nucleotides are subject to rapid metabolism on airway sur-
faces, their elicited Cl� secretory response is insufficient to
compensate for the lack of CFTR. In this regard, less rapidly
degraded nucleotides, administered by an inhalational route,
may have therapeutic application in this patient population
and, indeed, are currently undergoing clinical evaluation [57].

CFTR appears to act as a conduit for anions other than
Cl�, among which HCO3

� is most physiologically relevant.
In-vitro evidence suggests that pH on the surface of cultured
CF airway epithelia is abnormally acidic [58,59]. Although
CFTR channel conductivity for Cl� exceeds that of HCO3

�, it
appears that the fraction of HCO3

� versus Cl� secreted may
be actively regulated in vitro, with some conditions favoring

dominant HCO3
� secretion [60]. While it has been known for

decades that luminal pH in the CF pancreas, in vivo, is abnor-
mally acidic [61,62], more recent evaluations extend similar
phenomena to the male and female reproductive tracts
[63,64]. The situation as it pertains to ASL pH is less well
characterized, but recent reports indicate markedly acidic pH
(�6.5) in diseased CF airway secretions [65] and abnormally
low pH in liquid from freshly excised CF nasal submucosal
glands compared to non-CF controls [66]. Taken together,
there is a strong suggestion that surface airway pH is abnor-
mally acidic in CF patients, though the pathological signifi-
cance of these pH changes remains to be tested.

PATHOGENIC SEQUENCE OF BACTERIAL
COLONIZATION/INFECTION

Despite accumulation of viscous, adherent mucus plaques in
CF airways, it does not appear that a feedback mechanism
exists to curtail mucin secretion. Indeed, mucin secretion is
likely to be augmented in response to inflammation, bacter-
ial proliferation, or viral infection in the CF airway. Normal
host adaptations in ion transport, favoring liquid secretion,
have been described [46,67]. These are likely to be impor-
tant to hydrate the increased mass of mucus in airways fol-
lowing inflammatory provocation. However, since these
compensatory responses involve up-regulation of CFTR
function, they are likely to be defective in CF patients [46].

The concentrated mucus present in CF airways (up to
20% solids) (see Fig. 4.1) favors bacterial colonization and
persistence for several reasons. Not only is MCC/cough
clearance itself inhibited, but the mucus appears to be suffi-
ciently thick to prevent penetration by host immune cells
(dominantly neutrophils), while this is not the case for motile
strains of Pseudomonas [68]. Moreover, the high epithelial O2

consumption in CF airways (due to energy consumption
required to drive the NA�-K�-ATPase that facilitates the
high rates of basal Na� absorption) appears to render the
plaques relatively hypoxic [69]. This environment appears to
specifically select typical CF pathogens such as Pseudomonas
[69]. This organism eventually established anaerobic
biofilms, which are even more resistant to eradication by
either host antimicrobial mechanisms or exogenously
administered antibiotics. The result is a chronically infected
and inflamed milieu with resultant gradual airway wall
damage and, ultimately, lung parenchymal destruction.

Alternative hypotheses for selection of Pseudomonas in
CF airways have been proposed. It has been suggested that
CFTR itself is a receptor for Pseudomonas attachment,
essentially immobilizing the organism, which would pre-
sumably be destroyed later by phagocytes [70,71]. However,
this notion is inconsistent with the typical CF clinical dis-
ease and infection profile in patients with mutations that
permit expression of CFTR in the apical membrane (in this
case, mutants of CFTR whose channel function is dis-
rupted, i.e. class IV). This hypothesis also fails to explain
the observation that lung disease is established in CF
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patients prior to acquisition of Pseudomonas, though
decline in FEV1 does accelerate after chronic infection
[72,73]. It has also been suggested that increased adhesivity
of Pseudomonas to airway surfaces in CF may be the result
of avid bacterial binding to defectively sialylated surface
glycoconjugated proteins, a phenomenon postulated to
occur secondary to abnormal acidification of intracellular
vacuolar pH [74]. However, abnormal acidification of
intracellular organelles in CF has not been easily repro-
duced in other studies [75], and morphological studies
have identified virtually all bacteria in the luminal mucus
and not on the cell surface [69].

PATHOPHYSIOLOGY OF PANCREATIC 
DISEASE IN CF

Many CF patients develop pancreatic exocrine and endocrine
insufficiency. Exocrine insufficiency is more frequent and
causes malabsorption, which ultimately leads to nutritional
failure if appropriate compensatory therapeutic measures are
not instituted. Fibrocystic damage with progressive fatty
replacement of diseased pancreatic tissue occurs, and this
abnormality parallels the rising prevalence of CF-related dia-
betes over time in pancreatic-insufficient patients. While
most CF patients die of lung disease, the importance of pan-
creatic failure is borne out in the well-documented relation-
ship between nutritional failure and rate of decline in lung
function [76]. While the pathophysiology of pancreatic dis-
ease in CF is now better understood, no specific therapies to
prevent or reverse pancreatic disease have been developed 
to date.

Ion-transport processes in the lung and pancreas differ,
although disease in both ultimately reflects failure of apical
membrane anion transport. In the pancreas, disease likely
reflects a combination of both deficient liquid and HCO3

�

secretion. In fact, among the earliest clinicopathological
observations in CF was the deficient volume (resulting in
inspissated mucus plugs), abnormally acidic pH, and
increased concentration of digestive enzymes in CF pancre-
atic secretions [61,62,77]. These observations were later
refined with the demonstration that the CF pancreas specifi-
cally lacks secretin-activated cAMP-dependent HCO3

� and
liquid secretion.

Isotonic liquid is secreted in the pancreatic acinus, and its
content (most notably HCO3

� content) is modified in the
pancreatic duct (Fig. 4.2). Indeed, the pancreatic duct is
capable of generating an exceptionally HCO3

�-rich luminal
liquid (up to 140 mEq/L) [78]. Though mechanisms of pan-
creatic HCO3

� secretion are not fully understood, it appears
that basolateral HCO3

� uptake occurs via a Na�/HCO3
�

co-transporter, as well as the H�/ATPase and Na�/H�

exchanger acting in concert with carbonic anhydrase [78].
There are several potential routes of HCO3

� exit from the api-
cal membrane, and CFTR, which appears to be both
expressed and functional in pancreatic ductal cells [79,80],
may be implicated in several ways.

First, CFTR may itself act as the route of egress for HCO3
�

ions. This activity might seem unlikely given the unfavorable
concentration gradient in the pancreatic duct and generally
low relative permeability of CFTR for HCO3

�. However, it
has been suggested that the ion selectivity of CFTR can be
adjusted to favor HCO3

� either by intracellular events [60,81]
or by low extracellular [Cl�] [82]. Further, electrophysiolog-
ical calculations suggest that a membrane potential of
�60 mV would be sufficient to produce a luminal concen-
tration of 190 mEq/L, even if the HCO3

� permeability of
CFTR is modest (0.4 relative to Cl�) [78].

Alternatively, it has been suggested that CFTR may 
play a role in HCO3

� secretion by interacting with the 
well-characterized DIDS(4,4-diisothiocyanostilbene 2,2-
disulfonate)-sensitive apical HCO3

�/Cl� exchange process;
i.e. CFTR secretes Cl�, which is exchanged for HCO3

� [83,84].
However, while this mechanism may facilitate secretion of
moderate amounts of HCO3

�, it is not likely that it could pro-
duce sufficient HCO3

� secretion to establish luminal concen-
tration of the order of 140 mEq/L, since the exchange process
would be reversed under these circumstances [85].

However, emerging evidence suggests that a class of
(sometimes electrogenic) HCO3

�/Cl� exchangers, the SLC26
class, whose properties include the potential to interact with
CFTR, may be implicated in pancreatic HCO3

� secretion
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Figure 4.2 Ion transport properties of the pancreatic ductal
epithelial cell. The pancreas secretes a liquid which is very rich in
bicarbonate (up to 140 MEq/L). The pancreatic acinus produces
isotonic fluid, and bicarbonate content and volume are modified
in the pancreatic duct. Though mechanisms of pancreatic ductal
HCO3

� secretion are not fully understood, it appears that
basolateral HCO3

� uptake occurs via a Na�/HCO3
� co-transporter

(NBC), as well as H�/ATPase and Na�/H� exchanger (NHE) acting
in concert with carbonic anhydrase (CA). Apical egress may occur
(a) directly through CFTR (which also permits chloride secretion),
(b) via (sometimes electrogenic) bicarbonate chloride exchangers
(BCEs) such as SLCA3 and SLCA6, which may work in concert with
CFTR (through which chloride is secreted), or (c) via an apically
located NBC. In CF, absence of CFTR-dependent bicarbonate and
chloride secretion results in abnormally acidic and hypovolemic
secretions in response to stimuli such as secretin.
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[86,87]. Members thought to be important in the pancreas
include SLCA3 (down-regulated in adenoma – DRA) and
SLCA6 (putative anion transporter-1 – PAT-1), both of
which are activated by CFTR [88–93].

Abnormally viscous and acidic ductal secretions likely
lead to premature activation of proteolytic enzymes within
the gland, with ensuing pancreatic inflammation and
destruction. This notion is consistent with the emerging
evidence that CFTR mutations are associated with pancre-
atitis in patients without CF [94].

Not all CF patients develop pancreatic insufficiency.
Those who ‘escape’ this fate are now recognized to have
characteristic CFTR genotypes (reviewed in Chapters 6a
and 6b). Indeed, is has been suggested that some CFTR
mutations result in a protein that retains the capacity to
secrete Cl�, but not HCO3

�. However, in most cases, it
appears that sparing of the pancreas reflects translocation
of more functional but mutated CFTR protein to the apical
membrane in patients with milder mutations than occurs
with more ‘severe’ mutations.

PATHOPHYSIOLOGY OF DISORDERED SWEAT
GLAND PHYSIOLOGY

Abnormal sweat chloride concentrations have been recog-
nized in CF for more than 50 years, and the recognition of
this defect constitutes one of the seminal observations in the
field (95,96). Abnormal electric potential associated with
sweating was first reported as early as the 1960s [97], hinting
at subsequent findings from more comprehensive studies of
CF sweat duct physiology.

It is now well established that abnormal physiology of the
CF sweat reflects defective ductal resorption of Cl� from
isotonic liquid secreted in the gland acinus [98]. Relative
ductal Cl� impermeability results in an abnormal sponta-
neous transepithelial potential (�75 mV) in CF compared to
non-CF (�7 mV) subjects [55] (Fig. 4.3). The observation
that pilocarpine-stimulated sweat [Cl�] is less than 60 mM in
non-CF subjects and above 80 mM in CF subjects (with vir-
tually no overlap) forms the basis for the most widely adopted
diagnostic test for CF [99,100]. In parallel with �-CFTR reg-
ulation in other organs, �-adrenergic-induced stimulation of
acinar secretion was also found to be defective in CF patients
[101], although no physiological significance of this obser-
vation has been identified.

PATHOGENESIS OF GASTROINTESTINAL AND
HEPATOBILIARY DISEASE

Characteristic ion-transport defects are present in the gas-
trointestinal tract of CF patients and contribute to specific
pathologies that are independent of pancreatic insufficiency.
Most notable is the propensity for patients to exhibit delayed
transit of GI contents, most classically manifesting as distal
intestinal obstruction syndromes (DIOS). Accelerated glu-
cose absorption, measured as increased nutrient-activated
short-circuit current, was the first identified gut transport
abnormality [102]. Subsequently, defective Cl� secretion,
consistent with that described in other organs (i.e. an inher-
ent loss of Cl� conductance), has been described in duode-
num, jejunum, ileum, colon and rectum. Impaired anion
secretion has been reported in response to a variety of ago-
nists, including PGE2, dibutyl cAMP, acetylcholine, and
the Ca�� ionophore A23187 [103–108].

As in the pancreas and gut, evidence also exists that
HCO3

� transport is also altered in CF intestine, though
again, the pathophysiological significance has not been
firmly established [109–112].

Paradoxically, impaired enteric anion secretory processes
may have provided selective evolutionary pressure for the
persistence of CFTR mutations, since it appears that they
may confer a survival advantage in heterozygotes chal-
lenged with infectious diarrheal illnesses, such as those asso-
ciated with cholera toxin or heat-stable Escherichia coli
enterotoxin [113,114].

A spectrum of liver disease may also develop in CF
patients, from transient biochemical abnormalities of
cholestatic liver enzymes to cirrhosis and pulmonary hyper-
tension [115], reviewed in more detail in Chapter 16b. The
latter may be fatal. The underlying pathophysiological basis
for CF liver disease is less well characterized than in other
organs, but CFTR is known to be expressed in both biliary
epithelial cells [116] and gallbladder epithelia [117], where it
appears to play a role in normal bile formation. Defective
biliary luminal anion secretion seems likely in CF, produc-
ing inspissated secretions within the biliary tree, which lead
to obstruction, periductular inflammation, and eventually
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resorption and thus abnormally high sweat chloride
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focal and then multilobular cirrhosis. Defective anion
secretion in the gallbladder may increase the frequency of
cholelithiasis. The restriction of severe liver disease to a
small cohort of CF patients seemingly implicates modifier
genes, which are the subject of current scrutiny [118].

PATHOGENESIS OF THE REPRODUCTIVE 
TRACT DISORDERS

Infertility in male CF patients is almost invariable and reflects
congenital bilateral absence of the vas deferens (CBAVD).
Seminal vesicles are also often hypoplastic. CFTR is expressed
in the epididymis and vas deferens [119]. As in other affected
epithelial organs, it is thought that CBAVD reflects obstruc-
tion of the developing vas with inspissated secretions, which
may reflect defective Cl� secretion, although it is worth also
noting that abnormal pH of seminal secretions has been
detected and defective HCO3

� secretion may also play an
important role [63]. Even in infertile males without a diagno-
sis of CF, mutations in CFTR are frequent and are thought to
be pathophysiologically important [120].

Although many women with CF successfully conceive,
fertility in CF females may be reduced [121]. CFTR is
expressed in the uterus and cervix [119]. It has been sug-
gested that dysregulation of intrauterine pH may be of
pathophysiological relevance in female subfertility [64,122].
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Immunology of cystic fibrosis

GERD DÖRING AND FELIX RATJEN

INTRODUCTION

It is interesting how ideas on the role of inflammation in CF
have come full circle. The apparent inability of the immune
system to keep the airways free of bacterial pathogens led to
early speculation that the then unknown genetic abnormal-
ity causes an immunological defect and that CF was, in fact,
an immunological disorder (reviewed in [1]). With the
knowledge that the CF gene codes for an epithelial ion-
transport protein, and extensive data showing essentially
normal systemic immune function in CF, immunology of
CF was regarded to be similar to the immunology of any
other chronic infection. However, recent data suggest again
that CF respiratory epithelial cells differ from epithelial cells
from normal individuals with regard to inflammation con-
trol. The consequences of these findings imply that, before
onset of infection, inflammation is present in CF airways,
triggering infection. Thereafter, the chronicity of the infec-
tion, and the chronic inflammatory response it induces,
result in the production of potent inflammatory compounds
which are present for prolonged periods in the airways.
These have the potential for damaging not only airway cells
but also cells of the inflammatory infiltrate. This in turn
may contribute to the chronicity of bacterial infection, a sit-
uation that indeed deserves the description of a ‘vicious
cycle’ [2].

A detailed knowledge of particular inflammatory prod-
ucts contributing to the disease pathology will allow more
selective anti-inflammatory interventions, rather than risk-
ing the side-effects associated with potent but unselective
drugs such as corticosteroids. The immunology of CF is,
therefore, a particular example of the immunology of the
host–parasite relationship, and the present review will focus
on (1) host and bacterial factors leading to bacterial colo-
nization, and subsequently to acute and chronic infection,
(2) the humoral and cellular immune response against the
major pathogens, particularly Staphylococcus aureus and

Pseudomonas aeruginosa, and, finally, on immunological
strategies for prevention of infection.

HOST FACTORS IN BACTERIAL AIRWAY
COLONIZATION

To maintain sterile lungs, the mucociliary clearance system
as well as the mucosal and secretory immune system, act in
concert with the constituents of the non-specific (or innate)
immune system including secretory IgA, lymphocytes, sessile
alveolar macrophages, mast cells, complement components,
mobile neutrophils, antimicrobial peptides and proteins. The
secretory immune system generally clears bacterial organ-
isms such as P. aeruginosa rapidly, even when large doses 
are administered to normal airways [3]. This rapid clearance
is mostly due to the influx of neutrophils which, as an imme-
diate response to bacterial infection, reach the involved 
tissue site in high numbers within hours [4], eliminate the
pathogens by phagocytosis and disappear by apoptosis [5].
Why does this not happen in CF airways? Although much
has been learned, due to the complexity of the immune sys-
tem and the relative lack of understanding concerning the
physiological consequences of the basic defect, the answer to
this question is still not clear. Several hypotheses have been
proposed.

‘Inflammation precedes bacterial lung
infection’

Autopsy specimens from neonates with CF who have not
yet developed lung disease show luminal dilation in sub-
mucosal glands [6]. This may indicate mucus accumula-
tion. Indeed, elevated viscosity has been detected in CF
submucosal glands, which was interpreted to promote bac-
terial colonization and airway disease in CF patients due to
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impaired mucociliary clearance and antimicrobial defense
mechanisms [7]. Staining of immune cells revealed signifi-
cant differences between CF and non-CF fetal airways con-
cerning the numbers of mast cells and macrophages [8].
Already in the first months of life inflammatory infiltrates
in bronchi and mucopurulent plugging of airways can be
detected histologically [9]. Both the number of neutrophils
and levels of a neutrophil-attracting IL-8 were increased in
bronchoalveolar lavage (BAL) of CF infants as young as 4
weeks who had negative cultures for common bacterial
CF-related pathogens [10,11]. Most probably, the neu-
trophils detected in BAL fluids are activated, since increased
levels of the neutrophil lysosomal enzyme elastase have been
also measured in plasma samples of uninfected CF infants
[10] and in BAL fluids of young CF patients [12,13]. How
is neutrophil activation related to infection? Lysosomal
enzyme release and enhanced production of reactive oxy-
gen species may facilitate bacterial infection. There is a
large body of evidence that release of host proteases during
acute and chronic inflammation may damage epithelial
cells [14,15] thereby facilitating P. aeruginosa adhesion in
vitro and in vivo [14,16,17].

The notion that inflammation precedes bacterial lung
infection is also supported by cell culture studies, reveal-
ing increased toll-like receptor expression [18], increased
NF�B activation [18,19] and increased baseline IL-8 pro-
duction [20] in CF cells versus controls. Further support of
this hypothesis stems from a study in germ-free raised CF
mice which showed signs of inflammation [21] and sterile
fetal CF airways, transplanted into severe combined immun-
odeficiency mice [22,23]. An increased IL-8 production and
increased neutrophil infiltration was observed. Increased
immune cell infiltration into the CF mucosa was also noticed
in another study [24]. Furthermore, long-lived C578L/6J
CFTR�/�mice develop CF-like disease [25,26]. Defective
mucociliary transport alone can result in neutrophilic
inflammation in the absence of infection as shown in mice
over-expressing the beta subunit of the epithelial sodium
channel [27].

CF BAL fluids contain low levels of IL-10, a cytokine that
decreases pro-inflammatory responses [28,29]. In contrast,
pro-inflammatory cytokines were highly elevated in BAL
fluids from CF patients [28]. In P. aeruginosa-infected IL-10
knockout mice, more severe weight loss and lung inflamma-
tion were observed [30] and IL-10 treatment improved 
survival and reduced weight loss, neutrophil numbers and
lung inflammation [31]. Also in the CFTR�/�mouse, chal-
lenged with lipopolysaccharide, increased inflammation was
observed and contributed to low IL-10 expression [32].
Finally, CFTR�/�mouse strains are more susceptible to
bacterial infection than normal mice [33–35].

However, others groups have not confirmed some of
these findings. For instance, the inflammatory response in
airway epithelial cells as well as IL-10 concentrations in BAL
fluids isolated from CF patients did not differ from those 
of normal individuals [36–38]. Furthermore, since large
regional variability of lung infection and inflammation is

present in different lung lobes, sampling of BAL fluids in
one lobe may yield inflammatory markers yet no bacterial
organisms, whereas both can be found in another lobe [39].
Finally, in newly diagnosed CF infants under the age of 6
months [40], and in a group of CF patients up to 48 months
of age [41], inflammatory BAL markers correlated with the
presence of infection and decreased when pathogens were
eradicated.

The debate is ongoing whether airway inflammation is a
primary or secondary event, because it is unclear how CFTR
mutations are mechanistically linked to the innate immune
response and how inflammation triggers infection.

‘Different membrane composition of CF
epithelial airway cells’

Several observations argue for an increased binding of 
bacterial pathogens to membranes of CF epithelial cells.
Increased or different sulfation of the glycocalix of CF
epithelial cells has been demonstrated [42–45] which may
facilitate binding of S. aureus [46,47]. Furthermore, it has
been proposed that the apical membrane of CF bronchial
epithelial cells is under-sialylated [48]. Both findings have
been linked to the hypothesis that CFTR regulates endoso-
mal acidification [48]. Defective acidification in CF cells
would lead to increased levels of membrane-bound asialo-
ganglioside-1 (aGM1) to which many pathogenic bacteria
bind [49]. Increased binding of S. aureus and P. aeruginosa
to CF bronchial epithelial cells has indeed been demon-
strated [50,51]. However, in other studies this notion was
not supported [52]. Rather, increased acidification was
observed in CF cells which equally promoted adherence of
P. aeruginosa [53]. Still other studies did not show signifi-
cant differences in binding of S. aureus [54,55] or P. aerug-
inosa [56,57] to primary epithelial cells from CF patients and
healthy individuals corroborating data showing absence of
abnormal mucin O-glycosylation or sulfation in CF cells [58].
Regardless, whether the membranes of CF airway epithelial
cells are structurally altered, it is unlikely that invading bacte-
ria would directly interact with these membranes, since the
ciliated respiratory epithelium is covered with airway sur-
face liquid (ASL) containing mucins to which bacteria gen-
erally adhere.

‘Impaired mucociliary clearance’

A number of studies demonstrated that S. aureus [55], P.
aeruginosa [59], Burkholderia cepacia [60] or Haemophilus
influenzae [61] bind to respiratory mucins. Significantly less
binding is observed when mucus-producing cell balls of
primary nasal epithelial cells from CF patients or healthy nor-
mal individuals are mucus depleted [55] (Figs 5.1 and 5.2).
Further support for this notion comes from the same study
in which S. aureus was located in CF airways by immuno-
fluorescence [55]. Only a negligable amount of S. aureus
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cells were adherent to the lung epithelium, whereas nearly
all cells were found embedded in the mucus, distant from
the epithelium. Similarly, P. aeruginosa was embedded in
mucus rather than adhering to the epithelial membrane in
lung tissue sections from CF patients [59].

The innate immune mechanism of mucociliary clear-
ance is normally effective to eliminate bacterial pathogens
which have bound to mucins in the airway surface liquid.
However, defects in mucociliary clearance may allow 
bacterial multiplication and infection. The hypothesis of

defective mucociliary clearance in CF airways is based on
the assumption that chloride secretion into the airway sur-
face liquid is inhibited by mutated CFTR, leading to sodium
hyperabsorption, leaving the luminal site hypotonic. To
establish isotonic conditions, increased water absorption
occurs from the luminal site which leads to a volume/height
depletion of the airway surface liquid, resulting in mucus
stasis [62,63]. The higher viscoelasticity of the CF mucus
layer and submucosal gland secretions [6,7] may also influ-
ence innate immunity functions within these areas [64–66].
The failure to respond to the bacterial challenge ‘in time’
could increase the opportunity of the pathogens to change
their phenotype and become resistant to a later phagocytic
assault. Mucus stasis, seen in CF cell cultures may be less
dramatic in CF airways, since young CF patients exhibit
reduced but measurable rates of mucus clearance [67],
which has been attributed to ATP release into the pericil-
iary liquid during phasic motion of the lung in vivo [68].
Furthermore, and unexpected, administration of hypertonic
saline to bronchial epithelial cells of CF patients increased
ASL height for up to 6 hours in vitro, and also had a sus-
tained effect on mucociliary clearance [69].

‘Mutated CFTR’

A direct connection between mutations in CFTR and bacter-
ial lung infections was suggested by the findings that normal
CFTR functions as an epithelial cell receptor for P. aeruginosa
[70–72] which endocytoses bound P. aeruginosa, followed
by intracellular killing of the pathogen. Wild-type CFTR
binds the outer core oligosaccharide of lipopolysaccharide
of P. aeruginosa via amino acids 108–117 in the extracellu-
lar domain. Binding is followed by the accumulation of the
CFTR–P. aeruginosa complex into lipid rafts [73] and clear-
ance of the pathogen via internalization via larger ceramide-
rich signaling platforms [74], accompanied by NF-�B
activation [75] and cell apoptosis [74]. Thus, besides its role
in ion transport, CFTR can be regarded as a component of
innate immunity. Since mutant CFTR (F508del) does not
bind P. aeruginosa, the organisms are thought to accumu-
late in the airway lumen, leading to infection [70–72].
However, P. aeruginosa has been shown to invade cells from
CF patients which do not express CFTR [76] and transfection
of cells not expressing CFTR with wild-type CFTR signifi-
cantly reduced invasion of P. aeruginosa [77]. Furthermore,
the question how other bacterial CF pathogens, which do
not seem to bind to wild-type CFTR, cause chronic infec-
tions is open. In contrast to P. aeruginosa, B. cepacia may
invade airway epithelial cells and resist killing [78].

‘Abnormal sodium chloride concentrations in
CF airway surface liquid’

This hypothesis links the basic CF defect to bacterial lung
infection. It is based on the observation that cultured airway
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Figure 5.1 Adherence of S. aureus to primary nasal epithelial cell
balls of five patients with cystic fibrosis (CF) (open columns) and
five normal healthy individuals (N) (closed columns). Non-washed
(with mucus) (1) and washed (without mucus) (2) cell balls were
incubated with S. aureus for 2 h, non-adherent bacteria were
removed using a cell strainer and centrifugation, and adherent
bacteria quantified by scanning electron microscopy. 1:
Unwashed cell balls; 2: washed, mucus-depleted cell balls; 3: cell
balls, treated with 1 �g/mL neutrophil elastase prior to bacterial
incubation; 4: cell balls, treated with 1 �g/mL neutrophil elastase
after bacterial incubation. For quantification of adherent bacteria,
about 500 cells from 10 cell balls were examined. Values
represent means ± SD of five independent experiments for each
of the individuals. *, CF 1–2, p � 0.001; N, CF 1–2, p � 0.007;
Student’s t-test. (Reproduced with permission from ref. 55.)

Figure 5.2 Scanning electron micrograph of primary nasal
epithelial cells of a cystic fibrosis patient (a) and a healthy
individual (b), grown as three-dimensional cell balls. Unwashed
cell balls were inoculated with S. aureus for 2 hours. S. aureus
can be seen adhering to mucus on cell balls. Note the S. aureus-
free membranes. Magnifications: (a), �5000; (b), �8000. Bars: 
(a) 1.5 �m; (b) 1.3 �m. (Reproduced with permission from ref. 55.)
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cells of normal individuals kill bacteria whereas cells from
CF patients do not have this ability. Second, addition of
salt to the bathing fluid on the apical membrane of normal
cells prevented killing whereas dilution of this fluid from
CF cells became bactericidal [79]. Indeed, increased extra-
cellular chloride and sodium concentrations have been
reported in the airway surface fluid of CF patients [80,81].
This led to the detection of salt-sensitive human antimi-
crobial peptides such as �-defensin-1 in human airways
[82,83]. Although the in-vitro results were highly signifi-
cant and the CF killing defect was mimicked in a human
bronchial xenograft model [83], the major problem which
prevents the unequivocal acceptance of this hypothesis is
that the abnormal high salt concentrations in CF airways
has been questioned [84]. Several reports demonstrate iso-
tonic airway surface fluids in CF patients and CF mice, not
significantly different from that of normal human individ-
uals or normal mice [85–89].

‘Impaired neutrophil functions’

Neutrophils are the predominant phagocytic cells in CF
lung infections. Do neutrophils reach the airways in time?
Neutrophils released from the marrow leave the circula-
tion in response to chemoattractants which stimulate the
cell via specific cell receptors. They adhere to the endothe-
lial cells lining the blood vessels through integrins and then
move through the space between the endothelial cells by a
process known as diapedesis. They then move directly to
the site of infection along a chemotactic gradient. In human
newborns, decreased neutrophil chemotaxis until the age
of 2 years [90,91] is caused by a reduced number of C3bi
receptors (CD11b) on the neutrophil surface. Studies in
infant animals show that pulmonary bacterial infections
may be due to delayed recruitment of neutrophils into the
airways [92,93]. Similarly, a delayed influx of neutrophils
soon after birth in CF babies may faciliate bacterial lung
infection. Neutrophil function may also be inhibited by the
dehydration of ASL with regard to migration [68] or oxy-
gen availability [59]. Furthermore, the ASL of CF patients
may contain factors that negatively affect neutrophils [69].
Finally, chronic inflammation may have a negative impact
on neutrophil function (see later).

Taken together, several mechanisms including lung
inflammation, altered cell surface composition, impaired
mucociliary clearance, mutated CFTR, inactivated defensins
and immature neutrophil function may act together and
cause the increased colonization and reduced clearance of
micro-organisms in the CF lungs.

BACTERIAL PHENOTYPES IN CF AIRWAYS

Bacteria sense their environment and may change their
phenotype accordingly. A pathogenic important phenotypic

switch of P. aeruginosa during the course of chronic infec-
tion is the conversion from a non-mucoid strain to a
mucoid one. Mucoidy is maintained in vitro under strict
anaerobic growth conditions in the presence of nitrate [94]
and triggered by an anaerobic environment [59] which
could develop because bacteria, entrapped in the viscous,
immotile mucus, consume all available oxygen. In addition,
oxygen is consumed by respiratory epithelial cells from CF
patients to a higher extent than by respective cells from
normal individuals [95], contributing to microaerophilic
growth conditions on the CF respiratory epithelium [59].
Impaired migration of neutrophils in the viscous mucus
[68] may enlarge the time span for successful biofilm for-
mation. There is evidence that the biofilm mode of growth
protects bacterial cells from killing by phagocytic cells and
that the matrix acts as a diffusion barrier to positively
charged antibiotics and cationic antimicrobial peptides.
Thus, biofilm formation is thought to be an important fac-
tor in the pathogenicity of lung disease in CF.

Similar to P. aeruginosa, S. aureus also adapts to the CF
lung environment by forming biofilm-like aggregates [96,97]
that differ genotypically and phenotypically significantly
from environmental strains and strains from the nasal habi-
tat [98]. Whether Burkholderia cepacia complex (BCC)
strains form biofilms in CF airways is less clear.

THE HUMORAL IMMUNE RESPONSE:
ANTIBODY PRODUCTION AND IMMUNE
COMPLEXES

Pseudomonas aeruginosa infection provokes a rapid produc-
tion of specific antibodies directed to a large number of P.
aeruginosa antigens in CF patients [99–101]. Antibody titers
may differ markedly from patient to patient. These differ-
ences most probably relate to regulatory immune response
mechanisms, resulting in different ratios of Th1 to Th2 cells
which determine antibody levels. Elevated antibody titers
against S. aureus antigens in CF sera have not been described,
suggesting that S. aureus has developed successful strategies
for avoiding the immunological attack. Thus, until now, 
no certain correlation has been established between anti-
staphylococcal antibody titres and the severity of pulmonary
disease. In many patients prolonged antibody production
induces increased titers of immune complexes, detectable 
in patients’ sputa, bronchial secretions or serum samples
[102]. Immune complexes are thought to play an important
role in the immunopathology of CF, since they can stimulate
phagocytes directly or via bound complement components
to release lysosomal enzymes, reactive oxygen species and
antimicrobial substances which may lead to host tissue dam-
age. In CF, therefore, high immune complex levels (and
antibody titers) correlate with poor clinical status of the
patients [102] as in other diseases characterized by type III
hypersensitivity reactions.
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NEUTROPHIL ACTIVATION

Neutrophil proteases and serine 
proteinase inhibitors

Even in CF patients with mild lung disease, there is ample
evidence of ongoing inflammation reflecting local neu-
trophil activation [10–13]. Neutrophils are chemotactically
attracted to the site of infection from the vascular space.
Up to 108 neutrophils per milliliter of sputum or BAL fluid
may be present in P. aeruginosa infected airways [103,104].
Once the neutrophil has reached the airways it will not
return to the circulation and, during activation or cell death,
lysosomal enzymes reach the extracellular space. Mainly the
serine proteinase elastase has been detected in BAL or spu-
tum samples of CF patients [105]. A mean value of 100 �g
of neutrophil elastase per milliliter of sputum supernatant
fluid has been measured [105]. Other neutrophil-derived
serine proteases such as cathepsin G [105] and proteinase 3
[106] are detectable and display enzymatic activities in CF
airway. Due to the local cleavage of endogenous serine pro-
teinase inhibitors, the major part of the immunologically
detectable neutrophil elastase is also enzymatically active.
However, neutrophil elastase is positively charged and thus
may be bound to the DNA sputum matrix derived from
decayed neutrophils resulting in its inhibition. The reason
why such high levels of active neutrophil elastase are pres-
ent in the inflamed CF airways is the local inactivation 
of about 90% of the endogenous �1-proteinase inhibitor
(�1-PI) [105]. Immunoblots of sputum samples revealed
that the majority of the inhibitor was present as low-
molecular-mass degradation products [10], and addition

of radiolabeled neutrophil elastase to such samples showed
no visible binding of �1-PI with elastase (Fig. 5.3) [105].
On the other hand, �1-PI is totally functional in the circu-
lation [105]. Most probably, cleavage of �1-PI is caused by
high concentrations of released neutrophil elastase in the
CF airways, although proteases of other yet unknown ori-
gin have been proposed in this context.

The other major serine proteinase inhibitor in the upper
respiratory tract, secretory leukocyte proteinase inhibitor
(SLPI), does not seem to compensate for the inactivation of
�1-PI in vivo. On the contrary, immunoblotting revealed
that SLPI was also fragmented and inactive. Studies in
healthy human individuals revealed that two-thirds of the
SPLI recovered from the respiratory epithelium is non-
functional, and the estimated ratio of functional SLPI to
functional �1-Pl was 0.16. Thus, SLPI plays only a minor
role in protecting the lower respiratory tract from neu-
trophil elastase. The same applies to the third important
endogenous proteinase inhibitor, �2-macroglobulin, which
does not reach the inflamed airways in sufficient concen-
trations due to its high molecular mass of 725 000 Da.

Neutrophil elastase plays a major role in the pathophys-
iology of chronic inflammation in CF by cleaving a variety
of substrates [107]. This notion is supported by the detec-
tion of elastin split products (desmosines) in CF sera and
cleaved immunoglobulins, �1-PI, cell surface receptors of
neutrophil or lymphocyte origin in sputum or BAL fluids.
Furthermore, elastase activity and desmosine concentra-
tions correlated with the severity of CF lung disease.
Additionally, many in-vitro experiments showed the broad
biological effects of neutrophil elastase, including cleavage
of fibronectin, transferrin, immune complexes, comple-
ment components, proteoglycans and surfactant proteins.
Interestingly, there is a large overlap concerning the enzy-
matic activities of neutrophil and P. aeruginosa protease
activities. Thus, P. aeruginosa may well take advantage of
neutrophil proteases in the chronic infection state when its
own proteases are neutralized by specific antibodies.

Successful opsonophagocytosis, mediated by alveolar
macrophages, is dependent on intact opsonic immunoglobu-
lins which bind to Fc cell receptors on the phagocytes through
the Fc part of the immunoglobulin. Neutrophil-mediated
phagocytosis is dependent on complement receptors such as
CR1 and CR3, the receptors for deposited C3b and C3bi,
respectively. Thus, intact antibodies, a functional comple-
ment system as well as sufficient receptor expression on the
phagocytes are prerequisites for this process. Neutrophil elas-
tase and cathepsin G cleave IgG, IgM and IgG or IgA immune
complexes in vitro, leaving the antigen-binding site of the
immunoglobulins intact. Cleavage occurs in the hinge region
of the immunoglobulins and results in degradation of the Fc
portion. This suggests that interaction of the truncated
immune complex with a phagocytic cell is impaired.
Consequently, neutrophil elastase-treated immune com-
plexes were not able to stimulate the oxidative burst of neu-
trophils in vitro. When the Fc portions of immunoglobulins
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Figure 5.3 Immunoblot of cystic fibrosis sputa with specific
antibodies against �1-PI. M, �1-PI marker; A, B, incubation of
�11-PI with PMN elastase for 30 min at 37°C; A, excess a1-PI; 
B, excess PMN elastase; C, sputum sample; D–G, ten-fold
concentrated sputum; E, 1:2 diluted sample D. Molecular weights:
1, 90 000; 2, 78 000; 3, 70 000; 4, 66 000; 5, 54 000; 6, 50 000; 
7, 42 000–45 000; 8, 25 000–30 000 Da. (Reproduced with
permission from [105].)
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are proteolytically degraded, also deposition of activated
complement components on the CH2 domain is not any
more possible. Complement deposition is furthermore
directly impaired, since neutrophil elastase cleaves the cen-
tral complement component of the classic and alternative
pathway C3, as well as C5 and C3bi (but not C3b). Finally,
the complement receptor for C3b (CR1) on human neu-
trophils (but not CR3) is cleaved by neutrophil elastase. Since
C3b and CR3 are stable to neutrophil elastase and C3bi and
CR1 are labile, the expression ‘opsonin-receptor mismatch’
was coined. Consequently opsonophagocytosis and killing
of P. aeruginosa, as well as other CF-related pathogens such
as S. aureus, H. influenzae and S. pneumoniae, has been shown
to be markedly impaired. In summary, neutrophil elastase
impairs opsonophagocytosis at the levels of opsonizing
immunoglobulins, complement and the complement recep-
tor CR1 on neutrophils.

An important consequence of this scenario is that free
neutrophil elastase levels will decrease in the airway lumen,
once the neutrophil cannot be stimulated further due to
the damage to CR1, C3bi and Fc-Ig. Therefore, neutrophil
elastase has been described as a regulatory enzyme in
chronic inflammation [107]. It follows that as soon as neu-
trophil elastase levels are low, neutrophil stimulation will
start again, thus creating fluctuating cycles of neutrophil
elastase concentrations in chronic inflammatory states
(Fig. 5.4). A longitudinal study of neutrophil elastase and
immune complexes in CF sputa revealed such a course.
Neutrophil serine proteases may have beneficial and dele-
terious consequences for the host: temporal down regula-
tion of inflammation on the one hand, and allowance of
bacterial survival on the other hand. Neutrophil elastase
also cleaved receptors on lymphocytes in the CF airways
such as CD4 and CD8 but not of CD2 [107].

Another trait of neutrophil elastase and cathepsin G is
their ability to stimulate airway gland secretion [108,109].
Mucus hypersecretion may keep bacterial pathogens away
from airway epithelial cells and shift them into the airway
lumen. It had also been proposed that mucus layers lining
the respiratory tract scavenge highly reactive oxygen-derived
species [110], providing antioxidant protection to the
underlying mucosal epithelial cells. Nevertheless, low levels
of MUC5AC have been measured in CF sputum specimens
[111], possibly related to non-functional CFTR [112,113].

The findings that neutrophil elastase-mediated airway
inflammation is steroid-resistant has practical consequences
for the treatment of CF patients with corticosteroids [114].
Induction of IL-8 expression by neutrophil elastase has been
demonstrated to involve the toll-like receptor 4 (TLR4) [115].
Finally, neutrophil elastase activates epithelial Na� channels
and thus increases airway epithelial Na� transport [116].

Other proteases

Besides neutrophil-derived serine proteases, other classes
of proteases may act in a destructive way in CF lung

inflammation and infection. However, since various
inhibitors of metalloproteases are not able to reduce prote-
olytic effects in CF sputa or bronchial secretions, damage
by at least this class of proteases (which includes both P.
aeruginosa alkaline protease and elastase, interstitial colla-
genase, macrophage-derived metalloprotease and metallo-
proteases from neutrophils has been regarded as less
important for the pathophysiology of CF airway disease
than serine proteases. Nevertheless enzymatic activity due
to neutrophil gelatinase (type IV collagenase) has been
detected in CF sputa and lung damage, as assessed by
increased type IV collagen degradation products in spu-
tum, was significantly correlated to concentrations of a
gelatinase. Cysteine proteases and the mast cell chymase
which is also a potent secretagogue for airway gland serous
cells have not been studied in CF airway samples.

Oxygen radicals

Neutrophils respond to stimulation with a burst of oxygen
consumption – the respiratory burst – and the production
of reactive oxygen species such as superoxide anion radical,
H2O2, hydroxyl radical and possibly singlet oxygen. As
with lysosomal proteases, these species are released not only
into the phagolysosome but also outside the phagocyte
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Figure 5.4 Cyclical mechanism of elastase release from PMN
following frustrated phagocytosis.
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where they may be toxic to the host. There is indirect evi-
dence that toxic oxygen metabolites produced by stimulated
neutrophils contribute to lung injury in CF: high sputum
concentrations of extracellular myeloperoxidase (MPO), a
neutrophil-derived enzyme which transforms H2O2 into
highly reactive oxygen metabolites, have been detected in CF
patients [105], and lung function has been inversely corre-
lated with MPO levels. Glutathione deficiency may also con-
tribute to an increased burden of reactive oxygen species in
CF airways and there is evidence that mutated CFTR leads to
reduced glutathione efflux. In addition, increased lipid per-
oxidation, reduced free-radical-trapping capacity, altered
plasma antioxidant status, the oxidized DNA compound 
8-hydroxydeoxy-guanosine and chloramines have been
reported to occur in CF patients. Blood neutrophils from CF
patients have been shown to release significantly higher
amounts of MPO than healthy individuals, suggesting that
these cells have been primed during the course of the infec-
tion. When H2O2 concentrations were measured in breath
condensates of CF patients, no significant differences were
noticed between CF patients and normal individuals.

This may be explained by a functional defect of neu-
trophils. As mentioned before, neutrophils generate much
less superoxide anion radical in the presence of neutrophil
elastase and activation of adherent neutrophils leads to a
markedly attenuated release of superoxide anion per cell
when neutrophils are activated at high density in compari-
son with cells activated at low cell density. Another expla-
nation is the absence of oxygen in sputum plugs which
would inhibit any oxidative burst of neutrophils and other
inflammatory cells [59] and the presence of high concen-
trations of catalase (CAT), an enzyme which detoxifies H2O2

to oxygen and water, in CF sputum samples [117].

CYTOKINES

The inflammatory system in general communicates by a
large repertoire of chemical messengers called cytokines.
Elevated cytokine levels have been detected in CF patients.
Many bacterial factors as well as host factors stimulate the
release of ILs. The transcription factor NF�B plays a crucial
role in the regulation of inflammation. NF�B is found in the
cytoplasm where it is associated with an inhibitory protein
known as I�B. Phosphorylation of I�B leads to accumula-
tion of NF�B which activates gene transcription. Whereas
some (but not all) studies show elevated cytokine concentra-
tions in CF sera, BAL samples from CF patients infected
with P. aeruginosa contain higher pro-inflammatory
cytokine levels than healthy controls. These include tumor
necrosis factor � (TNF�), IL-1, IL-6 and IL-8. Interestingly,
sinus disease in CF patients differs with regard to inflamma-
tory cell and cytokine profiles from that seen in other
patients with chronic sinusitis. Particularly, higher numbers
of neutrophils, macrophages and cells expressing messenger
RNA for interferon � and IL-8, as well as higher numbers of
eosinophils and cells expressing messenger RNA for IL-4,

IL-5 and IL-10 were present in CF patients compared to
other patients with chronic sinusitis or healthy controls.

If the inflammatory system is chronically activated, high
cytokine levels may lead to deleterious consequences for
the host. For example, TNF� may cause cachexia [118] and
osteoporosis [119]. IL-8, the most important chemotactic
attractant for neutrophils, may lead to a self-perpetuating
inflammatory process.

NITRIC OXIDE

Nitric oxide (NO) originates from the biotransformation of
L-arginine to L-citrulline by NO synthases (NOS). At least
three isoforms of NOS exist of which the inducible NOS
(NOS-2) is responsible for the large increase in NO produc-
tion upon stimulation. The bronchial epithelilium expresses
all three isoforms. NOS-2 appears to be responsible for the
NO production measured in exhaled air. Also eosinophils
and alveolar macrophages are sources of NO. Nitric oxide
acts as a bronchodilator, affects immune responses and acti-
vates CFTR in cloned T cells by a cGMP-dependent mecha-
nism. Other experiments have shown that cytokine-induced
NO release in cell cultures is CFTR-dependent. Additionally,
other chloride channels seem to be regulated by NO.

In CF patients, NO production is decreased, and low
NO is found in exhaled air of CF patients. Also the airway
epithelium from CF mice has been shown to have reduced
expression of NOS-2. Low nitric oxide concentrations are
thought to be a consequence of decreased NOS-2 expres-
sion in CF airways, which has been demonstrated in CF
mice and human airways. Lowered NOS-2 expression has
been found early in infancy, suggesting that low NOS-2 is
related to the basic defect. Other explanations concern the
availability of arginine, the substrate of NOS, in CF air-
ways. High arginase activity has been detected in CF air-
ways [120] which would impair NO production by NOS.
Furthermore, NOS-2 expression is down-regulated by low
arginine and downstream products of the arginase path-
way such as spermine inhibit NOS expression and conse-
quently NO production. Low NO in P. aeruginosa-infected
airways of CF patients may allow bacterial proliferation
since mucoid P. aeruginosa strains carrying the MUC A
mutation have been shown to be sensitive to nitrite-
dependent killing [121]. It may also compromise airways
relaxation in CF, and may contribute to the bronchial
obstruction. NO deficiency may serve as a therapeutic tar-
get and studies are currently under way to assess whether
supplementation with L-arginine or NO donors can have a
beneficial effect on CF lung disease.

IMMUNOLOGICAL STRATEGIES FOR
PREVENTION OF INFECTION

Patients with CF may escape normal programs due to 
frequent hospital admissions and school absenteeism and
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may be more at risk to get ‘vaccine-controlled’ diseases at
any age [122]. To avoid this situation, CF patients should
follow national immunization programs without delay to
obtain optimal vaccination coverage including viral vac-
cines against hepatitis A and B, varicella, influenza and
pneumococci [122].

Furthermore, antibacterial vaccinations are necessary
for prevention of lung infections. The historical develop-
ment of vaccination against P. aeruginosa in CF and in
other patients has been reviewed [123]. The first study of
active immunization used an LPS vaccine and was carried
out in patients already infected with P. aeruginosa [124].
Most patients in this study, therefore, already had high
antibody titers to P. aeruginosa which were increased by
the immunization. However, P. aeruginosa was not elimi-
nated from the airways and the patients even deteriorated
clinically. Two possible explanations are, first, that the
increased antibody titers resulted in increased immune
complex formation with the triggering of further inflam-
matory reactions; and second, that the known adverse
reactions to the vaccine, which led to febrile responses in
20–40% of the patients, non-specifically worsened lung
inflammation.

Improvements in the LPS vaccine preparation [125] led
to a study in 28 CF patients who were not colonized with 
P. aeruginosa [126]. In this prospective study, the vaccine
stimulated specific antibody production. However, neither
the acquisition of P. aeruginosa nor the course of the disease
differed from a non-vaccinated control group. Possibly, the
vaccine did not protect against all different serotypes of 
P. aeruginosa. On the contrary, the clinical status of the
vaccine group was lower than that of the control group for
several years before both groups became indistinguishable.
In several studies, a polysaccharide–exotoxin A conjugate
vaccine was developed and revealed promising results in
CF patients [127–132]. A phase III trial in approximately
500 CF patients in Europe is currently being carried out
which will finally reveal whether this vaccine effectively
prevents chronic P. aeruginosa lung infection in CF
patients. Besides the polysaccharide–exotoxin A conjugate
vaccine, a bivalent P. aeruginosa flagella vaccine has been
tested in CF patients [133–136], but results from a phase
III trial have not yet been published.

Experimental vaccines against S. aureus infections
[137–139] have not been tested in CF patients. Although a
very efficient H. influenzae type B vaccine has been devel-
oped [140], it will not be helpful in CF patients, since this
pathogen does not produce a capsule in the airways.

SUMMARY

Much of the lung pathology in CF arises from an immune
response chronically activated by micro-organisms which
persist in the inherently abnormal CF airways. The reasons
for initial bacterial infection of the lungs are complex and
are thought to be consequences of an abnormal electrolyte

transport in respiratory epithelial cells. Defective CFTR
may affect various aspects of innate immunity, such as
mucociliary clearance, oxygen levels in mucus layers,
antimicrobial substances, the composition of epithelial cell
membranes and phagocytic cell functions. There are only a
few major bacterial pathogens infecting the lungs of many
CF patients. Adaptation to the unique environment in the
airways of CF patients leads to highly persisting pheno-
types. Host inflammation is thought to be mainly respon-
sible for the deterioration of lung function during chronic
infection. Vaccines may be useful to reduce of prevent lung
infections.
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6a
Genotype–phenotype correlations and 
modifier genes

JANE C. DAVIES

INTRODUCTION

The clinical spectrum of cystic fibrosis (CF) is highly vari-
able, ranging from the classical ‘severe’ picture with pancre-
atic insufficiency and early lung involvement through to
patients with much milder forms, some of whom appear to
have single-organ disease or present much later in life. The
correlation of CFTR gene mutation and phenotype in CF is
relatively high in the pancreas and gastrointestinal tract but
much lower in the lung, where other modifier genes and/or
the environment are thought also to play a role. A small
number of CFTR mutations have been identified which
appear to confer a milder phenotype with pancreatic suffi-
ciency (PS) and, in some cases, well-preserved lung func-
tion into later life. In general, these mild genes appear to
dominate the more classical CFTR mutations, rendering
patients who are compound heterozygotes for one muta-
tion in each severity group, relatively mild. Additionally,
increasing numbers of mutations outside the exons (coding
region) are being described in association with partial dis-
ease phenotypes – for example, congenital bilateral absence
of the vas deferens (CBAVD), a common cause of male
infertility. Based in part on evidence from these studies, it is
becoming clear that different organs may require different
levels of CFTR function to achieve normal function; the vas
deferens is exquisitely sensitive to partial loss of function,
the lungs less so, and probably most resistant, is the pancreas.

CFTR MUTATIONS AND DISEASE SEVERITY

CFTR mutations, of which more than 1000 have now been
described, fall into five classes based on their effect on pro-
tein structure and/or function [1]. Class I mutations are
those from which, due to a premature stop mutation, no

full-length CFTR protein results. Class II mutations, of
which by far the commonest is F508del, lead to protein
misfolding and premature degradation with failure of the
protein to reach the apical cell membrane. Classes III, IV
and V mutations are those in which protein reaches the cell
membrane, but fails to respond normally to stimulation or
is present at abnormally low levels. In addition to the large
number of mutations, around 130 genetic polymorphisms
have been identified in the CFTR gene. These polymor-
phisms are variations in the gene sequence, which differ
from mutations because they are also frequently (
1%)
found in the general population. However, it has been well
established that certain polymorphisms alter the amount
of functional CF gene product. The best-studied example is
the thymidine polymorphism in intron 8 of the CF gene
[2]. This polymorphism exists as a 5-, 7- or 9-thymidine (T)
variant. The 5T variant significantly reduces the amount of
normal CFTR transcript, because intron 8 is incorrectly
spliced, which leads to mRNA lacking exon 9.

Pancreatic function has been shown to correlate moder-
ately well with CFTR mutation, classes I and II commonly
being associated with pancreatic insufficiency, whereas
classes IV and V are more likely to be found in patients with
well-preserved pancreatic function [3]. However, correla-
tions with lung disease are less clear. Patients with identical
CFTR mutations, even siblings [4,5], can vary widely in
severity of respiratory involvement. Individual, so-called
‘mild’ mutations have been described in small groups of
patients, including A455E [6] and R117H [7], and these are
thought often to be dominant to a more severe mutation in
heterozygotes. However, in general, for an individual patient,
it is difficult to predict respiratory prognosis on the basis
of genotype. An extensive study based on the US database
has recently reported lower lung function and decreased 
survival in patients possessing two class II mutations 
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compared with those carrying at least one mutation of
classes IV or V [8].

NON-CFTR GENES THAT MODIFY THE
DISEASE PHENOTYPE (MODIFIER GENES)

The lack of correlation described above was, in part, respon-
sible for the search for factors independent of CFTR which
may influence disease severity, including both genetic and
environmental influences (see Chapter 6b). Environmental
influences are not further discussed here, although it must
be remembered that there may be interactions between the
environment (including therapies) and genetic makeup, as
has been demonstrated in other diseases, for example the
impact of polymorphisms in glutathione S-transferase on
response to tobacco exposure [9].

THE BASIS OF GENETIC POLYMORPHISMS

The DNA sequence of any two unrelated individuals is
approximately 99.9% identical. The remaining 0.1% con-
tains variations (polymorphisms). If these affect either pro-
tein structure or function, they have the potential to
influence the likelihood or severity of disease. The term
‘polymorphism’ refers either to single-base nucleotide sub-
stitutions (also known as single nucleotide polymorphisms
or SNPs), deletion–insertion polymorphisms (DIPs), and
repeat variations (short tandem repeats or STRs). In con-
trast to mutations, which occur at low frequencies (less
than 1%) in the general population, polymorphisms are
common genetic variants, occurring more frequently.
Recently, SNPs have received most attention, mainly due to
the development of high throughput analysis [10]. In 2002,
the international HapMap project (www.HapMap.org) was
founded, which aims to generate a SNP haplotype map of
the human genome within 3 years. A similar project is being
carried out in different strains of mice (www.jax.org).

SPECIFIC CF MODIFIER GENES

Evidence for CF modifier genes was first obtained in CF
knockout mice, where the severity of intestinal disease
depended on the presence of a particular genetic locus on
mouse chromosome 7 [11]. More recently, an association
between meconium ileus and a region of chromosome 19 has
been demonstrated in humans [12]. However, in neither case
has the exact gene(s) or protein product(s) been identified.

Genes involved in inflammation, antiproteases
and antioxidants

Given the importance of inflammation in CF lung disease,
this is a logical area of exploration. Tumour necrosis factor

(TNF)-�, a cytokine found in high concentrations within
the CF airway, is thought to be pivotal in the promotion of
the neutrophil-dominated inflammatory response and has
been inversely correlated with lung function [13]. In a
small study, Hull and co-workers [14] found that a poly-
morphism in the promoter region of the TNF-� gene asso-
ciated with high protein levels was linked to reduced FEV1

and poor nutritional status. However, in a larger study
including both adults and children, Arkwright and co-
workers [15] found no such association, and in 269 adult
patients we too found no link with any marker of severity
[16]. In the CF airway, chronic inflammation results in an
excess of destructive proteases such as neutrophil elastase.
These overwhelm their inhibitors, the antiproteases, of
which alpha1-antitrypsin (�1-AT) is one of the most abun-
dant. Patients with inherited forms of �1-AT deficiency are
at risk of emphysema [17], and so it was postulated that CF
patients with co-existing �1-AT deficiency would demon-
strate a more severe pulmonary phenotype. Studies examin-
ing effects on severity have reached conflicting conclusions:
increased Pseudomonas aeruginosa infection without an
adverse effect on pulmonary function [18]; a beneficial
effect on lung function [19] (which was also observed for the
related gene, �1-antichymotrypsin [20]); and most recently,
in the largest group, no effect on lung function, age at
acquisition of P. aeruginosa, requirement for transplanta-
tion or death [21]. The glutathione S-transferase (GST)
M1 allele, an enzyme involved in oxidative stress, has been
reported to be linked to more severe chest radiograph and
Schwachman score in homozygous children [14]. Poly-
morphisms leading to high levels of the profibrotic cytokine,
tissue growth factor (TGF)-�, have previously been associ-
ated with increased pulmonary fibrosis after chemotherapy
and radiotherapy and organ transplantation. Arkwright
and co-workers [22] found that, in a cohort of 261 CF
patients (children and adults), subjects with at least one
high-expressing TGF-� haplotype had a significantly faster
rate of decline in both FEV1 and FVC than those with low-
expressing variants. Subsequently, in one of the largest
studies to date, Drumm and co-workers [23] studied 16
polymorphisms in over 800 patients; only TGF-� was
found to be significant.

Host defense mechanisms and antigen
presentation

The human leukocyte antigen (HLA) region is the most
polymorphic in the human genome, encoding hundreds of
genes including the major histocompatibility complexes
(MHCs). MHC class II molecules are critical in antigen
presentation and the ensuing inflammatory response. Two
reports have linked certain polymorphisms with complica-
tions in CF: an association between DR7, high IgE levels
and risk of P. aeruginosa infection [24] and between aller-
gic bronchopulmonary aspergillosis (ABPA) and the DR2
allele [25]. Mannose-binding lectin (MBL), a liver-derived
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serum protein, exerts its innate defence effects both by direct
opsonization of pathogens and by activation of comple-
ment [26]. Low levels of MBL have been shown to relate to
a variety of infective processes including recurrent respira-
tory infections, and so the MBL-2 gene was considered a
likely candidate as a modifier in the CF lung. In the first
study to examine such a link, Garred and co-workers [27]
reported that both FEV1 and FVC were significantly lower
in subjects with either one or two structural MBL-2 muta-
tions, but only following chronic P. aeruginosa infection.
Although numbers were small, the authors also reported
an increased risk of infection with Burkholderia cepacia. In
contrast, a second study found a significant reduction in
lung function only in patients possessing two variant alleles
[28]. In support of this, Buranawati and co-workers [29] have
reported a significant survival disadvantage in American
CF patients with two mutations. As part of a large study in
almost 600 patients, we have recently found that adult
patients possessing two structural mutations, but not het-
erozygotes, have significantly impaired lung function, oxy-
gen saturations and raised inflammatory markers [30]. In
contrast to the data from Garred et al. [27], this was not
seen in our pediatric age group, in whom the majority had
well-preserved lung function. This difference highlights an
important point. Treatment regimens have evolved greatly
over the last few years and, for example, a polymorphism
that was significant in the era before the widespread use of
anti-pseudomonal antibiotics may be less relevant now.
Thus, in some cases comparisons with historical data
might be flawed.

The antimicrobial effects of nitric oxide (NO) are being
increasingly recognized. High numbers of the AAT trinu-
cleotide repeat sequence in the NOS-1 gene are associated
with low levels of exhaled NO, and were found in CF
patients to confer an increased risk of infection with both 
P. aeruginosa and Aspergillus fumigatus; interestingly, though,
this did not lead to a more rapid decline in lung function
[31]. This group has also recently related a polymorphism
in the NOS-3 gene with risk of infection [32]. This gene,
expressed in vascular endothelium, respiratory epithelium
and neutrophils, contains a functionally important poly-
morphism (894G/T), which affects the resistance of NOS-3
to proteolysis. Previous work has highlighted gender differ-
ences, by demonstrating that circulating estrogen increases
the levels of NOS-3 in the vascular endothelium [33].
Grasemann and co-workers [34] reported higher exhaled
NO levels and decreased frequency of P. aeruginosa infec-
tion in association with the 894T polymorphism in females
only.

What is not clear from these two related studies is
whether NOS-1 and NOS-3 are independent modifiers, or
whether there is a confounding effect of one upon the
other [35]. Further, in a letter on this subject, Mekus 
and Tummler [36] suggest that these genes may merely 
be ‘hitch-hiking’ with another gene of relevance, rather 
then being directly involved in disease modification 
themselves.

Airway function

Polymorphisms in the �-adrenergic receptor (�-AR) have
been related to severity of asthma and response to treatment
with �2-agonist drugs [37]. Beta-AR are important regula-
tors of cAMP in the airway, recent in-vitro data demon-
strating that ion transport via protein kinase-regulated
CFTR can be activated by �2-agonists [38]. Buscher and 
co-workers [39] studied the effects of three polymorphisms
in the �-AR in 87 young adults and children with CF.
Subjects with either one or two copies of Gly16, an amino
acid change leading to down-regulation of the receptor, had
significantly reduced lung function and faster rates of decline
than those patients homozygous for Arg16, an effect that
was even more marked in the �F508 homozygote patients.
There were no differences in bronchodilator responsive-
ness, but in an in-vitro assay, lymphocytes from these sub-
jects showed a blunted cAMP response to isoproteronol
stimulation, suggesting that the clinical findings may relate
to differences in level of CFTR function between the two
groups. In contrast, Hart and co-workers [40] reported an
effect of such polymorphisms on airway hyper-responsive-
ness, but this did not appear to relate to decline in lung
function over a 5-year time period.

MODIFIER GENES FOR INTESTINAL AND 
LIVER DISEASE

Between 10% and 15% of CF patients are born with meco-
nium ileus (MI). As mentioned above, a putative gene locus
has been identified on human chromosome 19, and recently
this locus has also been linked to liver disease [41]. Familial
clustering of portal hypertension suggests that liver disease
in CF may be under genetic influence, although few associ-
ations have been found with CFTR genotype. One of the
major problems with studies of liver disease is that of phe-
notypic definition, which differs widely in clinical practice.
Duthie and co-workers [42] performed a large multicenter
study on 274 unrelated children and adults examining the
effect of HLA status. Almost 30% of patients had evidence
of chronic liver disease, a higher proportion than reported
from most centers. DQ6 was found in 66% of patients with
liver disease, but in only 33% of those without. Two other
antigens in strong linkage disequilibrium with this locus,
DR15 and B7, were also significant risk factors. When por-
tal hypertension was used as a marker of chronicity, these
markers were found to be significant for males only, but
there was no association with age of onset. MBL deficiency
was shown by one group to be a risk factor for the develop-
ment of CF liver disease [43], although we could not repli-
cate this in our study [44]. Arkwright and co-workers
[45,46] have reported associations between liver disease
and both high-expressing TGF-� haplotypes and ACE [46]
(an enzyme involved in TGF-� activation) polymorphisms.
Finally, Mekus and co-workers [47] identified loci in a 
partially imprinted region 3 of CFTR as modifiers of both
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nutritional and pulmonary phenotype in 34 highly concor-
dant or discordant sib pairs. This region includes both the
leptin gene and a candidate for Russell-Silver dwarf syn-
drome, and is thus likely involved in growth, food intake
and energy expenditure.

IMPORTANT ISSUES IN STUDY DESIGN

A large number of studies has been conducted to assess the
contribution of selected candidate genes, although only a
few highly significant modifiers have been described and in
certain cases, subsequent studies in a second cohort reach
conflicting conclusions. This may reflect several problems
with study design [48]:

● heterogeneous patient populations studied or inade-
quately characterized phenotypes;

● small study size leading to underpowering;
● changes in clinical treatment over time precluding com-

parison of contemporary and historical cohorts;
● the likelihood that, rather than single modifier genes,

combinations of genes may be important;
● the relative contributions of modifier genes being very

small and variability in CF lung disease being mainly
due to environmental factors, which are, in themselves
difficult to quantify accurately.

Recent studies have begun to try and address at least some
of these issues, with larger numbers and replication in a
second, independent cohort.

We have progressed exponentially, within just over a
decade, from no publications at all on the area, through to
several hundred, many of which appear to contradict each
other. With this experience comes, hopefully, recognition
of the significant pitfalls, and methodological ways around
them. Although it is hoped that such studies could broaden
our understanding of disease pathogenesis in CF, and pos-
sibly lead to the rational design of novel therapeutic agents,
there exists the very real possibility that other, non-genetic
factors, such as the environment and treatments adhered
to, have such a strong effect that the relatively modest
effect of many modifier genes goes undetected.

REFERENCES

1. Lim M, Zeitlin PL. Therapeutic strategies to correct
malfunction of CFTR. Paediatr Respir Rev 2001; 2:159–164.

2. Noone PG, Pue CA, Zhou Z et al. Lung disease associated with
the IVS8 5T allele of the CFTR gene. Am J Respir Crit Care Med
2000; 162:1919–1924.

3. Kristidis P, Bozon D, Corey M et al. Genetic determination of
exocrine pancreatic function in cystic fibrosis. Am J Hum
Genet 1992; 50:1178–1184.

4. Picard E, Aviram M, Yahav Y et al. Familial concordance of
phenotype and microbial variation among siblings with CF.
Pediatr Pulmonol 2004; 38:292–297.

5. Castaldo G, Tomaiuolo R, Vanacore B et al. Phenotypic
discordance in three siblings affected by atypical cystic
fibrosis with the F508del/D614G genotype. J Cyst Fibros
2006; 5(3):193–195.

6. Gan KH, Veeze HJ, van den Ouweland AM et al. A cystic
fibrosis mutation associated with mild lung disease. 
N Engl J Med 1995; 333:95–99.

7. Sheppard DN, Rich DP, Ostedgaard LS et al. Mutations in
CFTR associated with mild-disease-form Cl� channels with
altered pore properties. Nature 1993; 362(6416):160–164.

8. McKone EF, Emerson SS, Edwards KL, Aitken ML. Effect of
genotype on phenotype and mortality in cystic fibrosis: a
retrospective cohort study. Lancet 2003; 361:1671–1676.

9. Gilliland FD, Li YF, Dubeau L et al. Effects of glutathione 
S-transferase M1, maternal smoking during pregnancy, and
environmental tobacco smoke on asthma and wheezing in
children. Am J Respir Crit Care Med 2002; 166: 457–463.

10. Chen X, Sullivan PF. Single nucleotide polymorphism
genotyping: biochemistry, protocol, cost and throughput.
Pharmacogenomics J 2003; 3(2):77–96.

11. Rozmahel R, Wilschanski M, Matin A et al. Modulation of
disease severity in cystic fibrosis transmembrane
conductance regulator deficient mice by a secondary genetic
factor. Nat Genet 1996; 12:280–287.

12. Zielenski J, Corey M, Rozmahel R et al. Detection of a cystic
fibrosis modifier locus for meconium ileus on human
chromosome 19q13. Nat Genet 1999; 22:128–129.

13. Greally P, Hussein MJ, Cook AJ et al. Sputum tumour necrosis
factor-alpha and leukotriene concentrations in cystic fibrosis.
Arch Dis Child 1993; 68:389–392.

14. Hull J, Thomson AH. Contribution of genetic factors other
than CFTR to disease severity in cystic fibrosis. Thorax 1998;
53:1018–1021.

15. Arkwright PD, Pravica V, Geraghty PJ et al. End-organ
dysfunction in cystic fibrosis: association with angiotensin 
I converting enzyme and cytokine gene polymorphisms. 
Am J Respir Crit Care Med 2003; 167:384–389.

16. Low T, Lympany PA, Davies JC et al. The effect of
polymorphism in inflammatory mediators on clinical
phenotype in CF. Pediatr Pulmonol 2003; Suppl 25:219.

17. Mahadeva R, Stewart S, Bilton D, Lomas DA. Alpha-1
antitrypsin deficiency alleles and severe cystic fibrosis lung
disease. Thorax 1998; 53:1022–1024.

18. Doering G, Krogh-Johansen H, Weidinger S, Hoiby N.
Allotypes of alpha 1-antitrypsin in patients with cystic
fibrosis, homozygous and heterozygous for deltaF508. Pediatr
Pulmonol 1994; 18:3–7.

19. Mahadeva R, Westerbeek RC, Perry DJ et al. Alpha1-antitrypsin
deficiency alleles and the Taq-I G —
A allele in cystic
fibrosis lung disease. Eur Respir J 1998; 11:873–879.

20. Mahadeva R, Sharples L, Ross-Russell RI et al. Association
of alpha(1)-antichymotrypsin deficiency with milder lung
disease in patients with cystic fibrosis. Thorax 2001;
56:53–58.

21. Frangolias DD, Ruan J, Wilcox PJ et al. Alpha 1-antitrypsin
deficiency alleles in cystic fibrosis lung disease. Am J Respir
Cell Mol Biol 2003; 29(3 Pt 1):390–396.

www.ebook3000.com

http://www.ebook3000.org


References 85

22. Arkwright PD, Laurie S, Super M et al. TGF-beta(1) genotype
and accelerated decline in lung function of patients with
cystic fibrosis. Thorax 2000; 55:459–462.

23. Drumm ML, Konstan MW, Schluchter MD et al. for the Gene
Modifier Study Group. Genetic modifiers of lung disease in
cystic fibrosis. N Engl J Med 2005; 353:1443–1453.

24. Aron Y, Polla BS, Bienvenu T et al. HLA class II polymorphism
in cystic fibrosis: a possible modifier of pulmonary
phenotype. Am J Respir Crit Care Med 1999; 159(5 Pt
1):1464–1468.

25. Aron Y, Bienvenu T, Hubert D et al. HLA-DR polymorphism in
allergic bronchopulmonary aspergillosis. J Allergy Clin
Immunol 1999; 104(4 Pt 1):891–892.

26. Turner MW. The role of mannose-binding lectin in health and
disease. Mol Immunol 2003; 40:423–429.

27. Garred P, Pressler T, Madsen HO et al. Association of
mannose-binding lectin gene heterogeneity with severity of
lung disease and survival in cystic fibrosis. J Clin Invest 1999;
104:431–437.

28. Gabolde M, Guilloud-Bataille M, Feingold J, Besmond C.
Association of variant alleles of mannose binding lectin with
severity of pulmonary disease in cystic fibrosis: cohort study.
Br Med J 1999; 319:1166–1167.

29. Buranawuti K, Boyle MP, Cheng S et al. Variants in mannose
binding lectin and tumor-necrosis factor (alpha) affect
survival in cystic fibrosis. J Med Genet 2006; Dec 11; 
[E-pub ahead of print].

30. Davies JC, Turner MW, Klein N for the London MBL CF Study
Group. Impaired pulmonary status in cystic fibrosis adults
with two mutated MBL-2 alleles. Eur Respir J 2004;
24:798–804.

31. Grasemann H, Knauer N, Buscher R et al. Airway nitric 
oxide levels in cystic fibrosis patients are related to a
polymorphism in the neuronal nitric oxide synthase gene. 
Am J Respir Crit Care Med 2000; 162:2172–2176.

32. Grasemann H, van’s Gravesande KS, Buscher R et al.
Endothelial nitric oxide synthase variants in cystic fibrosis
lung disease. Am J Respir Crit Care Med 2003; 167:390–394.

33. Forstermann U, Boissel JP, Kleinert H. Expressional control of
the ‘constitutive’ isoforms of nitric oxide synthase (NOS I and
NOS III). FASEB J 1998; 12:773–790.

34. Grasemann H, van’s Gravesande KS, Buscher R et al.
Endothelial nitric oxide synthase variants in cystic fibrosis
lung disease. Am J Respir Crit Care Med 2003; 167:390–394.

35. Accurso FJ, Sontag MK. Seeking modifier genes in cystic
fibrosis. Am J Respir Crit Care Med 2003; 167:289–290.

36. Mekus F, Tummler B. Cystic fibrosis and NOS3. Am J Respir
Crit Care Med 2004; 169:319–320.

37. Ramsay CE, Hayden CM, Tiller KJ et al. Polymorphisms in the
beta2-adrenoreceptor gene are associated with decreased
airway responsiveness. Clin Exp Allergy 1999; 29:1195–1203.

38. Taouil K, Hinnrasky J, Hologne C et al. Stimulation of beta 2-
adrenergic receptor increases cystic fibrosis transmembrane
conductance regulator expression in human airway epithelial
cells through a cAMP/protein kinase A-independent pathway.
J Biol Chem 2003; 278(19):17320–17327.

39. Buscher R, Eilmes KJ, Grasemann H et al. Beta2 adrenoceptor
gene polymorphisms in cystic fibrosis lung disease.
Pharmacogenetics 2002; 12:347–353.

40. Hart MA, Konstan MW, Darrah RJ et al. Beta 2 adrenergic
receptor polymorphisms in cystic fibrosis. Pediatr Pulmonol
2005; 39:544–550.

41. Deering R, Algire M, McWilliams R et al. Meconium ileus and
liver disease: an analysis of the CF twin and sibling study.
Pediatr Pulmonol 2004; Suppl 27:224.

42. Duthie A, Doherty DG, Donaldson PT et al. The major
histocompatibility complex influences the development of
chronic liver disease in male children and young adults with
cystic fibrosis. J Hepatol 1995; 23:532–537.

43. Gabolde M, Hubert D, Guilloud-Bataille M et al. The mannose
binding lectin gene influences the severity of chronic liver
disease in cystic fibrosis. J Med Genet 2001; 38:310–311.

44. Davies J, Johnson MM, Booth C et al. Age-specific effect of
the cystic fibrosis modifier gene, MBL-2. Pediatr Pulmonol
2002; Suppl 23:223.

45. Arkwright PD, Laurie S, Super M et al. TGF-beta(1) genotype
and accelerated decline in lung function of patients with
cystic fibrosis. Thorax 2000; 55:459–462.

46. Arkwright PD, Pravica V, Geraghty PJ et al. End-organ
dysfunction in cystic fibrosis: association with angiotensin 
I converting enzyme and cytokine gene polymorphisms. 
Am J Respir Crit Care Med 2003; 167:384–389.

47. Mekus F, Laabs U, Veeze H, Tummler B. Genes in the vicinity
of CFTR modulate the cystic fibrosis phenotype in highly
concordant or discordant F508del homozygous sib pairs. 
Hum Genet 2003; 112:1–11.

48. Davies JC, Griesenbach U, Alton E. Modifier genes in cystic
fibrosis. Pediatr Pulmonol 2005; 39:383–391.



This page intentionally left blank 

www.ebook3000.com

http://www.ebook3000.org


6b
Variability of clinical course in cystic fibrosis

MICHAEL S. SCHECHTER

INTRODUCTION

Refinements in the treatment of cystic fibrosis (CF) have
resulted in a dramatic  preservation of lung function and
prolongation of life in the current generation of people
with CF compared to previous experience. At the same
time it has also accentuated the degree of variability in the
severity and progression of CF lung disease, as reflected in
the distribution of age at diagnosis, age-related pulmonary
function, and age at death [49] (Fig. 6.1).

A number of factors have been hypothesized or proven
to influence disease severity and outcome, and these can be
grouped into three major categories:

● genetic, which includes all biological factors intrinsic to
the individual patient;

● environmental, which includes exposures that are sec-
ondary to socioeconomic and demographic factors;

● healthcare-related, which includes prescribed medical
interventions and patient adherence to these recom-
mendations (Fig. 6.2).

There are of course important interactions between
these factors. Genetic explanations for variability in disease
progression have been discussed in Chapter 6a, so here we
will focus on non-genetic aspects.

ENVIRONMENTAL AND SOCIODEMOGRAPHIC
CAUSES OF VARIABILITY OF CF OUTCOMES

Socioeconomic status as a marker of risk for
adverse exposures

In the general population, health is worse and mortality is
greater in groups with low socioeconomic status (SES)
[50]. Pulmonary function is decreased in healthy Canadian
schoolchildren with low SES scores compared to their
higher SES peers [51]. Asthma, the most common cause of
chronic respiratory illness in childhood, is more prevalent
in low-SES groups, and indigent patients experience greater
morbidity [52] and higher mortality [53].
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Figure 6.1 Age at death (years) of 364 CF
patients reported to the US CF Registry in
2003.
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Several studies from the British Commonwealth were
the first to document that sociodemographic factors influ-
ence CF prognosis. An analysis of all CF deaths over a 17-
year period in England and Wales published in 1989 found
that the odds of surviving beyond the median age of death
varied by region of residence and were 2.75 times greater if
the parental occupation was categorized as non-manual
rather than manual [54]. A study of patients followed at the
Belfast Hospital for Sick Children found that maternal age
less than 19 years and single parenthood were associated with
higher morbidity and greater likelihood of hospitalization.
In South Africa, acquisition of Pseudomonas aeruginosa
(PA) was reported to occur earlier in mixed-race children,
and mortality in that group was higher than for European
children [55].

Two publications by this author addressed the issue of
SES and CF outcomes in the United States. An initial cross-
sectional study at a single CF center using Medicaid* status
as a proxy for low SES [56] was confirmed by a longitudi-
nal analysis [57] of the US CF Foundation Patient Registry.
Using registry data that spanned the years 1986 to 1994, 
we classified patients based on baseline Medicaid status,
thereby establishing temporal sequence. By doing this and
by including only pediatric patients we were able to reduce
the likelihood that severity of illness was a cause rather than
effect of poverty. The risk of Medicaid patients dying during
the study period, adjusted for gender, race, pancreatic
enzyme use and age, was 3.65 times higher than that of the

non-Medicaid patients. Furthermore, the adjusted FEV1 of
surviving Medicaid patients was lower by 9.2% predicted
compared to non-Medicaid patients. The difference between
the groups was present at 6 years, the earliest age of recorded
measurement, and was slightly age-dependent, increasing
by 0.54% per year of age. In addition, Medicaid patients
were 2.3 times more likely to be below the 5th percentile for
height and weight. Similar results were found if SES was
categorized as Medicaid status at diagnosis or by using
median family income of the postal code of residence.

Two subsequent publications by O’Connor and co-
workers confirmed and extended these findings. Linking
US Census data with CF Registry data over the years 1982
to 1998, they found that patients living in postal codes with
a median household income above US $50 000/year had a
risk of death during that period that was 60% that of patients
living in areas with a median household income below US
$20 000/year [58]. Furthermore, they demonstrated a step-
wise relationship between their five income categories and
mortality, pulmonary function and nutrition, emphasizing
that the relationship between outcomes and SES is an
incremental rather than a dichotomous one that affects
only the indigent [59].

The ideal measure of SES is unclear, as different aspects
may impact upon health in different ways (e.g. family income
impacts on financial resources; and maternal education
affects disease self-management abilities [60]). The reason
why low-SES patients suffer more severe consequences of
CF is unclear, but a plausible starting point is to assume
that poverty is associated with a clustering of detrimental
environmental influences, health behaviors, and/or diffi-
culties accessing optimal healthcare [61]. It follows that an
understanding of the specific causes of SES-related dispar-
ities can provide important clues regarding the effects of
adverse exposures for all patients with CF, independent of

Genetic
• CF mutations
• Modifier genes
• Sex

Environmental
exposures
• Micro-organisms
• Tobacco smoke
• Nutrition
• Gender
• Stress

Medical treatment
• Adherence
• Access to care
• Clinic variations

SES

Figure 6.2 Influence/s on severity of CF lung
disease. SES, socioeconomic status.

*Medicaid is a US health insurance program for the indigent that
is mandated by the Federal government but administered by indi-
vidual states. Eligibility criteria vary by age and by state and may
take healthcare-related spending into consideration. In 2004,
48% of children and 35% of adults with CF in the United States
were eligible for Medicaid or state health insurance.
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SES. The remainder of this discussion will draw upon gen-
eral literature but point out where an association with SES
is either proven or hypothesized to be present in CF.

Exposure to environmental tobacco smoke 
and other pollutants

It is clear from the general medical literature that environ-
mental tobacco smoke (ETS) exposure exerts an effect on
airway function prenatally as well as postnatally in children
[62,63] and in adults [64]. The association of ETS exposure
with poor lung function and growth in children with CF
was initially reported in 1990 among attendees of a summer
camp [65]. A dose-dependent relationship between reported
ETS exposure and lung function, nutrition and rate of hos-
pitalization was found, and those children who had been
exposed to ETS at home gained significantly more weight
during the two weeks of camp than did the children from
smoke-free homes. The dose-dependent association of ETS
exposure with lung function, nutritional status and number
of hospitalizations has been confirmed in several subse-
quent publications [66–69], although the precise mecha-
nism of this effect has not been investigated.

The importance of ETS exposure as an adverse influence
on children with CF must be emphasized because of its per-
vasiveness. Thirty-five percent of children in the United
States live in homes where residents or visitors smoke in the
home on a regular basis [70]. While the prevalence of ETS
exposure among children with CF is unknown, papers pub-
lished in the last several years suggest rates comparable to
this [65,69]. In 2003, 30% of the children attending 15 US
CF centers participating in a quality improvement collabo-
rative had at least one smoking parent (unpublished data).
While comparable estimates of ETS exposure do not exist
for CF patients in other countries, the overall prevalence 
of cigarette smoking among adults in the United States is
equal to or lower than that for European and Latin American
countries.

There is a strong association of smoking with lower SES
in the general population [71], and a triangular association
among ETS exposure, low SES, and worse lung function
and nutrition has been reported from one US CF clinic
[72]. ETS exposure is probably a significant contributor to
health disparities among low-SES patients with CF.

Exposure to air pollution compromises lung growth in
children [73] and leads to increased mortality in adults
[74]. In a CF registry study investigating air pollution expo-
sure by postal code of residence, exposure to ozone was
associated with an increase in the number of pulmonary
exacerbations, and exposure to particulates was associated
with both an increased likelihood of pulmonary exacerba-
tions and a decrease in FEV1. This study adjusted for the
possible confounding effect of SES, which is important
because low-SES populations tend to live in areas with
greater environmental pollution [75]. The authors of this
study did not try to estimate to what extent air pollution

exposure might contribute to SES-related differences in
disease outcome, but their study suggests that pollution is
another contributor to SES-related disparities.

Exposure to and acquisition of infectious
agents

There is an increasing consensus that acquisition of
Pseudomonas aeruginosa (PA) in the CF airway leads to a
more rapid deterioration in pulmonary function and nutri-
tion [76], especially once the PA takes on mucoid charac-
teristics [77]. The likelihood of acquisition is increased by a
number of factors, including female sex [78], preceding use
of anti-staphylococcal prophylaxis with cephalosporins
[79,80], exposure to other CF patients with PA [81], nebu-
lizer use [82], recent hospitalization and treatment with IV
antibiotics [83], and (in infants) recent hospitalization for
viral respiratory infection [84]. The impact of SES on acqui-
sition of PA has not been well-investigated, but in a cohort
of children diagnosed by newborn screening high maternal
education was found to be protective [82].

The other important bacterial organism whose acquisi-
tion is associated with pulmonary deterioration and exces-
sive mortality is Burkholderia cepacia (BC). Methodological
issues related to surveillance and culture technique, and the
recent recognition that the clinical consequence and rela-
tive contagiousness of the organisms comprising the BC
complex vary by genovar [85], make it difficult to pinpoint
the prognostic implication of acquisition of the organism.
Nonetheless, BC acquisition has consistently been reported
to lead to a more severe decline in pulmonary function [86].
It is also clear that the likelihood of acquisition is greatly
increased by exposure to other patients with the organism;
epidemic spread occurs but can be attenuated by infection
control measures [86].

Respiratory viral infections may be associated with pro-
gression of CF airway disease, although this association is
only well documented for the short term [87]. While respi-
ratory syncytial virus gets significant attention due to the
ease of its identification, it appears likely that all respira-
tory viruses are of equal virulence in this regard; what may
be most important is the presence of lower versus upper
tract involvement [87]. CF infants hospitalized with viral
lower respiratory tract infections have decreased pul-
monary function [87], increased inflammatory indices in
BAL fluid, and are more likely to acquire PA over the ensu-
ing 5 years [84].

A relationship of low SES to increased prevalence of 
respiratory viral infections is suggested but not well docu-
mented in the general medical literature, and postulated 
to be secondary to crowding [88]. A recent study reported
lower SES scores in CF infants who sustained lower 
respiratory tract infections during the respiratory virus
season; this difference was not statistically significant 
but the study was underpowered with regard to this 
relationship [87].
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Stress

Stress appears to have a negative impact on the course of
some diseases by impairing immune function [89]. Of
greater potential importance for children with CF, however,
is that parental experience of stress may lead to impaired
personal and family functioning [90], which would have a
direct and specific effect on adherence and other aspects of
disease self-management.

Conceptual models of parental adjustment to having a
child with chronic disease consider both the stress of caring
for the child and the psychological and social mediators
that affect how that stress is handled. A modified version of
one schema [91] is shown in Fig. 6.3. Extrinsic stressors
include the daily general irritants of life, and particularly
those specific to parenting; those associated with major life
events such as job loss or death of a loved one; and disease-
specific stresses, which are due to living with the child’s
chronic illness and are experienced in proportion to the
degree of the child’s illness. Quittner and co-workers [92]
reported that mothers of children with CF describe their
most important source of stress as disease-specific, but their
study did not consider SES, and others have shown a signif-
icant increase in the experience of all extrinsic stressors in
low-SES parents [93]. The ability to process stress depends
on psychological characteristics (temperament, coping skills,
feelings of mastery and control, resilience) and social–
ecological variables (family resources and social support)
[94]. Most researchers on stress in CF have not specifically
included SES in their theoretical models or in their investi-
gations, but it is likely that poverty compromises the ability
to process stress by decreasing the relative availability of
financial and social resources [95].

Studies by Patterson and co-workers in the early 1990s
suggested that stress and family dysfunction lead to decreased
adherence and worse disease outcomes [90,96]. Excessive
stress in caregivers can lead to depression, dysfunctional
behaviors (including drug and alcohol abuse), and physical
illness. A significant proportion of mothers of children
with CF show depressive symptoms soon after diagnosis of
their child, independent of the degree of the child’s illness
[92]. Many parents continue to report significant psycho-
logical distress years afterward [97]. There has been no
investigation of a connection between parental stress and
depression and the child’s long-term outcome in CF, but it

is likely that a reciprocal relationship exists; i.e. parental
stress, depression, and/or anxiety leads to greater disease
severity (due primarily to compromised disease self-
management abilities), which in turn causes more disease-
specific stress and also leads to a decrease in stress-processing
resources in the parents.

Dietary and nutritional deficiencies

About 26% of CF patients in the United States are below
the 10th percentile for weight [49]. Nutritional status is
highly correlated with pulmonary function in patients with
CF, and while the causal relationship is to some extent
bidirectional [98], there is strong evidence that nutritional
inadequacy is deleterious to long-term preservation of pul-
monary function and survival [99]. The mechanism of this
relationship is unclear, but it has been suggested that even
subtle degrees of malnutrition may impair immunological
defenses against infection [100] and that malnutrition may
lead to respiratory muscle weakness [101].

Consensus guidelines suggest a high-energy and high-
fat diet for patients with CF [102], but the recommended
intake is not consumed by a significant proportion of
patients [103,104]. In one study of 25 children with CF and
mild lung disease, only 16% adhered to dietary recommen-
dations, and dietary adherence was positively correlated
with weight. Furthermore, maternal nutritional knowledge
specific to CF significantly predicted children’s dietary
adherence score [104]. This is noteworthy because of the
association between maternal nutritional knowledge and
maternal educational attainment that was also linked to
nutritional status in a report from North Carolina [72].
Aside from inadequate knowledge of and adherence to
dietary guidelines, another possible reason for nutritional
inadequacy in low-SES patients may be the inability to
afford appropriate foods, nutritional supplements or even,
in countries without a national health system, pancreatic
enzymes (the latter being relevant only in healthcare sys-
tems where medication is not available free of charge). A
relationship between SES and dietary quality has been
shown for the general population [100], but there are no
studies on food insecurity in patients with CF and its effect
on intake. Another potential mechanism relating low SES
and decreased nutritional status is the strong relationship

Extrinsic psychosocial stress 
• General parenting hassles 
• Major life events
• Disease-specific

Adaptation 
(mental, physical, emotional health

and function)

Stress
processing

Psychological characteristics
Social–ecological environment

(social support, income) Figure 6.3 Schematic representation of stress processing.
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between environmental tobacco smoke exposure and
decreased weight that has been shown in CF patients [65].

Sex/gender

Several studies from the United States have shown that
females with CF fare worse than males; they acquire PA
infection at an earlier age [78], and have worse nutrition
and pulmonary function and mortality [58,105]. Rosenfeld
and co-workers evaluated US CF Registry data from 1988
to 1992 and demonstrated that the median age at death for
women with CF was 3.1 years less than men, adjusted for
nutritional status, pulmonary function, airway microbiol-
ogy, and age at diagnosis [105]. The difference in survival
was primarily seen in patients aged 1–20 years, and this 
gap had persisted despite global improvements in life
expectancy for CF patients over 10 years (M. Rosenfeld, per-
sonal communication).

The mechanism of the disparity in outcomes between
males and females is probably due to a mixture of biologi-
cal and socioenvironmental effects, but there is little con-
crete information as to the relative importance of these.
For the sake of this discussion, it is useful to distinguish sex
as a biological category (which then may be considered to
be a gene modifier) from gender, which is a cultural attrib-
ute that determines norms for a variety of attitudes and
behaviors that may affect disease outcome. From the biolog-
ical perspective, a study evaluating interleukin-10 (IL-10)
knockout mice found that females were more susceptible to
Pseudomonas aeruginosa infection than their male counter-
parts, and mounted a stronger inflammatory response; this
is potentially relevant because IL-10 levels are relatively low
in bronchoalveolar lavage fluid from CF patients [106]. It
should be said that a strong inflammatory response could
be beneficial (eliminating organisms) or detrimental (tissue
damaging). A recent study reported that adjusted resting
energy expenditure (REE) is higher in girls (111 	 11%
predicted) than boys (104 	 8) with CF, and furthermore,
girls with CF had a higher REE compared to control girls
(103 	 8), whereas there was no difference between boys
with or without CF [107]. The significance of this finding 
is unclear [108]: while increased REE might make it 
harder to maintain an adequate nutritional status and thus 
predispose to worse overall outcome, the previously men-
tioned analysis [106] found increased mortality in girls
even when controlling for their poorer nutritional status. It
should be stated that the raised REE may be a marker that
the disease is already worse, rather than a cause of the 
gender gap.

The concept of ‘gendered embodiment’ has been pro-
posed to define how social contexts may alter and modify
the material biological base [109]. For example, although
participation in competitive sports might be beneficial 
for patients with CF [110], many young women might
avoid team activities because they would be embarrassed 
if these cause them to cough and expectorate in public, an

activity that is less deviant (and perhaps even normative)
for young men.

Studies on American males and females with CF show
systematic differences in attitudes towards the meaning of
life, death, career, body image and regimen. Young men
with CF are generally more activity oriented and less reflec-
tive and concerned about the impact of CF on their future,
including career and life expectations [109]. There are also
clear differences in body image: women with CF are gener-
ally more content with being thin, whereas the men want to
be stronger and more muscular [111–113]. These gender-
related differences in attitude towards body image are most
notable in adolescents and adults, but can be found in
younger children as well [114]. Furthermore, these attitudinal
differences lead to behavior differences. Men are more aer-
obically fit [115] and are almost three times more likely
than women to exercise regularly [109]. Furthermore, per-
ception of self as underweight is associated with greater use
of nutritional supplements [113], and men eat better and
more frequently than women [109,113]. A possible expla-
nation for the reported absence of a gender gap at a single
CF center in London [116] might be that these cultural atti-
tudes are less pronounced in the UK.

A provocative analysis of the CF Registry performed by
investigators at the University of Wisconsin showed that
American girls are diagnosed with CF at a significantly later
age (12.7 months) than boys (8.7 months); this difference is
even more striking when limited to children presenting with
respiratory symptoms only (40.7 vs 22.3 months). This is
not due to a tendency for boys to develop symptoms earlier
than girls, which was verified by independently evaluating
patients diagnosed from birth by the Wisconsin newborn
screening program. Furthermore, boys in Wisconsin were
more likely to be referred for sweat testing than girls. Thus,
there appears to be a diagnostic bias against girls that could
have significant implications [117].

Race

There is a large literature on the demography of race and
the relative contribution of genetic versus cultural deter-
minants of this category; it is debatable whether race
should be discussed under a genetic or sociodemographic
heading [118]. What literature exists on race in CF suggests
that genetic determinants linked to race do not have an
effect on CF disease severity. While some CFTR mutations
(such as 3120 � 1 G : A) are more common in the African–
American population than in whites, a study evaluating
racial differences found no difference in mortality or 
pulmonary dysfunction, but worse nutritional status, in
F508del homozygotes when adjusted for age and sex [119].
However, this study was flawed by its failure to take SES
into account. O’Connor and co-workers found a 48%
increase in mortality associated with non-white race and a
85% increase in mortality associated with Hispanic ethnic-
ity when they adjusted for SES as indicated by neighborhood
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median household income [59], but we found no differ-
ence in outcome by race when using Medicaid status as a
proxy measure of SES [57]. These contradictory findings
highlight the problem of measurement of SES and the dif-
ficulty of distinguishing the effect of SES and race often
found in the general medical literature [120]. Medicaid
status as a marker probably overestimates the effect of SES
on disease because sicker patients are more likely to be eli-
gible; neighborhood household income, which is an eco-
logical (and thus imprecise) measure of SES, probably
underestimates the effect of SES on disease and thus allows
residual confounding to lead to an overestimation of the
effect of race.

DIFFERENCES IN THE USE OF MEDICAL
TREATMENT AS A CAUSE OF VARIABILITY 
IN CF OUTCOMES

Improvements in patient outcome over the last five decades
demonstrate the overall effectiveness of medical interven-
tions on the outcome of CF. While the relative contribution
of individual therapies directed at nutritional rehabilitation
airway clearance augmentation, reduction of airway infec-
tion and inflammation and detection and treatment of other
complications is not clearly documented, it is likely that these
are all synergistic. The CF Foundation in the United States
the CF Trust in the UK, and their counterparts elsewhere
have developed consensus guidelines and fostered a network
of CF care centers with expertise in all of these treatment
approaches [102,121,122]. The resulting CF international
care system helps ensure the general availability and dissem-
ination of medical expertise, promotes a focused research
agenda, and maintains a registry of patient outcomes. While
not all CF patients choose to attend designated CF care cen-
ters, the relative advantage of center-based care can be meas-
ured (even though this is made difficult by the presumed
tendency for sicker patients to obtain care at accredited 
centers) [123].

Patient adherence to prescribed medical
regimens

The high rate of non-adherence to CF treatment recom-
mendations makes this an important consideration when
examining reasons for variations in disease outcome [124].
However, significant difficulties in the accurate measure-
ment of adherence exist, so any conclusions must be drawn
with caution [125]. Studies have found that adherence cor-
relates with optimism, disease knowledge [126], some meas-
ures of family functioning [90,96], and parental education
[127]. Other factors associated with good adherence in 
CF include younger patient age and decreased parental
stress [128]. The previously discussed relationship between
stress, family function and disease outcome [90,96,128] is
presumably mediated via a relationship to adherence.

Non-adherence may be more common in low-SES
patients, although studies have not uniformly demonstrated
this [124]. Many of the factors predicting adherence noted in
the previous paragraph are seen more commonly in higher
SES patients and families. Furthermore, given that a correla-
tion between SES and health exists in parents as well as 
children, one would expect that lower SES parents are more
likely to suffer physical and mental illness [129], which
would negatively impact on adherence for the child with CF.

Knowledge of the treatment regimen and an understand-
ing of its rationale is a prerequisite for adherence [130,131].
In one recent study of CF patients, non-adherence was
specifically explained by the patient’s misunderstanding of
the prescribed regimen [132]. There is great variability in
caregivers’ knowledge of CF, and this has been shown to
correlate with social class [133]. Families with less educa-
tion or lower income might be intimidated or otherwise
reluctant to ask questions, or may be stereotyped by 
caregivers as unable to understand and thus not offered
information.

Differences in provision of evidence-based
care

While CF treatment has improved dramatically, and the
establishment of a care network using a standardized multi-
disciplinary approach makes CF care a model to be emulated,
there is significant variance in disease outcomes such as mor-
tality, pulmonary function and nutritional adequacy among
credentialed CF care centers [49]. This variance persists even
when comparisons are standardized to control for differ-
ences in the relative proportion of high-risk patients attend-
ing these centers [134]. The Epidemiological study of CF
(ESCF) has demonstrated large variations in practice pat-
terns regarding the use of various medications of proven effi-
cacy [135] and outpatient monitoring [136], and has shown
that these variations in care impact directly on outcome.
Specifically, patients who are treated at care centers whose
patients had better than average pulmonary function had
more frequent monitoring of their clinical status (including
lung function and airway cultures) and also received more
interventions (particularly IV antibiotics) [137].

The between-center treatment differences do not appear
to be associated with SES. Disparities in health and disease
outcomes are often attributable to unequal access to qual-
ity care in countries such as the United States which lack an
established national healthcare system [43,138]. However,
SES-related barriers to care do not appear to be important
for CF patients in the United States [105] and, as already
mentioned, lower social class is also associated with worse
outcomes in the UK where access to care is a government
mandate [54]. A recent analysis from the US ESCF showed
no SES-related differences in the use of chronic therapies
or treatment of pulmonary exacerbations [139,140].
Nonetheless, it is possible that indigent CF patients receive
qualitatively different medical care from that received by
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the middle class, as illustrated by apparent differences in
teaching provided to low-SES CF patients [133,141] and
the substandard care that inner-city asthma patients
receive [138].

While some practice variations among CF care centers
may reflect differences in scientific opinion among CF spe-
cialty physicians, variability in the implementation of con-
sensus guidelines and evidence-based approaches to care is
most likely to be due to inadvertently inconsistent applica-
tion by the practice teams within a non-supportive system
[142]. The care of patients with CF is complex. Certain
aspects in the design of care involve decision-making
processes that go beyond single clinical decisions to require
interaction among many providers. A longitudinal per-
spective requires ongoing modifications of treatment in
response to past and future considerations. On the other
hand, many therapies and monitoring approaches are rou-
tine and need to be applied in a consistent and sometimes
repetitive manner to almost all patients. This type of mul-
tifaceted care is best rendered within a system that is flexi-
ble and customizable but incorporates multicomponent
strategies to limit reliance on isolated actions. The results
obtained by a healthcare delivery system are a natural out-
come of the design and operation of that system, and its
ability to ensure that all steps in the process of care are sup-
ported and carried out correctly [143]. Thus, CF centers
with the greatest successes regarding health outcomes appear
to be those that have developed a system that supports the
goal of allowing knowledgable practitioners to consistently
provide the care they recognize to be appropriate to all of
their patients [134].

The US CFF has recently begun to test methods 
of spreading beneficial organizational approaches to care
via several quality improvement initiatives and also by
reconfiguring its patient registry to make it a useful tool to
track relevant patient- and center-based data. The under-
lying assumption is that a dramatic and relatively rapid
improvement in life expectancy and quality of life for
patients with CF would be obtained if all centers utilized
systems that promote the efficient and consistent use of
effective therapies [144]. This is discussed in more detail in
Chapter 22.

CONCLUSION

While CF begins as a classic Mendelian autosomal recessive
disease that is caused by alterations of the CFTR gene, its
expression is influenced by a host of complex interactions
with other genes, with the environment in which the patient
lives, and by the efforts of healthcare providers. Just as we
need to understand that the genetic milieu is an extraordi-
narily complex one with multiple opportunities (‘gene
modifiers’) to affect disease expression, it is essential to
appreciate that the human environment consists of specific
biologic effectors (such as pollution and micro-organisms),
and also a pervasive social and cultural setting which has

major implications for health. Furthermore, the disease
course is modified in various degrees by the efforts of a
healthcare delivery system that relies on the clinical expert-
ise of knowledgable providers and on the success of a 
complex network that currently delivers appropriate inter-
ventions with uneven success. For any individual with CF,
the course of the disease is impacted by the interaction of
each of these three influences in varying ways (see Fig. 6.2),
so it is of little wonder that, overall, there is a significant
unpredictability regarding eventual outcome.
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7
Diagnosis of cystic fibrosis

COLIN WALLIS

INTRODUCTION

Making the diagnosis of cystic fibrosis (CF) has lifelong
implications and repercussions for the affected individual
and their family. The diagnosis needs to be made accurately
and as early as possible. A late diagnosis is often preceded by
a history of hospital visits, family anguish, anger and guilt
and a delay in the initiation or early treatment that may
have an impact on long-term outcome. Equally disturbing
is a small but increasing experience of the child or adult,
diagnosed with CF, whom on review – often years later – is
found to be normal [1].

In most cases, making the diagnosis is easy. A child has
suggestive clinical symptoms or a family history and a pos-
itive sweat test confirms the suspicions of CF. A triad of
clinical features based on recurrent chest infections, pan-
creatic insufficiency and failure to thrive were established
in the 1960s and have been a useful phenotypic benchmark
for a CF diagnosis for nearly 40 years [2]. The sweat test
remains a very useful discriminator between those with
and those without CF. But even before the identification of
the CF gene, there were reported cases of ‘sweat test nega-
tive CF’ and the concept of a broader phenotypic range had
been promulgated [3].

It was always hoped that the discovery of the gene for
cystic fibrosis and its disease-causing mutations would
provide diagnostic certainty. Two mutations within the
CFTR gene would mean cystic fibrosis; normal genes
would exclude the diagnosis. But it has not worked out that
simply. Indeed, in the decade since the discovery of the CF
gene, the situation is probably even more confusing and
the number of ‘atypical’ or ‘unusual’ cases is growing. Over
the last decade a number of developments have led to the
question ‘What makes a diagnosis of CF?’[4,5]. These
include: (a) the recognition of an ever-widening phenotype
for an individual with two CFTR mutations ranging from
completely normal to a classical CF phenotype; (b) the
development of screening programs whereby a newborn or

fetus, on the basis of genetic information alone, could be
given the CF label without necessarily developing clinical
disease; (c) the recognition that a CF phenotype can emerge
over time presenting de novo in adulthood; and (d) the
development of sophisticated clinical investigations that
allow detection of subtle changes in end organs that hith-
erto would have gone undetected – detailed CT scanning of
pulmonary structure and the measurement of nasal epithe-
lial potential difference being two examples.

Labels are important and the diagnosis of classical CF
carries with it important implications. Failure to identify
and label a patient with CF could lead to delays in effective
therapies. But inappropriate categorization of a patient
with an atypical form leads to an unnecessary burden of
therapies and lifestyle restrictions. When considering the
diagnosis of CF, clinicians must be aware of the expanding
phenotype for this condition and the subclassification of
CF into atypical or CFTR-related disorders.[6,7].

PRESENTING CLINICAL FEATURES

A Cystic Fibrosis Foundation Consensus Panel (USA) syn-
thesized diagnostic criteria for CF, based on the presence of
one or more characteristic clinical features or a history of
CF in a sibling, or a positive newborn screening test, plus
laboratory evidence of a CFTR abnormality [8]. The key
features are summarized in Fig. 7.1. The basic premise of
the consensus statement is that CF is a clinical and not a
genetic diagnosis although it acknowledges that genetic
testing may have a role in sorting out atypical clinical situ-
ations. Any such document must be considered a work in
progress to accommodate new developments and acknowl-
edge shortcomings [9].

The majority of children with CF present with a history
of bulky offensive fatty stools, failure to thrive and recur-
rent chest infections [10]; 10–15% will present with meco-
nium ileus shortly after birth. The range of clinical features
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suspicious of CF is listed in Table 7.1. The spectrum of pre-
senting features is wide and vigilance is required to prevent
missed diagnostic opportunities – especially in ethnic
groups where CF is less common or in children who are
considered ‘too healthy’. The presenting features can vary
with the age at time of clinical presentation as indicated in
Table 7.2. In approximately 90% of children with access to
modern healthcare, a CF diagnosis is established by the age
of 1 year [11]. In atypical cases, however, the diagnosis is
often delayed into adulthood. This latter group is often
pancreatic sufficient with a milder (but not necessarily
absent) pulmonary phenotype.

In addition to suspicious clinical features, a clinician
may need to confirm the diagnosis of CF in other settings:
(a) postnatal confirmation may be required when an ante-
natal test has proven suspicious for CF; (b) a postnatal
screening program may have identified a child as high risk
for CF; or (c) an individual may be under investigation fol-
lowing the diagnosis of CF in a family member.

A clinical suspicion for the diagnosis of CF can be 
supported by a number of confirmatory tests and investi-
gations.

CONFIRMATORY TESTS

The sweat test

The sweat test was first described in 1959 and remains the
gold standard for the diagnosis of cystic fibrosis [12]. In the
majority of CF patients with typical features and identified
CFTR mutations, the sweat test is diagnostic. In atypical

or

POSITIVE NEWBORN 
SCREENING

CF HISTORY IN SIBLING

PLUS

CLINICAL FEATURES COMPATABLE
WITH CF:

e.g.   Sinopulmonary disease

Gastrointestinal and nutritional 
abnormalities

Salt loss syndromes

Obstructive azoospermia

or

LAB EVIDENCE OF
CFTR DYSFUNCTION: 

Positive sweat test

or

Positive nasal PD

or

Two disease-causing
mutations in CFTR

Figure 7.1 Diagnostic criteria for CF. PD, potential difference.

Table 7.1 Clinical features consistent with a CF diagnosis.

Sinopulmonary Chronic cough or sputum production
disease Wheeze

Finger clubbing
Nasal polyposis or chronic sinusitis
Culture of characteristic CF organism
eg Pseudomonas aeruginosa in sputum,
‘staph’ empyema

Gastrointestinal signs
Intestinal Meconium ileus, rectal prolapse, DIOS
Pancreatic Pancreatic insufficiency, pancreatitis
Hepatic Focal biliary cirrhosis, prolonged

neonatal jaundice

Nutritional and salt- Failure to thrive
loss sequelae Acute salt loss

Pseudo-Bartter syndrome, chronic
metabolic alkalosis
Hypoproteinemia–edema syndrome
Kwashiorkor-like disease with skin
changes
Vitamin K deficiency

Obstructive azoospermia Bilateral absence of the vas deferens

DIOS, distal intestinal obstruction syndrome.

Table 7.2 Clinical features of CF at diagnosis in unscreened
populations, grouped according to age and approximate order of
frequency.

0–2 years
Failure to thrive
Steatorrhea
Recurrent chest infections including bronchiolitis/bronchitis
Meconium ileus
Rectal prolapse
Edema/hypoproteinemia/’kwashiorkor’ dermatitis
Severe pneumonia/empyema
Salt depletion syndrome
Prolonged neonatal jaundice
Vitamin K deficiency with bleeding diathesis

3–16 years
Recurrent chest infections or ‘asthma’
Clubbing and ‘idiopathic’ bronchiectasis
Steatorrhea
Nasal polyps and sinusitis
Chronic intestinal obstruction, intussusception
Heat exhaustion with hyponatremia
CF diagnosis in a relative

Adulthood (often atypical CF)
Azoospermia/congenital absence of the vas deferens
Bronchiectasis
Chronic sinusitis
Acute or chronic pancreatitis
Allergic bronchopulmonary aspergillosis
Focal biliary cirrhosis
Abnormal glucose tolerance
Portal hypertension
Cholestasis/gallstones

Reproduced with permission from [64]
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forms, the sweat chloride levels may fall into the interme-
diate range and there are rare examples of patients with CF,
confirmed on genetic testing, who have a normal sweat 
test [13,14]. There are a number of other rare conditions
(sometimes single case reports) that have been associated
with a positive sweat test but these are usually clearly dis-
tinguishable by their clinical features. Examples are listed
in Table 7.3.

The standard sweat test (Gibson and Cooke technique)
requires skill and care and should be undertaken by
accredited laboratories. Localized sweating is stimulated by
the iontophoresis of pilocarpine into the skin. Sweat is 
collected on filter paper, gauze or in microduct tubing 
at a standardized rate. Guidelines for sweat testing proce-
dures and precautions are published [15] and testing
should be carried out by experienced personnel using 
standardized methodologies in facilities with a regular
throughput.

PATIENT SELECTION

Sweat tests can be reliably performed after 2 weeks of age in
infants greater than 3 kg who are normally hydrated and
without significant systemic illness. During the first 24
hours after birth in full-term infants, sweat electrolyte val-
ues may be transiently elevated [16]. After the first week a
decline in the levels occurs and an elevated value can be
used to confirm a diagnosis of CF [17]. In a retrospective
review of sweat tests in pre-term and full-term infants, col-
lection of the requisite 75 mg of sweat could be obtained in
infants over 36 weeks who weighed over 2 kg and were
greater than 3 days postnatal age [18] (Fig. 7.2). Patients
who are systemically unwell, edematous or on cortico-
steroids should have their testing delayed. Sweat tests can
be performed in subjects on flucloxacillin [19]. Normal
adolescents and adults tend to have higher sweat chloride
levels (up to 60 mmol/L) and therefore borderline values in
this age group may not reflect CF.

SWEAT COLLECTION

The flexor surface of the forearm is the preferred site for
sweat collection although other sites may be considered if
the arms are eczematous or otherwise unsuitable. Great care
must be taken at all stages of the testing to avoid contami-
nation. Electrodes should be of a suitable size and curva-
ture to fit snugly on the patient’s limb.

Sweat is collected on filter paper, gauze or in microduct
tubing over a controlled period of time to ensure that the
rate of sweating and the total sweat collected are sufficient
and standardized. During the process of collection, the
sweat must be protected from contamination and dehydra-
tion. Sweat should be collected for a period between 20 
and 30 minutes. The National Committee for Clinical
Laboratory Standards guidelines (Document C34-A2) state
that iontophoresis should not be performed on a patient
receiving oxygen by an open delivery system although no
evidence is provided to support this statement. This would
not apply to an infant in a headbox or a patient on nasal
cannula oxygen.

Table 7.3 Examples of non-CF causes of a positive sweat test.

Adrenal insufficiency or stress
Anorexia nervosa
Autonomic dysfunction
Ectodermal dysplasia
Eczema
Fucosidosis
Glucose-6-phosphate dehydrogenase deficiency
Glycogen storage disease type 1
Hypoparathyroidism
Hypothyroidism
Malnutrition from various causes including HIV infection
Nephrogenic diabetes insipidus
Nephrosis
Pseudohypoaldosteronism
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Figure 7.2 (a) Effect of infant weight at time of testing on
likelihood of failure of collecting 
75 mg of sweat (quantity not
sufficient or QNS) on one arm as represented by a percentage
failure rate on the y-axis. (b) Mean chloride concentration at
different postnatal ages in infants without CF. Reproduced with
permission from [18].
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SWEAT ANALYSIS

The sweat secretion rate, measured as an average rate over
the collection period, should not be less than 1 g/m2 per
minute. Chloride is the analyte of choice [20,21]. A sweat
chloride concentration of more than 60 mmol/L is consid-
ered positive and levels below 40 mmol/L are likely to be in
the normal range – and CF is considered to be unlikely
although not excluded. Intermediate levels between 40 and
60 mmol/L may be associated with atypical forms of CF
and need to be interpreted with caution. Some normal
adults can have values in the intermediate range. There is
evidence from newborn screening that initial intermediate
or high normal chloride readings may also occur in the
affected premature infant or newborn and may need repeat-
ing [22]. Sweat chloride levels greater than 150 mmol/L
are not physiological and should be questioned and
repeated.

A false positive sweat test in the severely malnourished
child, or the critically ill child in intensive care, needs cau-
tious interpretation and follow-up. Case reports also
describe a nonsense mutation in the CFTR gene associated
with elevated sweat chloride in the absence of clinical fea-
tures of CF [23]. The sweat sodium levels are less reliable
and should never be used in isolation.

The osmolality of sweat records the total solute concen-
tration in mmol/kg of sweat. The reference ranges for
osmolality are wide: children with CF have sweat osmolality
values greater than 200 mmol/kg with normal ranges falling
between 50 and 150 mmol/kg. Positive and equivocal results
(between 150 and 200 mmol/kg) should be followed up by a
quantitative analysis of chloride concentration.

Research continues to explore the development of an
easier sweat test. Collecting systems such as the nanoduct
[24] are achieving credibility and the role of sweat conduc-
tivity as a diagnostic tool in CF is also gaining credence
[25]. Conductivity represents a non-selective measurement
of ions and good correlation between the results of sweat
chloride concentrations and sweat conductivity have been
shown. In one large trial the best conductivity cut-off value
to diagnose CF was �90 mmol/L and the best conductivity
cut-off value to exclude CF was �75 mmol/L [26] (Fig. 7.3)
For conductivity, a provisional upper physiological limit of
170 mmol/L may be used pending further evidence. Cur-
rently, many clinicians and laboratories will chose to con-
firm a positive sweat conductivity result with a formal
measurement of chloride concentration.

INDICATIONS FOR REPEAT SWEAT TESTING

The diagnosis of CF should never be based on a single pos-
itive sweat test result. If mutation analysis does not con-
firm the diagnosis then a repeat sweat test may be indicated.
Similarly, patients with borderline results may require repeat
testing especially if the basis of the testing was for failure to
thrive or a positive family history. Sweat testing should be
repeated in patients who are following an atypical course

or where ancillary testing for end organ disease produces
little supportive evidence for the diagnosis.

Mutation analysis

The identification of the CF gene in 1989 [27] and the
characterization of its protein product (CFTR) held the
promise that the diagnostic dilemmas for the condition
were over. Two identifiable mutations meant you had the
disease. Unfortunately, it has not worked out that simply.
Although two disease-causing mutations are very support-
ive of the diagnosis of CF in the appropriate clinical setting
there are a number of caveats.

First, there are over a thousand different CF gene muta-
tions associated with CF disease. Examples of CFTR muta-
tions are listed in Table 7.4. The dominance of the F508del
mutation is highlighted – present in over 70% of CF alleles
in Caucasian populations [10]. Confirming the diagnosis
of CF based on the presence of two CF-producing muta-
tions is highly specific but not very sensitive. Sensitivity is
decreased due to the large number of CF alleles. Current
techniques do not allow a full screen of the entire CF
genome and most laboratories will search routinely for the
commonest mutations only within their region. Customiz-
ing mutation panels to match the patient’s ethnic back-
ground and clinical presentation can enhance the sensitivity
of DNA testing in CF. For example, there are CF mutations
which occur with increased frequency, in specific popula-
tion groups such as the Ashkenazi Jewish (W1282X) or
African (3120 � 1 kb G : A) patients and in patients with
specific clinical features such as pancreatic sufficiency
(R117H and A445E), male fertility (3849 � 10 kb C : T),
or normal concentrations of sweat electrolytes (3849 � 10 kb
C : T) [28,29].

Second, alterations in the CFTR gene designated as 
CF-causing mutations should fulfil at least one of the criteria
as shown in Table 7.5 [30]. In addition to the ‘disease-causing’
mutations there are also recognizable polymorphisms that
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Figure 7.3 Comparison of conductivity method and chloride
concentration in sweat of 3834 patients with CF (solid circles)
and without CF (empty circles). Reproduced with permission 
from [26].
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do not necessarily result in a clinical phenotype but may
influence the structure of the final protein product when
associated with another mild mutation such as R117H.
The thymidine run in intron 8 is a well-described example

where the 5T allele leads to a substantial reduction in func-
tional protein compared with 9T; 7T is intermediate.

Failure to find two CF mutations from a selective or
extended search does not exclude the diagnosis of CF. To
exclude a patient with symptoms of CF and a positive sweat
test from potentially beneficial treatment because the labo-
ratory cannot detect two CF mutations would clearly be
misguided. There are also rare reports of patients with clas-
sical CF symptoms and signs and a positive sweat test who
do not appear to have any mutations in the CFTR gene –
even when the entire gene has been sequenced – screening 
all 27 exons and the intron–exon boundaries [31]. These
findings suggest that on these rare occasions CF may be
caused by mutations within the promotor region of the
CFTR gene, in one of the introns or even in a distant con-
trolling gene from an unrelated locus [32].

Finally, although two mutations are very supportive of
the diagnosis of CF in the appropriate clinical setting, two
alterations in the gene for CFTR does not necessarily mean
that you will develop classic CF disease. The clinical phe-
notype associated with two CFTR mutations is far broader
than could ever have been anticipated [33]. Examples are
listed in Table 7.6 and the importance of these atypical
forms of cystic fibrosis are discussed further below.

CYSTIC FIBROSIS PHENOTYPES

There are four major contributing factors that influence
the path from genotype to end-organ involvement and an
individual’s eventual phenotype.

SEVERITY OF THE INDIVIDUAL CFTR MUTATIONS

‘Mild’ mutations may cause milder phenotypic effects, but
when there is a mixture of mild and severe mutations the

Table 7.4 Common mutations that cause cystic fibrosis listed
according to frequencya.

Mutation %

�F508 75.0
G551D 3.4
G542X 1.8
R117H 1.3
621 � 1 G→ T 1.3
�I507 0.5
N1303K 0.5
R560T 0.4
Q493X 0.3
R1162X 0.3
R533X 0.3
W1282X 0.3
3659delC 0.3
1154insTC 0.3
E60X 0.2
G85E 0.2
P67L 0.2
R347P 0.2
V520F 0.2
1078delT 0.1
2184delA 0.1
A455E 0.1
R334W 0.1
S549N 0.1
2789 � 5 G→ A 0.1
3849 � 10 kb C→ T 0.1
711 � 1 G→ T 0.1
1717 � 1 G→ T 0.6
1898 � 1 G→ T 0.6
aIn Caucasian populations, variations in frequency can occur widely
between different ethnic groups and geographic regions.
Reproduced with permission from [64].

Table 7.5 Features of a disease-producing mutation in the 
CFTR gene.

● A change in the amino-acid sequence that severely affects
CFTR synthesis and/or function

● A deletion, insertion, or nonsense mutation which introduces a
premature termination signal (stop mutation)

● Alteration to the first two or last two nucleotides of an intron
splice site

● A novel amino-acid sequence that is not a ‘normal’ variant
(found in at least 100 carriers within the subjects ethnic
background)

Table 7.6 The range of clinical phenotypes associated with two
mutations in the CF gene.

1. Classical CF
Sinopulmonary disease with pancreatic insufficiency,
gastrointestinal and nutritional consequences, high sweat
chloride concentration and male infertility

2. Atypical CF (non-classical)
Sinopulmonary disease, pancreatic sufficiency and positive
sweat test
Sinopulmonary disease and male fertility with a normal 
sweat test
Severe sinusitis and congenital bilateral absence of the vas
deferens
Male infertility only
Recurrent idiopathic pancreatitis
Allergic bronchopulmonary aspergillosis
Sclerosing cholangitis
Positive sweat test only

3. No clinical features, including normal sweat chloride
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final impact is unpredictable. Sometimes mild mutations
may have a dominant effect on severe mutations with a
‘corrective’ effect. Similarly, co-existent polymorphisms
hitchhiking within the CFTR gene may influence the final
protein product. Pancreatic phenotype can sometimes be
predicted by genotype, and pancreatic insufficiency is
almost invariably associated with two ‘severe’ mutations.
The correlation between genotype and phenotype for a pul-
monary phenotype is not reliably predictive and the course
of lung disease in CF is especially vulnerable to environ-
mental and modifier genes [34].

MODIFYING GENES

Genes lying elsewhere in the genome have significant influ-
ence on the behavior of the CFTR protein [35]. These
genes and their protein products can correct or exacerbate
influencing pathological processes such as the biochem-
istry of the cell surface liquid, the innate and acquired
immunity of the lungs and may even influence the predis-
position to meconium ileus [36]. Each individual with CF
is likely to have an immense and unique orchestra of mod-
ifying genes and proteins that are influential in his or her
clinical outcome [37].

ENVIRONMENTAL FACTORS

The environment in which an individual with CF lives and
grows has central bearing on the outcome of his or her disease
[38]. Treatment and adherence to therapy, social circum-
stances and diet, exposure to infections such as Pseudomonas
or viral infections in infancy can produce a sustained negative
influence on the clinical course [39].

THE PASSAGE OF TIME

Cystic fibrosis is not necessarily an all-or-nothing disease.
A clinical phenotype can emerge with time especially in
some of the atypical forms. Effective therapies and adher-
ence to treatment can help stall the disease progression.
Patients with documented pancreatic sufficiency in child-
hood can become pancreatic insufficient in later life. Some
but not all patients with CF will develop diabetes, liver dis-
ease and osteoporosis.

CLASSIFICATION OF CF PHENOTYPES

Classical cystic fibrosis

The diagnosis of classical CF needs to be made early and
confidently. No racial group is exempt and children of eth-
nic minorities or mixed heritage are at greatest risk of a
delayed or missed diagnosis. The clinical features of recur-
rent chest infections, malabsorption with pancreatic insuf-
ficiency in the majority (but not all) or an infant presenting
with meconium ileus, rectal prolapse or unexplained 

malnutrition requires investigation. Although pancreatic
insufficiency is present in over 90% of classical CF patients,
pancreatic-sufficient patients are not necessarily excluded
from the classical CF category. A positive sweat test and/or
two CFTR mutations is diagnostic. Appropriate therapy
should be introduced without delay. Common causes 
for a delayed diagnosis include failure to consider the diag-
nosis because the patient looks ‘too healthy’; inadequate
sweat test methodology or misinterpretation of an inade-
quate sample of sweat; and the failure to repeat a previ-
ously borderline sweat test in the face of ongoing clinical
concerns.

Atypical (non-classic) CF

There is an increasing group of children and adults who do
not present with the full spectrum of clinical features associ-
ated with classical CF. The terms ‘equivocal CF’ or ‘variant
CF’ have also been used to describe these atypical forms.
There may only be single organ involvement. Sweat testing
can be normal, equivocal or positive and CFTR analysis may
reveal one, two or no mutations depending on the depth of
analysis. In patients with atypical CF who have two identi-
fied CFTR mutations, one is usually a ‘mild’ mutation result-
ing in partial CFTR expression and function. Examples of
such conditions are included in Table 7.6 and often repre-
sent the mildest end of the CF spectrum. Based on registry
data, approximately 2% of individuals who fulfil the criteria
for the diagnosis of CF fall in the atypical category. It is very
probable, however, that this is an under-representation as it
is likely that many of these atypical cases are undiagnosed or
present in adult life [40,41].

Recent reviews have recognized that it is inappropriate
to label individuals with these atypical forms as having
classical CF [5,40]. Both the diagnostic labelling and med-
ical management needs to be tailored to the patient’s indi-
vidual phenotype and requirements. The introduction 
of arduous therapies aimed at the patient with classical 
CF does not seem appropriate or beneficial. The negative 
connotations of a CF label can be avoided with a more 
considered approach to diagnostic categorization, embrac-
ing subcategorization and accepting the atypical forms of
CF [42].

CFTR-related disorders

CFTR-related disease is a term coined to classify non-CF
conditions that carry a higher incidence of CFTR muta-
tions than could be expected by chance but have no other
indicators of either classical or atypical CF. These condi-
tions appear to be influenced by CFTR dysfunction but are
under greatest influence from non-CFTR genes and envi-
ronmental influences. The distinction from atypical CF
(especially those with monosymptomatic disease and only
one identified mutation) is not always clear-cut and in
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time this subgroup may require review. Examples of CFTR-
related disorders include:

● allergic bronchopulmonary aspergillosis
● pancreatitis – acute or recurrent
● isolated obstructive azoospermia
● chronic rhinosinusitis
● disseminated bronchiectasis
● diffuse panbronchiolitis
● heat exhaustion.

Genetic predisposition for CF with no clinical
sequalae

There is currently no satisfactory term to describe a very
small but important group of individuals with the genetic
potential to develop CF (i.e. two disease-causing mutations
in the CFTR gene) but in whom, on careful and detailed
clinical assessment, there is no evidence of end organ dis-
ease. Some authors have considered the term ‘pre-CF’ [7]:
there is the potential that clinical features will emerge with
time but there is insufficient clinical evidence to label the
carrier of the gene mutations with a disease. Most clini-
cians would advise a program of surveillance in these cases
and reserve therapy for a time when early changes occur.
The role of prophylactic therapy in this situation (such as
physiotherapy or antibiotics) is unclear.

ADDITIONAL SUPPORTIVE INVESTIGATIONS IN
ATYPICAL PRESENTATIONS

Occasionally a clinician faces difficulties establishing the
label of cystic fibrosis. The commonest situation is the
patient with clinical features partially consistent with CF
but a non-diagnostic sweat test and only one identified CF
mutation. Further evaluation is required to determine
whether the patient is a carrier for CF or has an atypical
form. It is equally important to ensure that an alternative
diagnosis has been excluded. Part of the differential diag-
nosis will include conditions such as immunodeficiency,
Shwachman–Diamond syndrome, primary ciliary dyskine-
sia and allergic disease. It is also recognized that molecular
abnormalities other than CFTR dysfunction can masquer-
ade as atypical CF [43]. The following ancillary testing is
suggested, tailoring these additional supportive investiga-
tions to the clinical picture.

Assessment of end organ effects

DETAILED STRUCTURAL IMAGING OF THE LUNG
PARENCHYMA

Modern CT technology using high-resolution scans and
‘combi’ scans can demonstrate early structural changes to

the small airways that are not readily visible on plain radi-
ographic films [44]. In addition to assessing bronchial wall
thickening and dilation in the smallest of bronchioles, the
presence of air trapping representing early changes to the
bronchioles may be visible on expiratory images.

EVALUATION OF THE PARANASAL SINUSES

The sinuses are highly sensitive to altered CFTR function.
Plain X-rays, CT imaging and MRI views of the sinuses can
show opacification and the presence of polyps. Normal
sinuses on imaging are very unusual in CF.

PANCREATIC FUNCTION TESTING

Pancreatic insufficiency is usually clinically evident but fur-
ther testing can be helpful in selected cases. Previously, pan-
creatic function testing required sophisticated technology
with invasive sampling techniques and stimulation proto-
cols. As an alternative, prolonged timed stool collections for
fecal fat analysis have been suggested but remain unpopular
with patients and laboratories. Recently, a simple test for
quantification of fecal elastase 1 in a single small stool sam-
ple has shown considerable sensitivity and reliability and is
not contaminated by exogenous enzyme administration
[45,46]. It is likely that this test of pancreatic function will
prove useful in the evaluation of borderline or equivocal
cases. Caution is required in the interpretation of early stool
samples especially in the premature infant or newborn within
the first few days of life [47].

MICROBIOLOGICAL CULTURE

The culture of sputum, bronchoalveolar lavage fluid, oropha-
ryngeal swabs or sinus aspirates for known CF pathogens can
be important. If a child with ‘idiopathic’ bronchiectasis is
found to be infected with typical CF pathogens such as
Staphylococcus aureus or mucoid Pseudomonas aeruginosa,
then re-evaluation of the possibility of a CF diagnosis is nec-
essary. Infection with P. aeruginosa is highly associated with
the presence of two deleterious CFTR mutations if the entire
gene is sequenced, especially where there is elevation of sweat
chloride [43].

SEMEN ANALYSIS

The seminal vesicles would appear to be acutely sensitive 
to lower levels of functioning CFTR and obstructive
azoospermia is found in 98–99% of affected males [48,49].
In many atypical CF cases with minimal lung or pancreatic
involvement, azoospermia may be the presenting feature
[50,51]. Semen analysis should be considered in post-
pubertal males. Ultrasound assessment for the bilateral
absence of the vas deferens is possible in younger 
boys [52].



106 Diagnosis of cystic fibrosis

LUNG FUNCTION TESTING

Standard spirometry may be too insensitive to pick up the
subtle alterations in lung function. Early changes would
appear to affect the smallest airways first and lung function
assessments should consider measurements that target these
small airway changes. Newer technologies such as the mul-
tiple breath washout technique show promise [53,54].

Further assessment of CFTR dysfunction by
potential difference testing

The transport of charged ions such as sodium and chloride
across an epithelial surface such as that lining the entire
respiratory tract (including the sinuses and the nose) gen-
erates a transepithelial potential difference (PD). This PD
can be measured by placing an exploring electrode on the
surface of the respiratory epithelium (most commonly on
the floor of the nose or against the inferior turbinate) and

a reference electrode into the subcutaneous tissue of the
forearm or over an area of abraded skin [55]. The abnor-
malities of ion transport in CF produce a number of differ-
ences in PD measurements when compared to normal
nasal mucosal measurements. Specifically, in CF: (a) there
is a more negative basal PD in keeping with enhanced
sodium ion transport; (b) a greater change in PD (less neg-
ative) occurs after the application of amiloride to the nasal
epithelium; and (c) there is little or no response to perfu-
sion of the mucosa with a chloride-free solution. A typical
result for CF and normal nasal PD is shown in Fig. 7.4. A
raised (more negative) PD is strong evidence for the diagno-
sis of CF and the presence of a large response to chloride-free
perfusion is strong evidence against CF.

The technological considerations have been addressed
in detail and require well-defined protocols and standard-
ized procedures [56–58]. The test is technically difficult 
to perform and requires considerable cooperation from
the subject and careful placement of the nasal electrode.
Perfusion rate, the duration of the perfusion and the tem-
perature of the solutions are all important variables. Results
may be difficult to interpret in the presence of allergic or
infectious rhinitis and nasal polyps. Adaptations of the
technique have allowed measurements in newborns while
asleep using an extremely low flow rate [59].

In general, for diagnostic dilemmas, nasal PDs are often
also equivocal and indeterminate [60]. A relationship
between PD and lung disease severity has been proposed
[61]. Recently work has been published on the use of PD
measurements in rectal biopsy specimens either in vivo or
on biopsy specimens. This technology is not yet widely
available [62,63].
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The challenge of screening newborn infants for
cystic fibrosis

KEVIN W. SOUTHERN

INTRODUCTION

Screening newborn infants for cystic fibrosis (CF) provides
two opportunities: (a) to prevent the long and sometimes
traumatic journey to a diagnosis [1–3], and (b) to provide
information for parents to enable them to make informed
choices about future pregnancies [4,5]. Whether screening
improves the clinical outcome for a child with CF is less
clear [6–9]. The pathogenesis of CF lung disease suggests
this is an ideal condition to benefit from the introduction
of early proactive treatment [10], but two randomized
controlled trials of newborn screening (NBS) have not
shown clear long-term benefit for clinical outcomes [6,11].
In fact one study reports worse chest radiograph appear-
ances in screened infants associated with earlier acquisition
of Pseudomonas aeruginosa [7]. In addition, the process of
NBS can cause anxiety through recognition of carriers and
distress from poor handling of the result [8,12,13]. It is
imperative, therefore, that NBS programs for CF are run
efficiently with a view to minimizing unnecessary negative
outcomes. Strategies to reduce negative outcomes will be
discussed in this chapter.

Expectations have changed with regard to long-term sur-
vival and quality of life for people with CF [14]. Factors,
such as the relationship between early nutritional well-being
and cognitive function, are increasingly pertinent [15,16].
The argument for NBS for CF must be examined with a view
to the changing outlook for infants born with CF.

THE EVIDENCE BASE FOR NEWBORN
SCREENING

Randomized controlled trials

In 1985, two randomized controlled trials were commenced
to examine the impact of newborn screening on clinical 

outcomes in children with CF. The first study screened
infants across a large region of the UK on an alternate week
basis [6]. Fifty-eight children were diagnosed with CF fol-
lowing screening. At 4 years of age they did not demonstrate
significant differences in clinical outcomes compared to 44
children diagnosed following a clinical presentation (includ-
ing nine who were missed by screening). The number of
non-screened children diagnosed with CF was significantly
lower than those recognized by screening and raises the
question of incomplete case recognition (i.e. cases of CF
remain unrecognized). In addition, screened infants who
were not recognized to have CF (false negatives) until they
presented clinically were analyzed as part of the non-
screened group, making this a study of early versus late diag-
nosis rather than the screening intervention (this type of
analysis should, however, bias in favor of screening). Four
children in the non-screened cohort died from complica-
tions of CF compared to none in the screened cohort [6].
Further analysis, after ten years, confirms this to be a statis-
tically significant difference – although the authors express
caution in interpreting this result given the small numbers
involved, and the fact that two of these children were diag-
nosed before 8 weeks (the median age of diagnosis of the
screened infants) suggesting that NBS may not have altered
the course of their disease [17].

The second study was based in Wisconsin, USA, and
involved screening infants on an alternate basis (with
results from the control samples stored until the children
were 4 years of age) [11]. Screened infants were diagnosed
at a mean age of 12 weeks. This is later than most NBS pro-
grams report (possibly as responsibility for organizing the
sweat test was with the parents), but significantly earlier
than with non-screened infants (mean 72 weeks). Screened
infants had significantly better nutritional parameters at
diagnosis, which were maintained over the first 4 years [11].
This is considered the most compelling argument for NBS,
particularly in view of the close relationship between 
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vitamin E level at diagnosis and subsequent cognitive func-
tion [16]. However, this study did not demonstrate advan-
tage regarding cognitive function in the screened group [15].

A number of publications have resulted from the
Wisconsin NBS project (Table 8.1) and these have pro-
vided much information on NBS as well as the natural his-
tory of CF in the early years of childhood. Of concern has
been the increased incidence of Pseudomonas aeruginosa
lung infection in the screened infants with a trend towards
worsening chest radiograph appearances [7]. It has been
suggested that this may relate to a relative lack of patient
segregation in one of the Wisconsin CF centers. However,
taken overall, the children in this study have good respira-
tory function and there is no difference in forced expiratory

volume in one second (FEV1) between the screened and
non-screened children [7,18].

Evidence from other studies

A number of groups have compared clinical outcomes in
children who were screened with historical controls prior
to screening [19]. Researchers from New South Wales in
Australia have presented sequential data on a cohort of
screened and non-screened children [20,21]. In the most
recent review (at 15 years of age), the screened children
had significantly improved respiratory function and chest
radiograph scores, although there was no difference in

Table 8.1 Publications resulting from the Wisconsin newborn screening project.

Year Journal First author Primary outcome Result Comment

1992 J Dev Behav Tluczek Parental concern Most, but not all,  relieved Not to contact by telephone
Pediatr following false by negative sweat test and follow up results

positive result

1997 Pediatrics Farrell Acquisition of PA NSD between Sc and Center affect with increased
non-Sc acquisition in urban area

1997 [11] N Engl J Med Farrell Height, weight and Higher at diagnosis in Sc Screening significantly
head circumference reduced the odds of being

below 10th centile for weight
or height

1998 [62] Pediatrics Mischler Reproductive behavior No impact from screening Misconceptions about
increased risks

2001 Pediatrics Farrell Nutritional status Results remain significant Unblinding and complete
in favor of screening identification of non-Sc

children

2003 [7] Am J Respir Crit Farrell Chest radiograph Significantly better at Associated with earlier
Care Med appearances diagnosis in Sc, but then acquisition of PA. No 

worse in Sc children at difference in RFTs
10 years

2004 [15] Pediatrics Koscik Cognitive function NSD between Sc and Children with lower vitamin E
non-Sc levels at diagnosis had poorer

cognitive function

2005 [13] Pediatrics Tluczek Psychosocial risk Significantly higher Linked with knowledge of
associated with scores on depression CF and promptness of ST
sweat test scale during wait for ST

2005 [16] J Pediatr Koscik Cognitive function NSD between Sc and Results maybe affected  
non-Sc. Positive correlation by increased number of 
between vitamin E level at pancreatic-sufficient 
diagnosis and cognitive patients in non-Sc group
function

2005 J Pediatr Koscik Quality of life (QoL)  NSD in QoL between Sc Child Health Questionnaire 
as assessed by Child and non-SC children probably not appropriate tool
Health Questionnaire

PA, Pseudomonas aeruginosa; NSD, no significant difference; Sc, screened; RFTs, respiratory function tests; ST, sweat test.
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nutritional status [21]. Data from this type of study are
helpful, but need to be assessed with caution as the outlook
for CF has improved over time, and this will potentially
impact on these results.

Evidence from population databases

Population databases provide a tool to evaluate outcomes
in CF and will become increasingly important in determin-
ing the impact of interventions. Researchers examined the
UK CF database and identified 184 screened children [22].
These children had greater median-height z-scores, impro-
ved chest radiograph appearance and lower rates of 
P. aeruginosa lung infection compared to 950 matched
controls. The data on Pseudomonas acquisition are partic-
ularly reassuring in view of the Wisconsin report [7]. This
group went on to demonstrate a reduced treatment burden
for families of screened children with significantly fewer
courses of intravenous antibiotics [23].

In the United States, two databases, the Cystic Fibrosis
Foundation (CFF) National Registry and the Epidemiolog-
ical Study of CF (ESCF, with a commercial sponsor), have
been examined in well-designed observational studies
[24–27]. Rosenfeld [28] in a recent review of this work
concludes that these studies support a clear association
between early nutritional well-being and long-term respi-
ratory function and survival. Though not a direct examina-
tion of NBS, these studies and others examining early
asymptomatic diagnosis provide support to the ethos of CF
newborn screening [29]. It is clear that as CF NBS becomes
widely established, large cohort studies will have an impor-
tant role in determining the effectiveness of these pro-
grams, and it is essential that screened infants have the
opportunity to be part of such a registry or database.

HOW TO SCREEN FOR CYSTIC FIBROSIS

In the 1970s, researchers from New Zealand identified that
infants with CF had a significantly raised immunoreactive
trypsinogen (IRT) in their blood in the first week of life
[30]. Measurement of IRT can be undertaken on a blood
spot card, which enables CF screening to dovetail with
established NBS programs for phenylketonuria and con-
genital hypothyroidism [30]. A raised IRT in the first week
of life is a sensitive test for CF, but is not specific [31]. It
would not be feasible to sweat test all infants identified at
this point; the amount of anxiety generated would be dis-
proportionate and the logistics impractical. A second IRT
measurement at 4 weeks of age is more specific as there is a
natural decline in IRT [32]. Consequently a two-tier (IRT/
IRT) system was implemented by many screening centers
across the world with varied success [6,33–35]. A number
of NBS programs began to incorporate recognition of the
commonest CF mutation (F508del) in the second tier of
their NBS programs (in order to improve specificity and

reduce the time to diagnosis in those infants with two
�F508 mutations) [36–38]. Other CFTR mutations occur
at significant frequency in populations and have subse-
quently been included in most programs. A number of
reports have suggested that incorporating gene analysis into
the screening program has improved performance [39],
but there are no randomized controlled trials comparing
IRT/IRT versus IRT/DNA [40]. A consequence of employ-
ing DNA testing in the second tier is the recognition of car-
riers. Families in this position require counselling as to the
implications for them and the child [41]. In addition, as
there are over 1000 mutations of the CFTR gene, the possi-
bility that the child has a second unrecognized mutation
needs to be addressed and CF excluded. This is discussed in
the next section on reducing harm.

Researchers in France have proposed measuring the
concentration of pancreatitis-associated protein (PAP),
which is raised in the blood of CF infants [42,43]. They
measured PAP from samples obtained through the French
NBS program in CF infants with raised IRT. They suggest
cut-offs for IRT and PAP that would provide the necessary
sensitivity and specificity to avoid DNA analysis (and sub-
sequent carrier recognition); however, there are insuffi-
cient population data to draw these conclusions at present
and certainly no data to suggest that PAP is a better initial
screen than IRT. A number of other potential screening
tests have been described (Table 8.2), but at present IRT
measurement in the first week of life remains the first part
of all screening programs around the world [44].

AVOIDING HARM FROM NEWBORN
SCREENING

There is now an evidence base to support newborn screen-
ing for CF. Previously NBS programs have generally been
established on a regional basis, relying on enthusiastic sup-
port from a team or individual. Pioneers of CF NBS are
often passionate in their advocacy. However, there is poten-
tial for incurring significant harm from a CF NBS program.
Four main areas of potential harm will be considered in this
section. Table 8.3 summarizes strategies to reduce potential
harm.

The sweat test

Sweat testing an infant identified through the NBS pro-
gram is a time of acute and extreme anxiety for parents and
other family members [13,45]. Two straightforward ways
of reducing stress are to ensure that the test is performed
promptly (preferably the day after the parents have received
the preliminary screening result) and that the result is
available the same day. Although straightforward on paper,
in practical terms the logistics can be extremely challeng-
ing, particularly in geographically widespread regions.
Sweat tests need to be undertaken in centers with adequate
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experience and where the families can be counselled after
the test [46–49].

It has been suggested that a sweat test is unnecessary in
infants in whom two CFTR mutations are recognized, but
there is a strong argument for physiological confirmation
of this molecular result. In addition, undertaking the sweat
test may have some benefit from a psychological perspec-
tive in providing the parents with confirmatory evidence of
the diagnosis. In the UK National Programme (due to be
implemented in 2006), it was agreed that the family would
be approached by their community nurse (who should be
familiar to them), supported by a CF Nurse Specialist if
necessary. A sweat test will have already been arranged for
the following day. An information sheet is given to the
family that evening explaining the screening process and
how the sweat test will be undertaken. The aim is not to
overwhelm the family with information at this stage.

Approved websites are highlighted should they wish to
search for further information.

Another strategy to reduce the number of infants who
require sweat testing is to reduce the level of IRT that
prompts second-level testing. For example, if infants with
the top 5% of IRT levels are taken forward to the second
tier of testing more will require a sweat test than if the cut-
off is placed at the top 0.5%. Measuring immunoreactive
trypsinogen from blood spot cards is not straightforward.
A good-quality blood spot sample is required and, at pres-
ent, no quality control product is available to verify the
accuracy of the IRT assay [50]. It is important that regions
review their IRT results regularly and adjust their cut-offs
accordingly to avoid unnecessary referrals for sweat testing
or a reduction in the sensitivity of the program. Generally,
the level of referral to the second tier is set above the 99.5th
centile for results in that laboratory.

Table 8.2 Screening tests for CF.

Test Sensitivitya Specificitya Comments

Echogenic bowel on antenatal ultrasound Not known Poor An increasing issue as ultrasonography improves
technically

Immunoreactive trypsinogen (week 1 of life) Excellent Poor The universal ‘first step’ in CF NBS programs
Immunoreactive trypsinogen (weeks 3–4) Less good Better More specific but may miss some index cases
Pancreatitis-associated protein Excellent Not known More information needed to assess potential
Stool meconium albumin (increased albumin in CF) Reasonable Poor Not adequate for stand-alone testing
Stool meconium lactase (increased lactase in CF) Reasonable Good Requires good-quality sample of meconium
DNA analysis (for four commonest CFTR mutations) Good Excellent Recognition of carriers
DNA analysis (for 30 commonest CFTR mutations) Good Excellent Increased carrier recognition with minimal

improvement in sensitivity
a For the purposes of this table, sensitivity is considered the ability of the test to recognize cases of CF and specificity, the ability not to incorrectly identify
non-CF cases. Positive predictive value varies between programs and populations and is not included. Excellent sensitivity and specificity are required to
comply with the principles of the 1968 WHO screening criteria [65]. NBS, newborn screening.

Table 8.3 Strategies to reduce the negative impact of CF NBS.

Strategy Rationale Practicalities

Increase cut-off level set for initial Reduces recognition of carriers and In some areas with a diverse population may 
IRT measurement ST referrals reduce case recognition

Restrict number of CFTR mutations Reduces recognition of carriers and ST May reduce efficiency of second-tier testing to
examined for on initial panel referrals recognize cases (unlikely)

Repeat IRT measurement at 21–28 days Only high-risk cases taken forward to ST, Does not reduce carrier recognition and may 
if only one mutation recognized on initial therefore reduces anxiety associated result in an increase in unrecognized cases
DNA analysis with ST

Engage parents/carers in the process of Enables parents to make informed choices Significant resource implications to primary 
CF NBS about the health welfare of their infant care. Change in culture needed

Ensure a smooth interface between the Reduce anxiety associated with ST. There is no ‘painless’ method of delivering a 
screening result and the family Possibly reduce long-term psychological positive CF NBS result but there are ways of 

distress making the situation much worse

ST, sweat test; NBS, newborn screening.
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A number of CF NBS programs adopt a fail-safe mech-
anism to avoid missing CF infants with no common CFTR
mutation (which might be the case in a child from a non-
Caucasian background). Infants with very high initial IRT
(for example over the 99.9th centile) who do not have a
recognized CFTR mutation are taken through to the sec-
ond tier of testing (further DNA analysis and repeat IRT).
However, recent data reported from Victoria, Australia,
suggest that this strategy does not result in a significant
increase in case recognition in their population, regardless
of how high the IRT threshold is set [51].

Identification of carriers

Any NBS program that incorporates DNA analysis will rec-
ognize carriers. Advances in molecular genetics mean that
DNA panels will become available to examine for increas-
ing numbers of CFTR mutations. The temptation is to
incorporate a panel with as many mutations as possible.
However, data suggest that the benefits from case recogni-
tion are soon outweighed by the negative impact of increased
carrier recognition [40,52]. For example, increasing the
number of mutations from one to four may increase recog-
nition of cases from 87% to 95% (numbers will vary depend-
ing on the population). A panel for 30 mutations may
increase recognition of cases only to 96%, but would sig-
nificantly increase the number of carriers recognized.
Increasing the panel to 100 or even a 1000 would have neg-
ligible impact on case recognition but would again increase
carrier recognition. That carriers probably have higher IRT
levels in the first week of life will exacerbate the problem
(more than expected are recognized by the NBS program)
[36,53,54]. In the UK, the screening program center has
moved to a four-mutation panel as the initial screen for
infants with a raised IRT. Infants with one mutation recog-
nized will have this result confirmed by a further panel that
incorporates a larger number of mutations (29 or 30 depend-
ing on local population).

Although carrier recognition is generally considered
something that should be avoided, the counter argument is
that this information empowers couples to make informed
reproductive decisions [55]. In a study in New York, parents
of carriers were randomized to receive standard information
or special counselling. Only a small number participated but
significantly more in the ‘special’ group opted for further
genetic testing [56]. In time the general population may be
more inclined to know their carrier status, but at present the
evidence does not suggest this is the case [57].

Infants in whom one mutation is recognized will
require a further test to exclude CF. Generally this is a
sweat test, but in the UK a second IRT is being undertaken
at between 21 and 28 days of life. At this point the IRT is a
more specific test and only those infants with a raised sec-
ond IRT are referred for sweat testing and clinical assess-
ment [58]. Parents of infants with a low second IRT require
information regarding the carrier status of their infant, the

implications for them and their family, and the fact that CF
has not been excluded in their infant. This information sheet
is available at the NBS Programme Centre website (www.
ich.ucl.ac.uk/newborn/). By adopting the policy of under-
taking a second IRT on children with one recognized muta-
tion, the number of sweat tests and accompanying anxiety
needed is reduced. However, some monitoring of how suc-
cessful this protocol is in reducing anxiety will be needed.

Identification of non-paternity

Newborn screening programs that incorporate DNA will
result in the occasional recognition of a gene abnormality
in the infant that does not belong to either putative parent.
For this reason, it is important that parents be engaged in
the whole process of screening and understand the impli-
cations [59,60]. It has been highlighted in the screening 
literature that simply signing a card does not mean that
parents appreciate the complexities of the process [8]. In
the UK, parents are offered the choice of opting out of the
CF NBS program.

Long-term psychological morbidity from 
the result

There are a lack of data regarding the long-term psycho-
logical morbidity from newborn screening and this is an
area that requires study. There is some evidence to suggest
that parents of infants in whom a diagnosis is excluded may
have long-term anxieties and misunderstanding regarding
the result [41,45,61]. This may have a negative impact on
their relationship with their child. Cascade screening (in
which a family gains information on carrier status through
an index case) may have a positive impact on reproductive
decisions, but this can also be a cause of family tensions
with blame and denial [55]. The services of clinical genet-
ics in providing clear and empathetic counselling are
imperative. Finally the impact of the screening process on
the family of a child recognized to have CF needs to be con-
sidered [1,13,62]. Although the family may be grateful for
the opportunity of early intervention, they are now faced
with the realization that their child has a life-long and
potentially life-shortening condition. CF teams and carers
need to be aware of the needs of these families who will be
faced with the psychological tension of waiting for things
to happen. It is important that these families be provided
with a clear pathway and support [63,64].

SUMMARY

There are good reasons to screen newborn infants for CF.
In the current climate of improving outlook, it seems
incongruous to delay a diagnosis with the negative impact
on nutritional status and stress for families. However, there
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is no perfect screening test for CF; and although relatively
straightforward, there are a number of inherent complexi-
ties in CF NBS. It is important that all possible measures be
taken to avoid negative outcomes and that parents/carers
be engaged in the process. A screening program for CF
requires clear and efficient pathways between numerous
disciplines. In addition there must be a smooth interface
between the screening result and the family. The challenges
are not insurmountable and the risk–benefit balance is now
leaning well towards screening infants for cystic fibrosis.
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8b
How to manage the screened patient

PHILIP ROBINSON

INTRODUCTION

Prior to the introduction of newborn screening for cystic
fibrosis (CF) many families had spent considerable time
and effort in accessing medical services seeking explana-
tions for a myriad of symptoms which were often dismissed
as infant colic, food allergies, wind, irritability, inexperi-
enced parenting skills and other non-issues. The eventual
diagnosis of CF in these families was often associated with
feelings of great anger, and also justification on behalf of the
parents that their concern over their infant’s health had in
fact been warranted.

In contrast, the diagnosis of CF by newborn screening
may result in medical services contacting a family who
have recently experienced the joy of welcoming a new child
into their family with the news of the presence of a still
often clinically silent, incurable and life-limiting condition.
The method in which such a diagnosis is presented to the
parents and family members in this setting is very impor-
tant in determining how the family will cope over the sensi-
tive next few months after diagnosis. In addition, as the
family comes to terms with new treatments and aspects of
their child’s future that may well have been inconceivable
or at least irrelevant prior to the diagnosis, the support
from a well-trained and informed treatment team is vital.

All major pediatric CF treatment centers will spend
considerable time planning not only how to introduce a
diagnosis of CF to a new family but how to follow-up that
diagnosis with education and support. At the Royal
Children’s Hospital in Melbourne, Australia, the CF unit
supervises the care of approximately 340 children aged
under 18 years with CF. A newly diagnosed education and
support program was developed within the unit soon after
the introduction of newborn screening for CF in the state
of Victoria in April 1989. This program is outlined in general
below. While other centers will have their own program,

most will be similar in aiming to support and educate fam-
ilies with up-to-date and relevant material.

Inherent in this program is the understanding that the
optimal treatment for a newly diagnosed infant with CF is
provided by an experienced, multidisciplinary treatment
team based at a major pediatric treatment center. This team,
as a minimum, should involve a physician with experience
in treating children with CF and with experience in at least
both the gastroenterological and respiratory manifestations
of CF. In addition, the team should include a trained pedi-
atric physiotherapist, dietitian and clinic nurse, as well as a
social worker or psychologist and genetic counsellor.

Life expectancy for children diagnosed by newborn
screening is into the fifth decade. The way in which the diag-
nosis of CF is introduced to a family with an infant only sev-
eral weeks old will set the scene for many years to come
as to the acceptance of theories and suggestions from, and
relationships between, the pediatric treatment team, the
future adult treatment team, as well as between parents, sib-
lings and infants. This education program therefore requires
detailed planning to ensure a well-educated and empow-
ered family.

DIAGNOSIS: INITIAL CONTACT

Once a newly diagnosed patient has been identified by the
newborn screening laboratory, either as a result of an iden-
tified homozygous genotype or a positive sweat test in a
compound heterozygote, a trained genetic counsellor will
liaise with staff in the CF clinic about the new case. The
decision is then made as to who will contact the family in
the first instance, to raise the diagnosis and invite atten-
dance at a meeting with the CF team, ideally for the follow-
ing day. If, from the details provided with the newborn
screening sample, an already involved medical officer such
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as a family doctor or consultant obstetrician is identified,
the genetic counsellor may decide to approach those med-
ical personnel to enquire whether they would be willing to
pass on to the family the initial diagnosis. While this often
means that the family is first approached by someone they
are familiar with, and may trust, it is even more important
that the first person to raise the diagnosis of CF made by
newborn screening is well educated on current CF treatment
and prognosis. The recent Victorian Government-initiated
review of cystic fibrosis services in the state of Victoria
(2001) highlighted that, in the state of Victoria (drainage
population approximately 5 million persons, 65 000 live
births per annum), one family doctor in ten would see one
person with CF in his or her lifetime. These figures raise the
possibility that a person, perhaps experienced with the
family but inexperienced in the latest up-to-date informa-
tion on CF, will be the first person to discuss CF with the
family. For this reason preference is given for an experi-
enced and well-trained genetic counsellor to first approach
the family by phone and suggest follow-up with the CF
treatment team the following day. If geographical issues
permit a home visit from a hospital-based CF clinical nurse
consultant in association with a local doctor the family is
already familiar with, this may be an alternative way to
introduce the diagnosis.

Once the diagnosis of cystic fibrosis has been presented
to the family it is important to try to minimize the time
before a face-to-face discussion occurs between members
of the CF treatment team and the family. This will reduce
the amount of disinformation that can be gained by fami-
lies from out-of-date or misleading sources, such as med-
ical information books in the local library, or the Internet.
One of the most powerful tools that patients and families
can access for education and support about CF is the
Internet, but the many excellent and helpful websites pro-
viding this service are indistinguishable to the inexperi-
enced from dangerous and misleading sites.

DIAGNOSIS: INITIAL DIAGNOSIS INTERVIEW

Experience would suggest that parents do not retain much
of the information provided during this initial interview, as
it is understandably a very stressful time [66]. Recognition
of this stress means that staff involved in this initial inter-
view should be prepared to go over information several
times and should also provide only relevant basics at the
first meeting. The treating physician and clinic coordinator
or nurse are ideally the two staff members who should be
involved in this first interview. It is important that parental
education levels, prior parenting experience and cultural
issues be taken into account by the CF team when planning
how to initially explain the diagnosis of CF. The same fac-
tors must also be taken into account when constructing the
time frame for any educational period that may follow. An
explanation of the basics of genetic inheritance is impor-
tant to include at this early stage, stressing that no ‘blame’

should be directed at one parent compared to another. In
addition, it is important to outline that CF does not occur
as a result of any risk-taking behavior or other lifestyle
issues. Smoking, alcohol intake or recreational drug usage
during or before pregnancy is not related to the birth of a
child with CF, but have all been used at times by families to
try to blame the occurrence of CF on partners or them-
selves. The basic pathophysiology of CF with general details
regarding respiratory and gastrointestinal involvement
should also be provided at this first meeting.

At the initial diagnosis interview families should be
invited to attend an educational period over several days to
meet all members of the CF treatment team. During this
period, members of the treatment team provide education
to the family on current and planned therapies, as well as
assess the individual child for the presence of any clinical
manifestation of CF – including cough, wheeze, steattorhea,
failure to thrive and salt depletion. The outline of one such
education week plan is set out in Table 8.4.

While this education period serves mainly to educate
and empower family members, it allows medical staff to
recognize early clinical manifestation of CF and to initiate
appropriate therapy. Many pediatric hospitals have resi-
dential facilities for families (so-called ‘care-by-parent
units’), which are ideal places for families to reside in dur-
ing the education week. As the newly diagnosed infant is
rarely acutely unwell, and is often clinically asymptomatic,
it is unnecessary for the child to be admitted to an acute bed
of the hospital. However, using a residential facility attached
to the hospital means that, between consultations with mem-
bers of the CF team, the parents and related siblings can
have quiet time to allow the new infant to feed and rest in
quiet surroundings. We have found this to be a valuable
resource by removing the family from distractions at home
such as work, enquiring friends, etc., and it allows the fam-
ily to concentrate on learning about CF in general and the
therapies required. In a recent review of our education pro-
gram, the residential basis for the education week was
appreciated even by families who were in close geographical
proximity to the hospital [67]. Of the 15 families inter-
viewed as part of this review, 89% reported that not having
to travel was a significant advantage.

The usual time between the first diagnostic interview
and the commencement of the education week should be
as short as possible for reasons outlined above. It is certain,
however, that no matter how short this time period most
families will attempt to access additional information regard-
ing CF. In an attempt to provide up-to-date and accurate
information on CF, a kit of educational material should be
provided to the family at the first interview when the diag-
nosis is raised. In our clinic, families are given an education
kit consisting of a set of booklets developed both within our
own unit and from international CF support agencies. They
discuss the basics of cystic fibrosis and its treatment, with
particular emphasis on issues surrounding diagnosis and
infancy. In addition, a DVD/video developed by our unit
discusses the basics of CF. We have found this education
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pack to be invaluable in helping inform and educate other
family members who did not attend the initial interview.

EDUCATION WEEK

There are two main aims to the education week. First, the
family of the child needs to be educated about various
aspects of the pathophysiology of CF, as well as the various
therapies used. In addition, the medical team will need to
spend time with the child and the family in assessing 
the specific CF phenotype that the child currently mani-
fests. During the week, each member of the care team will

introduce himself or herself and explain his/her role in CF
treatments, and then spend time describing specifics of
both pathophysiology and treatments in their relevant area
of expertise. In addition, each member will assess the infant
for the need for such therapies.

TEAM MEMBER ROLES

The physician

In discussing the diagnosis of CF with parents an impor-
tant balance between over-supply of information and

Table 8.4 Outline of roles that various members of the CF care team play in the educational week for families of infants diagnosed by
newborn screening, as used at the Royal Children’s Hospital Melbourne, Australia.

Day 1 Physician Answer questions from initial discussion. Query presence of any symptoms including diarrhea, abdominal
discomfort, cough

Counsellor Provide program for week with appointment times and locations. Orient family to hospital
Dietician Assess nutritional status. Organize tests of pancreatic function (usually random stool or 3-day fecal fat analysis)
Physiotherapist Detailed respiratory assessment. Discuss role of physiotherapy and describe and demonstrate infant

physiotherapy techniques. Teach the signs and symptoms of a respiratory exacerbation

Day 2 Counsellor Discuss grief, coping and adjustment. Reinforce that the infant with CF is well, stress importance of normal
parenting. Discuss marital and family dynamics including sibling relationships. Arrange CXR, blood tests

Dietician Review results of screening tests for fat absorption and commence pancreatic enzyme therapy if indicated.
Educate on principles of pancreatic enzyme replacement dosing and administration

Physiotherapist Demonstrate and teach modified drainage and percussion techniques. Discuss physiotherapy in the home
setting including timing with feeds, involvement of siblings and back care for carers

Day 3 Physician Meet with family to answer questions. Discuss cross-infection issues. Offer meetings with grandparents and
other family members. Contact local family doctor to discuss ongoing center-based care

Counsellor Discuss community-based resources. Contact maternal and child health nurse and send out information
package

Dietician Discuss vitamin and salt replacement. Assess efficiency of supplement enzyme therapy clinically and with
random stool test

Physiotherapist Review parents’ techniques and discuss importance of exercise in future development

Day 4 Physician If required meet with other family members including grandparents. Discuss genetic basis of disease and
reassure that is not a lifestyle choice condition

Counsellor Introduce CF community team – nurse and physiotherapist
Dietician Review end of 3-day fecal fat results, if performed, and commence therapy if required or, if enzyme therapy

commenced, assess weight gain and feeding pattern for evidence of improved absorption. Discuss basis for
high-energy high-fat diet

Physiotherapist Review and refine parents’ techniques
Genetic counsellor Revisit genetic basis of disease and arrange for blood testing of parents for genotype analysis. Discuss

antenatal testing
Community CF Introduce themselves to family and discuss role of community-based team. Set up first appointment for 
team 1–2 weeks post-discharge

Day 5 Physician Review outstanding issues. Discuss results of chest x-ray. Provide discharge medication. Reinforce concept of
center-based care and encourage them to access team members at any time for information and advice.
Contact local health providers including family doctor and primary pediatrician

Counsellor Arrange clinic appointment for 2–3 weeks. Advise importance of cohorting in clinics and attention to
attending on correct outpatient day

Other team As required, or requested by parents
members
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missing important facts is essential. In the first interview
during the education week any questions that have arisen
since the initial diagnosis interview can be answered. These
questions may stem from information that was unclear from
the educational material provided, or arise from questions
raised by family members or other sources of information
such as the Internet.

It is often necessary to set out early what is planned to be
achieved in the education week. Parents will often, at this
early stage, be keen to hear about research and discuss vari-
ous ‘cures’ that they may have heard about or hope exist. By
setting out that the education week is simply to inform par-
ents about CF and its various therapies, the parents can be
directed to make the best use of the time during the week.

An open approach is vitally important at this early 
stage and willingness to answer any queries raised helps
develop trust and faith in the treating team. It is important
to try to keep the parents focused on issues relevant to 
their own child and the recent diagnosis of CF – the rele-
vant therapies and plans for follow-up. Subjects such as
research that may have been conducted on the Internet
should be recognized but not allowed to become the focus
of the discussions. Subsequent meetings with parents dur-
ing the week allow additional time to raise specific points
such as cross-infection issues, and cohorting, if such prac-
tices are employed at the particular clinic. The offer to
speak to other family members in a group is often wel-
comed by grandparents or family members who are also of
reproductive age. To ensure that there is a common level of
understanding through all family members, such discus-
sions with extended family members are generally best
done with the immediate family, particularly mother and
father, present. At the end interview on day 5 the opportu-
nity for the parents to ask questions is again raised and
there is discussion regarding the importance of regular
contact and follow-up.

While in many situations few or no respiratory symp-
toms or signs will be yet evident, respiratory assessment at
this stage generally involves an assessment of lower airway
pathogens and the commencement of anti-staphylococcal
therapy – which is generally continued for the first 12
months of life. Our unit’s previous work on lower respira-
tory infections and inflammation in the newly diagnosed
screened group showed that there was a much higher level
of lower airway bacterial infection than expected. In a
group of 45 newly diagnosed infants (32 by newborn
screening) who had a bronchoalveolar lavage at a mean age
of 2.6 months, 15 bacterial infections were diagnosed, 14
of which involved Staphylococcus aureus [68].

The clinic coordinator or clinic nurse

Many centers have different roles for their clinical coordi-
nator, who often have differing levels and types of training,
ranging from trained nurse to social worker to academic
psychologist. The role and extent of involvement in actual

education about CF will depend on the specific training of
the coordinator, but the major role will be one of support
and advice for the family, as well as serving as the coordi-
nator of the education week as a whole.

Counselling parents about the expected stresses and
various emotions is an important role of the clinic coordi-
nator. While possibly not having formal psychological or
counselling training, an experienced CF coordinator should
be able to discuss issues with parents and refer to more for-
mal services if this is considered necessary.

The dietitian

While over 90% of adults and adolescents with CF have clin-
ically apparent pancreatic insufficiency requiring supple-
mental pancreatic enzyme therapy, some infants diagnosed
on newborn screening may have sufficient residual pancre-
atic exocrine function to have acceptable fat absorption at the
time of diagnosis. Waters and co-workers [69], in their
review of the New South Wales screening program, found
that of 78 patients diagnosed over a 7-year period, 49 (63%)
were clinically pancreatic-insufficient at diagnosis. Of the
remaining 29 (37%), a further six (8%) developed pancreatic
sufficiency over the following 4 years. Pancreatic insuffi-
ciency may already be clinically evident as diarrhea, abdomi-
nal cramping, irritability and failure to gain weight; if a
screening test such a random fecal fat microscopy analysis
confirms the presence of abnormal levels of fat globules, pan-
creatic enzyme therapy can be started immediately. In such
cases, by the end of the education week, similar repeat tests
can confirm the correction of steatorrhea and improvement
of clinical symptoms of malabsorption. The dietitian will 
also spend time discussing the basics of the high-energy diet
and educating parents about enzyme therapy dosing and
administration.

Breast-feeding mothers may worry that the need to
introduce enzyme therapy means that breast-feeding has
to be discontinued. The dietitian can encourage and sup-
port the mother through the first few feedings to try to
ensure that breast-feeding is continued. In situations where
breast-feeding cannot be continued, parents should be
assured that adequate nutrition for the CF infant is achiev-
able using commercially available formulas with pancreatic
enzyme supplementation if required.

Deficiencies of fat-soluble vitamins A, D, E and K have
been demonstrated in pancreatic-insufficient individuals
with CF, including infants diagnosed on newborn screen-
ing programs [70]. In a review of 127 infants diagnosed by
the US CF newborn screening program in Colorado, defi-
ciency of one or more fat-soluble vitamins was present in
44 of 96 patients (46%) at age 4–8 weeks. Vitamin A was
deficient in 29% of cases, vitamin D in 23% and vitamin E
in 23%. During the education week the dietitian should
organize measurement of fat-soluble vitamins and com-
mence therapy as necessary with an appropriate vitamin
supplement.
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The physiotherapist

Education, assessment and initiation of airway clearance
and aerosol therapy are the main role of the physiotherapist
during the education week. Discussion with the parents of
the importance of regular airway clearance and how this
can be achieved and adjusted with advancing childhood age
is provided. Commencement of any required aerosol ther-
apy during the education week allows for several sessions to
familiarize both the infant and parents with this treatment.
Information about cross-infection issues and care, and
cleaning of equipment, can also be provided. The spectrum
of future physiotherapy techniques – including the impor-
tance of regular exercise – is also raised at this early stage.
Modified postural drainage techniques are introduced, and
parents are encouraged to continue this for 20 minutes a
day after discharge from the education week. This permits
continued reinforcement of the technique to both the
infant and parents. There is little evidence-based research
available on the need for physiotherapy at this early stage.

The genetic counsellor

It is important for the genetic counsellor to be available in
the education week to answer queries about the inherited
basis for CF. Family members of child-bearing age may
particularly wish to discuss the ramifications for, and
options available for, themselves. In cases of compound
heterozygotes diagnosed through follow-up sweat testing,
the genetic counsellor can organize genotyping of parents
to attempt to identify the second gene mutation. Siblings
of newly diagnosed infants are generally recalled for a
sweat test following the diagnosis; the genetic counsellor
can explain why this is desirable, to ensure understanding
of the inherited nature of cystic fibrosis.

The community CF team

Towards the end of the education week, introduction to the
community-based CF team should be made. The team may
include a nurse alone, or a nurse and physiotherapist will dis-
cuss with parents issues regarding CF treatment within the
home and will organize a follow-up visit at home within 1–2
weeks of the end of the education week. It is important that
the community team be introduced in the hospital setting, as
this will reinforce to the family the concept of one CF treat-
ment team across both hospital and community settings.

RESEARCH IN THE EDUCATION WEEK

Several centers initiate research projects in newly diagnosed
patients from screening programs. It is important in this ini-
tial week to concentrate on educating and supporting the
family rather than enrolling them in research programs.
Many families will mistakenly believe that by enrolling in

such research they may ‘cure’ their child, or at least be seen in
a favorable light by the treatment team. Enrolment in
research programs should not be raised until the family has a
good understanding of CF and how it relates to their child. In
addition, once a relationship has been established between the
parents and the treatment team, a more informed and ethical
acceptance, or decline, of involvement can be obtained.

While most centers obtain a standard anteroposterior
chest X-ray of an infant during the educational week, some
centers are increasingly utilizing high-resolution CT scans in
young infants as a way of examining, in detail, any structural
problems that may already be present. This procedure will
usually involve a general anesthetic in order to ensure proper
films are available during expiration where early air trapping
may be evident. While some CT scans can be performed
under sedation or even while the infant is asleep, these will
not provide detailed information on air trapping and thus
will be less helpful. Some centers will also perform infant
lung function measurements on newly diagnosed babies;
however, the information obtained from these studies, as
well as from high-resolution CT scans, is yet to drive clinical
therapy in any direction, and they are mostly seen as research
tools. Some centers are keen to perform bronchoscopic alve-
olar lavage soon after the diagnosis of CF. Given that this
procedure will require a general anesthetic, attempts to
include it as part of the education week should be avoided if
at all possible, to allow the parents to concentrate on learning
about CF and how it clinically affects their child.

Enrolment in research projects should be raised at the
earliest at the follow-up clinic appointment two weeks after
the education week. While it is inappropriate to attempt to
enroll families in research at this early stage, many families
will be reassured to learn that the unit they are now attached
to has an active research program, and a general discussion
of current research, without any offer or inducement to
enrol in such projects will be informative to many families.
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Microbiology of cystic fibrosis: role of the clinical
microbiology laboratory, susceptibility and 
synergy studies and infection control

SAMIYA RAZVI AND LISA SAIMAN

The clinical microbiology laboratory plays an important role
in CF care. Ongoing communication between the clinical
laboratory and the CF care team is critical to provide effective
care, institute appropriate infection control practices and
further an understanding of the epidemiology of pathogens
in CF patients. This chapter will review current recommen-
dations for the processing of CF respiratory tract secretions
by the clinical microbiology laboratory, the preferred meth-
ods of antimicrobial susceptibility testing, the potential role
of synergy testing, infection control for CF, and strategies to
strengthen interactions among the microbiology laboratory,
the CF care team, and the infection control team.

CHANGING EPIDEMIOLOGY OF CF
MICROBIOLOGY

An understanding of the changing epidemiology of 
CF microbiology is essential to justify appropriate, and
often time-consuming and costly, laboratory processing.
Traditional CF pathogens include Haemophilus influenzae,
Staphylococcus aureus and Pseudomonas aeruginosa. Over
the past two decades there has been an increasing under-
standing of the tremendous diversity of potentially emerg-
ing pathogens in CF. These emerging pathogens include
intrinsically multidrug-resistant organisms such as the
genomovars (phenotypically indistinguishable species) of
Burkholderia cepacia complex, Stenotrophomonas mal-
tophilia, Achromobacter xylosoxidans, methicillin-resistant
S. aureus (MRSA), non-tuberculous mycobacteria (NTM),
and moulds such as Aspergillus and Scedosporium spp.
Additional potentially emerging pathogens include
Ralstonia and Pandoraea spp [1].

LABORATORY PROCESSING OF CF
RESPIRATORY TRACT SPECIMENS

Numerous steps are required to ensure appropriate process-
ing of CF respiratory tract specimens. The CF care team
should understand the advantages and disadvantages of var-
ious types of specimen, the types of selective media used and
the need for prolonged incubation to ensure adequate detec-
tion of all potential pathogens. In many countries, quarterly
cultures of the respiratory tract are the current standard of
care for CF as more frequent cultures improve detection of
potential pathogens.

Types and adequacy of respiratory 
tract specimens

The best respiratory specimen for diagnostic testing in CF
patients has traditionally been expectorated sputum. In the
1980s, Thomassen and co-workers [2] showed 100% con-
cordance between sputum cultures and thoracotomy speci-
mens in 17 CF patients. Nearly two decades later, Jung and 
co-workers [3] performed genotyping of P. aeruginosa strains
recovered from sputum versus bronchoalveolar lavage (BAL)
from 38 CF patients and noted that the results of sputum
specimens were concordant with those obtained from
BAL. To optimize results from spontaneously expectorated
sputum, at least 1 mL should be obtained in the early
morning to ensure an adequate volume for plating on
selective media as described below. Gram staining can be
used to determine the adequacy of the specimen. If too
many squamous epithelial cells are noted [
10 cells per
high-powered field (100� magnification)], the sample
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most likely represents saliva and oropharyngeal organisms
rather than sputum. The presence of polymorphonuclear
(PMN) cells implies sputum and an inflammatory process.

In non-expectorating patients, an oropharyngeal (OP)
culture can be obtained as either a deep throat culture or a
cough swab. The technique for obtaining a deep throat cul-
ture is described as swabbing the posterior oropharyngeal
wall and the tonsillar pillars with a cotton-tipped swab
while avoiding contamination by contact with oral mucosa
and saliva [4]. Obtaining a cough swab is described as placing
a cotton-tipped swab stick in the posterior pharynx and
asking the subject to cough while not touching the posterior
pharynx [5,6]. Cough swabs have been found to detect CF
pathogens in non-expectorating children, both asymptom-
atic (18/235 swabs, 8%) and symptomatic (22/87 swabs,
26%). Finally, investigators have also studied the potential
utility of cough plates [7]. The technique for obtaining a
cough plate is described as asking the patient to cough
twice on to a blood agar plate. In a pilot study of 20 expec-
torating subjects, when compared with sputum, cough
plates detected more potential pathogens than cough swabs
(16 vs 7 patients, respectively). In addition, cough plates
were more tolerable to patients than cough swabs. However,
an important limitation of this study is that selective media
were not used.

To assess the concordance of OP cultures with the lower
airway, several studies have compared simultaneous BAL
(considered the ‘gold standard’ for establishing the pres-
ence of lower respiratory tract pathogens) and OP cultures.
Ramsey and co-workers [4] showed that the positive pre-
dictive value of positive OP cultures in non-expectorating
patients was 83%, and 91% for P. aeruginosa and S. aureus,
respectively. However, the negative predictive value of OP
cultures was lower, 70% for P. aeruginosa and 80% for 
S. aureus. Rosenfeld and co-workers [8] pooled results from
three studies performed in 141 children with CF younger
than 5 years of age and showed lower positive (44%) and
similar negative (95%) predictive values. These authors con-
cluded that a negative OP culture could be used to ‘rule out’
lower tract colonization/infection, but that a positive OP cul-
ture did not predict lower tract findings. The different find-
ings in these studies may reflect differences in the patient
populations. Thus, while OP cultures do not always reliably
predict the lower respiratory flora, upper airway cultures 
are currently used for surveillance and to guide treatment,
including early eradication antimicrobial strategies for 
P. aeruginosa.

Despite the widespread use of BAL with documented
safety in the CF population, this procedure is not without
risk. BAL is usually reserved for CF patients who fail to
improve despite empiric treatment, for research protocols,
and for lung transplant recipients. Gutierrez and co-workers
[9] compared sequential BAL samples from the right middle
and lingular lobes and noted that, while inflammatory
indices correlated well with bacterial cell counts in each
lobe, the bacterial distribution varied. Therefore, multiple
sites should be sampled by BAL. Cytology should be used

to assess adequacy of a BAL sample; excessive numbers of
ciliated or squamous epithelial cells (
5%) indicate con-
tamination by bronchial or oropharyngeal material.

In efforts to develop a less invasive and more accurate
method for sampling lower airway secretions, there has been
much recent interest in obtaining sputum or oropharyngeal
cultures following induction with hypertonic saline. Ordonez
and co-workers [10] sought to demonstrate the repro-
ducibility of bacterial burden and the inflammatory mark-
ers interleukin (IL)-8 and IL-6, myeloperoxidase and
neutrophil elastase in induced sputum specimens from 15
stable patients, 6–13 years of age with mild lung disease.
While the measures of inflammation varied from week to
week, the concentrations of bacteria were relatively consis-
tent, although only 7 of the 15 children had an adequate
sample with which to assess potential pathogens. Ho and
co-workers [6] induced sputum sampling in 41 children
(mean age 7.2 years) and concordant results were only
noted for 25 of them. In contrast, one or more additional
pathogens were detected in the induced (n � 12) or pre-
induced (n � 3) specimens and one subject had different
pathogens detected in the two specimens. Overall, man-
agement was altered by induced specimens in 13 patients
(30%). Aitken and co-workers [11] assessed whether the
duration of induced sputum collection would alter the
content of the sample; aliquots taken during 4-minute
intervals were shown to be consistent in clinically stable CF
patients; but after 20 minutes, alveolar sampling occurred.
Thus, sputum induction appears promising, but may not
fully reflect pathogens detected in other types of specimen.
Furthermore, processing induced specimens is complex
and requires extensive training to ensure reliable and repro-
ducible results. Multicenter studies are ongoing to deter-
mine appropriate measures to assess the adequacy of an
induced sputum specimen and to determine the frequency
of successful induction.

Collection and transport

Respiratory tract specimens from CF patients, including
those obtained after lung transplantation, should be clearly
labeled ‘CF specimens’ to ensure appropriate processing 
by the clinical microbiology laboratory. The processing of
CF respiratory tract specimens may be delayed; prolonged
refrigeration and delayed transport can decrease the viability
of micro-organisms. Ideally, specimens should be received
by the laboratory within 3–4 hours of collection or stored
at 4°C and processed within 24 hours.

Specimen processing

Due to the viscosity of CF sputum specimens, quantitative
Gram-stain examination does not correlate with culture
results. Liquefaction and homogenization of sputum sam-
ples have been recommended to ensure accurate detection
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of pathogens. Early studies evaluated the efficacy of dithio-
threitol (DTT) as a mucolytic agent, but more recent work
has suggested that an enzyme mixture comprised of deoxyri-
bonuclease, hyaluronidase and galactosidase may provide
more accurate culture results. Quantitative cultures of CF
sputum are not generally recommended for routine clini-
cal care, but are reserved for research studies.

Selective media

The respiratory tract of CF patients can harbor high con-
centrations of several pathogens. The predominant organ-
ism is usually P. aeruginosa, which is often present in large
numbers (107–109 colony-forming units [CFU] per gram
of sputum) and may be mucoid; such organisms can over-
grow and obscure slower growing, more fastidious organ-
isms such as H. influenzae or B. cepacia complex. In 1968,
Kilbourn reported the first use of selective media for CF
specimens to promote the growth of Gram-negative bacilli
and staphylococci [12]. Processing of CF specimens was then
further refined to include selective agars for P. aeruginosa
(cetrimide), streptococci (blood agar with neomycin and gen-
tamicin), H. influenzae (N-acetyl-D-glucosamine medium,
with anaerobic incubation) and staphylococci (mannitol–salt
agar), particularly for thymidine-deficient strains [13,14].

Perhaps the most dramatic example of the importance
of selective media occurred during the 1980s when patient-
to-patient spread of B. cepacia complex (then called
Pseudomonas cepacia) was initially recognized [15–17].
Studies conducted by the Centers for Disease Control and
Prevention demonstrated that only a minority (�10%) of
laboratories were using selective media for B. cepacia and that
the use of selective media greatly improved the yield of 
B. cepacia [15]. In these landmark studies, 14 of 15 laborato-
ries using selective media correctly recovered and identified

B. cepacia complex compared with only 22 of 100 laborato-
ries not using selective media. Selective media for
Burkholderia include: oxidative fermentative bacitracin
polymyxin B lactose (OFBPL) agar, P. cepacia media, and
Burkholderia cepacia selective agar (BCSA) which has been
reported in some studies to be superior to OFPBL [17].
Prolonged incubation of respiratory specimens from CF
patients is recommended to allow slower-growing organ-
isms, such as B. cepacia complex, to be detected.

There is a recent appreciation of the anaerobic milieu of
the CF lung, particularly within the proposed biofilm that is
thought to be characteristic of chronic P. aeruginosa infec-
tion, with mucoid alginate production and formation of
microcolonies [18]. However, routine anaerobic cultures
are not recommended as these generally have no yield, due
in part to the technical challenges of growing anaerobic bac-
teria. Investigations of the potential role of molecular identi-
fication of anaerobes within CF respiratory tract secretions
using nucleic acid amplification strategies are ongoing.

Current recommendations for the use of selective media
for specific respiratory pathogens are shown in Table 9.1.
All types of respiratory tract specimens from patients with
CF should be plated on selective media. However, the use of
selective culture media is costly and time-consuming.
Studies have documented that the use of selective growth
media for CF specimens varies among laboratories, but
over the past two decades the use of selective media has
become more widespread [15,19]. Most recently, Zhou and
co-workers [20] have demonstrated that the majority of
clinical microbiology laboratories affiliated with CF care
centers in the United States use selective media; of the 150
sites surveyed, 99%, 89% and 82% used selective media for
B. cepacia complex, H. influenzae, and S. aureus, respec-
tively. Examples of the laboratory practices that are assessed
during site visits conducted by the US CF Center directors’
committee are described in Table 9.2.

Table 9.1 Recommended culture media and processing to enhance recovery of CF pathogens from respiratory tract specimens.

Micro-organism Recommended culture media and/or procedures

Pseudomonas aeruginosa and other Pseudomonas spp MacConkey agar
Burkholderia cepacia complex OFPBLa, BCSAb

Staphylococcus aureus (including methicillin-resistant strains) Mannitol–salt agar
Haemophilus influenzae (typeable and non-typeable species) Horse blood or chocolate agar (with bacitracin)
Stenotrophomonas maltophilia MacConkey agar with DNase agar for identification
Alcaligenes xylosoxidans MacConkey agar
Aspergillus spp Sabouraud’s dextrose agar (also grows well, although not selectively, on

OFPBL agar)
Non-tuberculous mycobacteria species NALC–NaOH decontamination step

Lowenstein–Jensen medium
Other Gram-positive organisms Sheep blood agar (with neomycin and gentamicin)
Other Gram-negative organisms MacConkey agar
aOxidative fermentative bacitracin polymyxin B lactose agar (OFPBL).
b Burkholderia cepacia selective agar (BCSA).
Adapted from [36].
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Detection of other potential pathogens: 
non-tuberculous mycobacteria, 
moulds and viruses

If non-tuberculous mycobacteria (NTM) are suspected,
CF sputum must be processed using an additional decont-
amination step to avoid overgrowth by P. aeruginosa.
Decontamination of specimens with N-acetyl-L-cysteine-
sodium hydroxide (NALC-NaOH), followed by 5% oxalic
acid treatment has been shown to minimize the contami-
nation of Lowenstein–Jensen slants with P. aeruginosa and
increase the recovery of mycobacteria [21]. However, this
decontamination procedure may reduce recovery of NTM
from specimens with a low concentration of organisms,
due to killing of NTM by oxalic acid [22]. Three specimens
with acid-fast bacilli smears are recommended to distin-
guish transient colonization or contamination from true
infection. Prolonged incubation for 8 weeks is needed to
accommodate slow-growing NTM. The diagnosis of NTM
infection is further discussed in Chapter 10.

Aspergillus species (mainly A. fumigatus) are isolated from
the respiratory tract cultures of approximately a third of CF
patients. However, most CF patients are merely colonized,
and only a minority of patients have allergic bronchopul-
monary aspergillosis. Aspergillus spp grow on blood agar as
well as Mycosel agar.

Respiratory viruses have long been implicated as causing
pulmonary exacerbations in CF and can contribute to decline
in pulmonary function. Identification of a viral pathogen can
alter clinical care and inform infection control strategies for
hospitalized patients. Detection of respiratory viruses in CF
patients by nucleic acid amplification strategies has been hin-
dered by the difficulty in detecting viruses in viscous sputum
specimens. Thus, if a viral pathogen is suspected, nasopha-
ryngeal washings should be obtained for rapid respiratory
viral antigen detection using direct fluoroscence assays (DFA)
or enzyme-linked immunosorbent assays (ELISA).

Species identification

For decades, it has been recognized that the CF lung may
contain diverse pathogens and that accurate and timely labo-
ratory identification of species is critical for diagnostic, ther-
apeutic and epidemiological purposes. As early as 1976, Otto
and associates published an identification method for non-
lactose fermenting Gram-negative bacilli based on a bio-
chemical profile of substrate oxidation; the majority of strains
were identified in 24 (94%) and 48 hours (99%), with 99%
reproducibility [23]. In the 1980s, modified MacConkey
agar was used to both detect and identify P. aeruginosa by
enhancing pyocyanin pigment production while inhibiting
the growth of Gram-positive organisms [24]. When com-
pared to routine biochemical methods, modified MacConkey
agar identified 97% of P. aeruginosa strains within 24 hours,
although highly mucoid strains without detectable pigment
were detected within 48 hours. Another reproducible method
of species identification, although less frequently used, is the
analysis of cellular fatty acid composition by gas–liquid chro-
matography supplemented with a limited number of bio-
chemical tests [25].

While automated, commercial systems are widely avail-
able, P. aeruginosa and other Gram-negative bacilli can be
difficult to identify due to their marked phenotypic diversity
and the presence of other closely related species. Kiska and
co-workers [26] showed that commercial systems performed
relatively poorly; only 57–80% of non-lactose fermenting
Gram-negative bacilli were accurately identified. Microscan®
Walk-away has been shown to have unacceptably high rates
of misidentification of P. aeruginosa as only 57% (108 of 189)
of multidrug-resistant non-mucoid strains and 40% (24 of
60) of mucoid strains were definitively identified, the most
common misidentifications being P. fluorescens/putida and
Alcaligenes spp [27]. The relative accuracy of several com-
mercial systems for identifying B. cepacia complex has also
been studied; the positive predictive values ranged from 71%
to 98% and the negative predictive values ranged from 50%
to 82% [28]. The species most frequently misidentified as 
B. cepacia was Burkholderia gladioli. Similarly, commercial
systems may misidentify S. maltophilia and A. xylosoxidans.
In a study of A. xylosoxidans, 84% (89 of 106) of strains were
correctly identified by referring laboratories, but 12 (11%)
were misidentified as P. aeruginosa (n � 10), S. maltophilia
(n � 1) or B. cepacia (n � 1) [27].

As a result of these observations, experts had previously
recommended the addition of expanded biochemical testing
to assist in species identification. However, biochemical test-
ing can also be inaccurate or inconclusive and not always
readily available. In 2000, McMenamin and co-workers [29]
reported that only one-third of 115 CF centers in the United
States used conventional biochemical tests to augment com-
mercial test systems for species identification.

As a result of widespread acknowledgment of the limita-
tions of commercial and biochemical identification strategies,
molecular methods of identification have been developed.
For B. cepacia complex genomovars, reference laboratories

Table 9.2 Sample questions from a survey for clinical
microbiology laboratories affiliated with CF care centers.a

Does the lab have a specific protocol for culturing respiratory
secretions from patients with CF?

Does the lab employ the same protocol for oropharyngeal,
expectorated sputum and BAL specimens from patients with CF?

Does the lab report the mucoid phenotype for P. aeruginosa?
Are commercial systems used for the identification of glucose
non-fermenting Gram-negative rods?

Does the lab send isolates identified as Burkholderia spp to a
reference lab for confirmation of identification?

Does the lab use an automated susceptibility system?
If clinically indicated, does the lab use a unique protocol 
(to avoid overgrowth of P. aeruginosa) for the isolation of 
non-tuberculous mycobacteria (NTM)?

a This survey was developed by the US Cystic Fibrosis Foundation to be
administered to the directors of the clinical microbiology laboratories
serving accredited CF care centers.
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use species-specific PCR for definitive identification of
these species [30]. The currently identified genomovars
and their relative distribution in patients with CF are
shown in Table 9.3. At the B. cepacia Research Labora-
tory and Repository at the University of Michigan, investi-
gators demonstrated that 36% of unspeciated isolates or
isolates referred as another species were identified as 
B. cepacia complex and that 10% of isolates referred as 
B. cepacia complex were other species including B. gladioli,
Stenotrophomonas, Pseudomonas, Alcaligenes, Ralstonia,
Flavobacterium or Chryseobacterium [1]. Thus, these molec-
ular methods can also detect previously unrecognized
species whose role as emerging pathogens in CF is unknown.
Such molecular strategies have also been used to investi-
gate possible nosocomial or person-to-person transmis-
sion of B. cepacia complex and to assess the link between
the natural environment and clinical strains. However,
molecular strategies have thus far been confined to research
and reference laboratories.

Molecular identification strategies have also been devel-
oped for P. aeruginosa. Real-time PCR assays have been
shown to have similar costs compared with biochemical
testing, but much shorter turn-around times. Qin and co-
workers [31] demonstrated that real-time PCR using two
target sequences optimized identification of P. aeruginosa
and non-P. aeruginosa Gram-negative bacilli. Spilker and
co-workers [32] reported PCR-based assays with 100%
sensitivity and specificity. Similarly, da Silva Filho and co-
workers [33] described a PCR primer pair for P. aeruginosa
with 100% sensitivity and specificity. This latter PCR
method also detected P. aeruginosa in sputum and throat
swab samples. While rapid detection is obviously of great
value, particularly for empirical therapy and infection con-
trol, growth of an organism is required for susceptibility
testing and for molecular epidemiology.

ANTIMICROBIAL SUSCEPTIBILITY 
TESTING METHODS

Optimal antimicrobial susceptibility 
testing methods

In 1989, wide variability in susceptibility to seven commonly
used antibiotics, particularly aminoglycoside agents, was
demonstrated using different testing procedures for
P. aeruginosa [34]. This variability prevented meaningful
comparisons of susceptibility trends among laboratories and
CF care centers and contributed to confusion and frustra-
tion among microbiologists and clinicians.

The optimal methodologies for antimicrobial suscepti-
bility testing for both mucoid and non-mucoid strains of
P. aeruginosa have been elucidated. Burns and co-workers
[35] studied 500 multidrug-resistant strains of P. aerugi-
nosa from CF patients, and found that the agar-based dif-
fusion methods (Kirby Bauer disks and the E-test) were
most accurate, while the commercial microbroth dilution
assays, Vitek® and Microscan®, had unacceptably high
rates of very major errors (i.e. false-susceptibility) and
major errors (i.e. false-resistance). Thus, the Clinical and
Laboratories Standards Institute (formerly the National
Committee for Clinical Laboratory Standards or NCCLS)
endorsed the use of agar-based diffusion assays rather than
automated commercial microbroth dilution systems for
susceptibility testing of P. aeruginosa isolated from patients
with CF [36]. Studies to determine the optimal methods of
susceptibility testing for other multidrug-resistant organ-
isms, such as B. cepacia complex, S. maltophilia, or 
A. xylosoxidans, are under way.

Biofilm susceptibility testing

It has been suggested that P. aeruginosa can exist in a
biofilm mode of growth within the relatively hypoxic
milieu of the CF airways [18]. Thus, there has been increas-
ing interest in developing laboratory techniques to better
approximate these in-vivo growth conditions in the hope
that antibiotic susceptibility testing performed on bacteria
grown under anaerobic and biofilm-inducing conditions
will generate more clinically relevant results when com-
pared with conventional susceptibility testing performed
on bacteria grown planktonically under aerobic condi-
tions. Hill and co-workers [37] demonstrated that multi-
drug-resistant P. aeruginosa strains, grown under both
anaerobic and biofilm conditions, were less susceptible 
to single and combination antibiotics than when grown
under conventional testing conditions. Moskowitz and 
co-workers [38] demonstrated the clinical feasibility of
biofilm susceptibility assays by developing a reproducible
assay to determine the biofilm inhibitory concentrations
(BICs) in a clinical microbiology laboratory. This assay
found the BIC to be much higher than the corresponding
minimum inhibitory concentrations (MICs) for �-lactam

Table 9.3 Genomovars of Burkholderia cepacia complex in the
United States in 2005.

Genomovar Species designation Approximate
percentagea

I B. cepacia 3
II B. mulitivorans 40
III B. cenocepacia 45
IV B. stabilis �1
V B. vietnamensis 6
VI B. dolosa 3
VII B. ambifria 1
VIII B. anthina �1
IX B. pyrrocinia �1
Indeterminate Not applicable 1
aApproximate percentage of infection among more than 1200 CF patients
infected with B. cepacia complex.
Adapted from [1] and [65].
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antibiotics, but the BICs and MICs were similar for
meropenem, ciprofloxacin and the aminoglycosides. In
contrast, the BIC for azithromycin (2 �g/mL) was substan-
tially lower than the MIC (128 �g/mL).

SYNERGY TESTING

With the use of prolonged and frequent courses of oral,
aerosolized and parenteral antibiotics, the emergence of
multidrug-resistant CF pathogens is inevitable. Since pul-
monary exacerbations are generally treated with two agents
from different classes of antibiotics, clinicians are often left
with few therapeutic options, particularly for older patients
with more advanced lung disease. Thus, there has been inter-
est in the use of synergy testing to provide clinicians with
potential antibiotic combinations.

Currently, two methods of synergy testing have been
described for CF patients. The first is a checkerboard assay
pairing two agents in serial two-fold dilutions of clinically
achievable concentrations and calculating the fractional
inhibitory concentration (FIC). In this method, agents
from different classes are tested together (e.g. an amino-
glycoside is paired with a �-lactam agent) and the MIC 
of each agent when paired together is compared to each
agent tested alone [27,39]. The in-vitro results of this assay
have been published for P. aeruginosa as well as B. cepacia,
Stenotrophomonas and Alcaligenes spp. Susceptibility to
individual agents did not predict synergistic combinations
of agents. Most multidrug-resistant strains, including pan-
resistant strains, are found to be inhibited by one or more
combinations of agents. However, the efficacy of this assay
has not been validated in a clinical trial although anecdotal
data support its use.

The second method is the multiple combination bacte-
ricidal testing (MCBT). In this assay, two or three drugs 
are combined at their peak serum concentration and cidal
activity is determined. Aaron and co-workers [40] per-
formed a randomized, double-blind, controlled clinical
trial of MCBT among CF patients experiencing a pul-
monary exacerbation in Canada and Australia. In this piv-
otal study, the primary outcome was the time to next
pulmonary exacerbation. These investigators showed no
significant difference in the time to next exacerbation
among the 64 subjects randomized to treatment guided by
MCBT versus the 68 subjects randomized to treatment
guided by conventional susceptibility testing. Among the
secondary outcomes, there was no difference in the bacter-
ial density at the end of treatment, the proportion of treat-
ment failures, or improvement in lung function in the two
treatment groups. Potential explanations for the apparent
lack of clinical efficacy of MCBT included the fact that 
in-vitro susceptibility testing may not predict clinical
response and that MCBT combinations were based on
specimens obtained within 3 months of the exacerbation
that did not always reflect the resistance profile of the
organisms associated with the exacerbation.

INFECTION CONTROL

Over the past two decades there has been an increasing
recognition of the importance of infection control for CF
patients [36]. The clinical microbiology laboratory plays
an important role in infection control as appropriate iden-
tification and accurate susceptibility testing inform the use
of transmission precautions and help to assess the effec-
tiveness of infection control strategies. Furthermore, the
laboratory may provide the first evidence that patient-to-
patient transmission is occurring.

Transmission of CF pathogens

While the source of many pathogens in CF patients
remains unknown, there is increasing evidence that CF
patients may acquire potential pathogens from the con-
taminated healthcare environment or from other patients
with CF. Modes of acquisition include direct contact between
CF patients (e.g. kissing), indirect contact with objects con-
taminated with infectious secretions (e.g. sharing personal
items or patient care equipment), and droplets (e.g. infec-
tious particles generated by coughing that can be transmitted
within 1 meter).

For years, studies demonstrated that siblings with CF fre-
quently shared the same strain of P. aeruginosa, suggesting
either a common environmental source or cross-infection
[36]. However, with the increasing use of molecular typ-
ing, shared strains of several pathogens, particularly 
P. aeruginosa and B. cepacia complex, have been demon-
strated among unrelated patients with CF hospitalized at
the same time, attending the same CF clinic, or participat-
ing in the same recreational event such as CF summer
camp or educational retreats [41,42]. Studies have pro-
vided evidence of spread of P. aeruginosa within adult CF
clinics in the UK and Wales [43–45]. In Australia, molecu-
lar typing methods were utilized to demonstrate transmis-
sion of a clonal strain of P. aeruginosa in a CF clinic caring
for older children and young infants newly diagnosed with
CF by newborn screening [46]. Overall, 56 of 118 children
(47%) infected with P. aeruginosa shared the same pre-
dominant strain and an increased risk was noted among
children hospitalized within the preceding 12 months. This
strain was not isolated from the healthcare environment.
The impact of patient segregation in this clinic was assessed
to determine if strict infection control measures and cohort
segregation interrupted transmission [47]. The prevalence
of the epidemic strain significantly decreased from 21% to
14% (p � 0.03) over 3 years, providing additional indirect
evidence for person-to-person transmission within the
clinic setting.

However, there is some disagreement about the fre-
quency of patient-to-patient transmission of P. aeruginosa.
Speert and co-workers [48] performed molecular typing of
P. aeruginosa isolates from 174 patients followed in the CF
center in Vancouver. Overall, 34 strain types were shared
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by 2–21 patient clusters, but there was no history of contact
(except among siblings) detected among patient clusters in
the hospital, clinic or non-healthcare settings. These inves-
tigators concluded that P. aeruginosa was most likely acquired
from the natural environment, and thus, segregation was
not recommended.

The complexities of these issues are further highlighted
by a report by Van Daele and co-workers [49], wherein the
epidemiology of P. aeruginosa among 76 CF patients
attending a CF rehabilitation center in Belgium was stud-
ied. Overall, 44 of the 76 patients (56%) shared a strain
with another patient, so-called ‘cluster genotypes’. Most
patients (n � 38) infected with a cluster genotype had
these strains upon arrival to the rehabilitation center, sug-
gesting previous acquisition from the center. Eight patients
acquired a new cluster genotype, but only three were per-
sistently infected with the new clone. Thus, the risk of per-
sistent patient-to-patient transmission was 4% (3 of 76)
during the study period.

Other investigators have assessed transmission of addi-
tional CF pathogens. Kahl and co-workers [50] examined the
molecular epidemiology of S. aureus during a 6-year study
period and identified six dominant clones suggesting the pos-
sibility of patient-to-patient transmission. Kanellopoulou
and co-workers [51] described a common clone of A. xylosox-
idans among five patients. Most recently, Kalish and co-
workers [52] described an outbreak of B. dolosa (genomovar
VI) in their CF population associated with increased morbid-
ity and mortality.

However, many unanswered questions remain. The 
frequency of patient-to-patient transmission, the role of
the contaminated environment, a potential point source of
acquisition of a common strain, the frequency of multiple
genotypes in individual patients, bacterial virulence factors
responsible for transmission, or host factors that facilitate
transmission are not well understood.

General strategies to reduce transmission

This chapter will highlight four important principles of
infection control in CF: standard precautions, transmission
precautions, hand hygiene, and care of respiratory therapy
equipment.

STANDARD PRECAUTIONS

Standard precautions embrace the concept that all body
fluids, including the respiratory tract secretions of all patients
with CF can harbor potentially transmissible infectious
agents that could infect other patients. To prevent patient-
to-patient or healthcare worker-to-patient transmission of
infectious agents when caring for a patient, healthcare
workers must use an appropriate combination of practices
(e.g. hand hygiene and disinfection) and barrier precau-
tions (e.g. gloves, gown, mask) based on the anticipated
exposure. Since patient care equipment (e.g. ventilator) or

other items (e.g. bed rails) can become contaminated by
infectious secretions, standard precautions extend to inan-
imate objects and surfaces in the patient’s environment.
The components of standard precautions are shown in
Table 9.4.

TRANSMISSION PRECAUTIONS

Transmission precautions are used for patients with docu-
mented or suspected infections caused by highly transmissi-
ble (e.g. MRSA or influenza) or epidemiologically important
(e.g. B. cepacia complex) infectious agents that require addi-
tional precautions to prevent transmission. Categories of
transmission precautions relevant to CF include contact (e.g.
multidrug-resistant organisms), droplet (e.g. influenza), and
much less commonly airborne infection isolation (e.g. in
tuberculosis), as detailed in Table 9.5.

HAND HYGEINE

Hand hygiene, if appropriately performed by staff, patients
and families, is the single most important practice to pre-
vent transmission of infectious agents. Hand hygiene must
be done before and after all contact with patients and fol-
lowing contact with contaminated patient equipment.
Alcohol-based hand-rubs have been shown to reduce bac-
terial contamination of hands better than traditional hand
washing with water and plain soap or antimicrobial-
containing soap (e.g. chlorhexidine or triclosan) [53,54].
Furthermore, alcohol is more convenient, less expensive
and, due in part to emollients contained within the hand-
rub, associated with better skin condition including
decreased skin cracking, water loss and erythema.

Table 9.4 Components of standard precautions as
recommended for all CF patients in inpatient and outpatient
settings.

Recommended practice Healthcare situation

Hand hygiene Contact with blood, body fluids,
secretions, excretions, contaminated
items
Immediately after removal of gloves
Before and after all patient contacts

Gloves Required for handling blood, body
fluids, secretions, excretions
Contact with mucus membranes and
abraded skin
Contact with contaminated equipment
or patient care items

Gown, mask, eye Required for procedures
protection, face shield and patient care activities likely to

generate splashes or sprays of blood,
body fluids, secretions, or excretions

Adapted from [36] and [66].
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CARE OF RESPIRATORY THERAPY EQUIPMENT

Care of respiratory therapy equipment includes cleaning, dis-
infecting and drying reusable respiratory therapy equipment
to prevent acquisition of potential pathogens from contami-
nated equipment. As evidence of the importance of nebulizer
care, the use of aerosolized medications was associated with
earlier acquisition of P. aeruginosa in a newborn screening
study [55]. Sterile water is recommended to rinse nebulizers
as tap water may harbor NTM, fungi or P. aeruginosa.
Furthermore, flora colonizing the oropharynx could poten-
tially contaminate a medication delivery device such as a
valve-holding chamber or nebulizer, which could subse-
quently be aerosolized into the lower respiratory tract [56].
Bacterial contamination of the spacer devices used to deliver
metered-dose inhaled medications has been reported to
occur [57]. Contamination rates were significantly lower
when parents cleaned and dried spacer devices after each use
[58]. Similarly, cleaning and drying home respiratory ther-
apy equipment between uses decreased the risk of acquiring
B. cepacia complex [59]. Sharing respiratory therapy equip-
ment was found to be a risk factor for acquisition of B. cepa-
cia complex [60]. Finally, nebulizer equipment may be a
source of S. maltophilia in CF [61].

Thus, appropriate care of respiratory therapy equip-
ment includes cleaning the equipment to remove all debris
prior to disinfection, as disinfection may be less effective 
if dried or baked debris remains on equipment [62].
Experimental studies have shown that hot water and soap

removed most bacteria from a nebulizer [63]. Disinfection
(if permissible according to the manufacturer) can be
accomplished using one of several methods as described in
Table 9.6. Acetic acid (vinegar), while active against P.
aeruginosa, should not be used as a disinfectant as vinegar
is not active against some Gram-positive (e.g. S. aureus)
and Gram-negative (e.g. Escherichia coli) bacteria [64].

Surveillance strategies for CF microbiology

It is critical that clinical laboratories maintain an efficient
system for communicating with the clinicians caring for CF
patients and for communicating with the infection control
team. Surveillance strategies for CF microbiology should 
be developed in collaboration with the CF center’s infection
control team and target S. aureus, including MRSA,
P. aeruginosa, particularly multidrug-resistant strains, and
B. cepacia complex. Surveillance for other potential
pathogens such as S. maltophilia, A. xylosoxidans and NTM
should be considered if epidemiologically indicated, such
as when patient-to-patient transmission or an outbreak is
suspected. Microbiological surveillance includes calcula-
tion of incidence and prevalence rates and longitudinal
review of antimicrobial susceptibility summaries with trend
analysis. Surveillance reports should be shared between the
infection control and CF care teams at least on an annual
basis, to evaluate effectiveness of the center’s infection con-
trol program. Selected B. cepacia complex isolates, and
non-fermenting Gram-negative bacilli for which species
identification cannot be established after routine analysis,

Table 9.5 Transmission precautions for potential pathogens in
CF patients.

Transmission precaution Potential pathogens

Standard Applicable to all CF patients 
including those with:
– non-tuberculous mycobacteria
– P. aeruginosa (excluding

multidrug-resistant strains)
– methicillin-susceptible S. aureus

Contact Applicable to all CF patients with
multidrug-resistant organisms:
– methicillin-resistant S. aureus

(MRSA)
– B. cepacia complex
– multidrug-resistant P.

aeruginosa
S. maltophilia
Viruses (respiratory syncytial virus,
influenza and parainfluenza)

Droplet Viruses:
– influenza virus
– adenovirus

Airborne Mycobacterium tuberculosis

Adapted from [36].

Table 9.6 Recommendations for disinfection of respiratory
therapy equipment in the home.

Method for disinfectiona Duration recommended

Immerse in:b 3 minutes
– 1:50 dilution of 5.25–6.15% 

sodium hypochlorite (household
bleach)

– 70–90% ethyl or isopropyl 
alcohol or

– 3% hydrogen peroxide

OR
Boiling in water 5 minutes

OR
Use of a standard cycle dishwasher 30 minutes at a 

temperature greater than
158°F (70°C)

OR
Use of a home microwave (2.45 GHz) 5 minutes
a Must be permissible by the manufacturer.
b These preparations will lose activity with time, but the optimal storage
time is unknown.
Adapted from [36].
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should be submitted to the designated reference laboratory
for further study.
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Respiratory disease: infection

IAN M. BALFOUR-LYNN AND J. STUART ELBORN

INTRODUCTION

Most people with cystic fibrosis (CF) die from respiratory
failure, which is a consequence of progressive lung damage
resulting from chronic infection and inflammation. The
airways of people with CF are susceptible to initial coloniza-
tion and subsequent infection by organisms that are not
adequately cleared. A host–bacteria relationship is estab-
lished with airway epithelium and alveolar tissue becoming
injured due to the effects of a large number of inflammatory
mediators and bacterial products. These include cytokines,
bacterial and host defense proteases, and oxygen-derived
free radicals [1]. Early in life Staphylococcus aureus is the
main organism that infects the airway, but by the end of the
second decade Pseudomonas aeruginosa is the dominant
infecting organism (Fig. 10.1) [2]. Aggressive treatment of
pulmonary bacterial infection with antibiotics is the most
important and effective intervention in the treatment of CF.
Respiratory viral infections also play an important role in the
early natural history of airway infection. Non-tuberculous
mycobacteria are being recognized as increasingly impor-
tant pathogens. Finally, various species of fungi may cause
infection and allergy in the airways.

BACTERIAL INFECTIONS

NATURAL HISTORY

There have been a number of important CF studies, which
have sampled airway secretions (during bronchoscopy) in the
first few years of life. They have shown that infection occurs
early, particularly with S. aureus, Haemophilus influenzae and
P. aeruginosa [3–6]. It is unusual for CF airways to be truly
sterile. Indeed the concept of chronic bacterial colonization
should be abandoned, as it is clear that bacteria in the airways
are always harmful since a host response can be demonstrated
with neutrophilic inflammation and pro-inflammatory
cytokines and chemokines. Whether inflammation can occur
in the absence of infecting organisms is controversial [6], but
inflammation is more intense when organisms are isolated
[5,6]. Airway plugging is caused by viscous airway secretions
which are due to dehydration of airway surface liquid, mucins
and DNA from necrotic neutrophils and bacteria [1]. The air-
ways become bronchiectatic as a consequence of inflamma-
tory damage to the epithelium and matrix proteins [7,8]. 
In the airway, neutrophils are in excess with insufficient
macrophages to remove the apoptotic cells, so neutrophil
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necrosis with release of toxic cellular compounds is promi-
nent. In the case of P. aeruginosa, phagocytosis may be further
frustrated by biofilm formation [9]. This sets the scene for
further bacterial infection and a destructive cycle of infection,
inflammation and lung injury.

PULMONARY EXACERBATIONS

Children and adults with CF have intermittent episodes of
increased respiratory symptoms (Table 10.1), particularly
cough and increased volume and purulence of sputum
[10]. These are often accompanied by a reduction in pul-
monary function and an acute-phase response with blood
neutrophilia and elevation of acute-phase proteins such as
C-reactive protein [10]. Such episodes are the most impor-
tant cause of morbidity in CF. They are often used as an
end-point in clinical trials, but this may be questionable,
since the aim of antibiotic therapy is to institute treatment
before a full-blown exacerbation is established.

Exacerbations can be precipitated by new infections, for
example with S. aureus or H. influenzae, but can also occur
in patients with chronic infection and no additional organ-
isms isolated on sputum culture [11]. A recent study
demonstrated that there is no clonal change in P. aeruginosa
with these exacerbations, indicating that they are not nec-
essarily due to infection with new strains [12]. It is also
possible that exacerbations are part of a natural cycle of
chronic infection with P. aeruginosa, as one study showed
that adult patients seemed to regularly have three exacer-
bations per year [13]. Other microbes not isolated by rou-
tine methods, such as anaerobic bacteria, viruses and fungi,
may also cause pulmonary exacerbations.

GENERAL PRINCIPLES FOR ANTIBIOTIC TREATMENT

The lower airways should be sterile, so the first aim of treat-
ment is to render the lower airways as free from infection as
is possible. Prophylactic use of antibiotics has some effect
against S. aureus, but evidence is lacking for other organ-
isms [14]. For new isolates, antibiotic treatment should be

appropriate for the organism, given at a sufficient dose and
for a sufficient duration [15]. For some drugs, this is
because of an increased volume of distribution in CF
patients, but for others with normal pharmacokinetics it is
necessary to deliver high doses to achieve adequate concen-
trations in sputum. It has been traditional to treat acute
exacerbations for 14 days with intravenous antibiotics. but
there are no studies demonstrating that a 14-day course is
better than 7 days or less effective than 21 days.

A number of antibiotics are used as long-term therapy
in CF. Antibiotic prophylaxis is frequently used in children
to prevent infection with S. aureus. This strategy is effective
in prevention of S. aureus infection but in some studies this
has been at the cost of increasing the frequency of P. aerugi-
nosa infection [14,16]. A recent Cochrane review suggested
that there was still insufficient quality data to determine
whether prophylactic antibiotic treatment was appropriate
in CF [17]. In people with P. aeruginosa chronic infection,
long-term treatment with nebulized Colomycin has been
used for over 25 years in Europe. Although there is not a
strong evidence base for efficacy, it has been demonstrated
to reduce microbial burden assessed by colony counts of 
P. aeruginosa [18]. Nebulized tobramycin has also been
used and the preservative-free formulation Tobi improves
lung function and reduces the frequency of pulmonary
exacerbations [19,20].

Most CF centers now offer the opportunity of having
some intravenous antibiotic treatment for exacerbations
delivered at home. This is driven by a number of factors,
including patient preferences due to less social and school/
work disruptions, as well as reducing the risk of cross-infec-
tion. It can be quite a burden for some families, with greater
responsibility for treatment for a patient who is more
unwell. Healthcare systems often encourage this because of
lack of beds and the perceived lower costs of intravenous
antibiotics. There are a few studies in the literature to sup-
port the use of home intravenous antibiotics; however, in
the only randomized controlled trial, patients generally
had a better quality of life and less sleep disruption at
home, but there were some downsides – with better disease
mastery (a domain in the Quality of Life score) and less
fatigue with hospital-based intravenous antibiotics [21]. A
recent non-randomized retrospective study also suggested
that improvements in lung function and body weight are
better in hospital compared to home intravenous treatment,
perhaps due to the difficulties of delivering multidisciplinary
care in the community [22] (the antibiotic itself is just one
part of the package of care delivered in the hospital). In sum-
mary, home intravenous antibiotics are a good option, for
carefully selected patients.

PHARMACOKINETICS OF INTRAVENOUS ANTIBIOTICS

An important feature of intravenous antibiotic treatment in
CF is the need to deliver high doses. In children they are
usually given at the high end of the dose range and in adults
at two to three times the usual recommended dose [15].

Table 10.1 Typical symptoms of respiratory exacerbations
[185].

Change in sputum color or volume
Increased cough
Increased dyspnea
New or increased hemoptysis
Malaise, fatigue and lethargy
Temperature above 38°C
Anorexia or weight loss
Sinus pain or tenderness
Change in sinus discharge
Change in physical examination of the chest (e.g. new crackles)
Decrease in pulmonary function by 10% or more
New radiographic changes indicative of pulmonary infection

www.ebook3000.com

http://www.ebook3000.org


Bacterial infections 139

This is because of the larger volume of distribution and
more rapid clearance of most antibiotics in patients with CF
[23,24]. Aminoglycosides represent a particular problem, as
it is important to achieve appropriate peaks, in order to
achieve bacterial killing and prolonged post-antibiotic
effect [25]. Traditionally, aminoglycosides have been deliv-
ered three times daily, but a number of studies have shown
similar efficacy between once and thrice daily [26,27]. In a
recent randomized controlled trial, once-daily tobramycin
had some limited short-term benefits, in terms of renal tox-
icity, particularly in children [27]. Repeated treatment with
aminoglycosides can cause both vestibular nerve and renal
toxicity so careful monitoring of hearing and renal function
should be undertaken [25]. The long-term benefits/risks of
once-daily dosing are unknown.

CHOICE OF ANTIBIOTICS

Treatment of pulmonary exacerbations is usually with two
anti-pseudomonal antibiotics to reduce the development
of resistance and provide an additive or synergistic effect
on bacterial killing (Table 10.2) [2,15,28].

The choice of which antibiotic combination should be
used is based on the antimicrobial sensitivities of recent
sputum cultures. When the organism is resistant, an empir-
ical choice is made [28]. Antimicrobial resistance is com-
mon and varies geographically; in the UK; ceftazidime is
the most frequently prescribed antibiotic to which resist-
ance has developed [29]. There are few clinical trials directly
comparing antibiotic regimens and it is likely there are few
differences between specific antibiotics [30]. Synergy test-
ing has been advocated, but there is no convincing evi-
dence that in-vitro determined synergistic antibiotics have
any advantage over combinations decided empirically [28,
31,32]. Treatment of exacerbations in people with multi-
resistant organisms resistant to all anti-pseudomonal anti-
biotics may still result in improvement in symptoms, lung
function and systemic markers of inflammation, suggesting
that there may be other effects in addition to bacterial
killing [32,33]. The combination of antibiotics should avoid
those likely to cause antagonism, such as a carbapenem
and �-lactam. People with CF often know which combina-
tion works best for them and can often contribute to
choosing the appropriate antibiotics.

ALLERGY AND DESENSITIZATION

Allergic reactions to antibiotics are fairly common in peo-
ple with CF. The mechanisms in CF are unclear, but most
are not classic type-one anaphylactic reactions [34]. The
most common form of reaction is an urticarial skin rash,
though more serious reactions such as anaphylaxis have
been described. Antibiotics based on the penicillin ring
structure, such as piperacillin, have the highest reported
frequency of reactions, in particular drug fever. Allergic
reactions to aminoglycosides, macrolides and Colomycin
are infrequent. With increasing survival and use of antibi-
otics, some patients become sensitive to multiple drugs
and de-sensitization is required. This can be undertaken
with incremental introduction of the antibiotic at low
dose, usually with prior treatment with systemic cortico-
steroids and antihistamines. Once completed, a full course
of intravenous treatment is then given [34].

MACROLIDE ANTIBIOTICS

Macrolides have been known for some time to improve the
outcome of diffuse panbronchiolitis, a disease common in
Japan and associated with chronic P. aeruginosa infection.
Azithromycin is concentrated intracellularly, particularly in
macrophages and may have important effects on biofilm
formation and improve bacterial killing. It may also have
anti-inflammatory effects [35]. Three studies have now
reported a beneficial effect of regular azithromycin treat-
ment in patients with CF [36–38]. All three studies demon-
strated an improvement in lung function and quality-of-life
measures, and reduction in CRP in one study. On the basis
of these studies, many patients with CF with or without 
P. aeruginosa are now on regular macrolide therapy three
times per week or every day. All of these studies lasted for 6
months, so it is unclear whether there are longer term benefits
or adverse effects from this treatment.

I. Pseudomonas aeruginosa

Pseudomonas aeruginosa is the most common organism
causing chronic lung disease in patients with CF. Chronic
infection with P. aeruginosa is an important predictor of
survival in CF and the most important cause of morbidity
[39,40]. Infection usually occurs late in the first decade, or
during the second decade of life [2]. By the third decade,
over 80% of people with CF have chronic infection with 
P. aeruginosa (Fig. 10.1).

The factors leading to initial infection are increasingly
understood and treatments that eradicate early infection are
now available. However, once P. aeruginosa is established in
CF airways, it is not possible to permanently eradicate it. At
this point it has established a bacterium–host relationship
which results in a sustained host inflammatory response.
Prevention of chronic P. aeruginosa infection is one of the
most important treatment goals in CF care. If correction of

Table 10.2 Antibiotics used for treatment of pulmonary
exacerbations due to Pseudomonas aeruginosa. Usually a 
�-lactam-based compound is combined with an aminogylcoside
and treatment is given for 14 days.

�-lactam Aminoglycosides Quinolone Polymyxin
Ceftazidime Tobramycin Ciprofloxacin Colistin
Aztreonam Gentamicin
Meropenem Amikacin
Tazobactam
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CFTR function by gene therapy or biochemical means is to
be achieved, an important outcome measure will be protec-
tion against chronic P. aeruginosa infection.

Pseudomonas species are complex bacteria that have
adapted to various ecological niches. In the relatively hypoxic
environment of CF airway mucus, they adapt by forming
micro-colonies and developing a complex biofilm [39,41].
The biofilms are a key mechanism in protecting the organ-
ism from host defenses, and when organisms such as 
P. aeruginosa are in a biofilm, neutrophils are frustrated and
become either apoptotic or necrotic, releasing damaging
proteases and free radicals into the airway [9,42]. Biofilms
are also associated with increased antibiotic resistance, pro-
tecting the organisms against drug penetration; the altered
growth rates of biofilm organisms and other physiological
changes may also be a factor [43,44]. Interfering with bio-
film formation may be one of the mechanisms by which
macrolide antibiotics have an effect in the long-term treat-
ment of CF.

It has been known for some time that the conversion
from non-mucoid to a mucoid phenotype is important in
the development of chronic infection [2,39]. The mucoid
phenotype is associated with acceleration in the decline in
lung function and a poorer prognosis [40,45]. The mucoid
phenotype over-produces the exopolysaccharide alginate
[46], which occurs because of mutations in the suppressive
regulatory genes mec A, B, C and D. These genes suppress
the expression of AlgT gene and this allows expression of the
genes important for alginate biosynthesis [47]. The cause of
these mutations is not clear, though oxygen radical damage
to DNA is a possible mechanism. Over-expression of algi-
nate protects the bacteria from neutrophil phagocytosis
[48]. Alginate may also inhibit important innate immune
responses, thus protecting the organism from normal clear-
ance from the airway [39]. It may also have a function in
biofilm formation, though this has been recently challenged
[49,50]. In addition, the AlgT gene negatively controls
expression of the flagella gene [47]. This is important as loss
of motility in mucoid CF isolates may help to further protect
the organism from host antibody defenses.

Differences in the lipopolysaccharide (LPS) expressed
by P. aeruginosa strains from CF airways may also be
important in their virulence. P. aeruginosa from CF spu-
tum frequently express LPS defective in O-side chains,
making them less susceptible to complement-mediated
killing [51,52]. These and other changes in P. aeruginosa
may also impact the interaction of LPS with toll-like recep-
tor 4 (TLR-4) [51]. The effect of this may be to amplify
inflammatory responses.

SOURCES OF INFECTION AND PREVENTION

Pseudomonas aeruginosa is found in many warm and moist
environments [53]. It has many natural habitats including
organic matter and surface water and can be found associ-
ated with many plant species. It has been shown to contam-
inate hydrotherapy pools and jacuzzis/hot tubs, where it can

cause pseudomonal folliculitis [54]. There are reports of
people with CF being infected from such environments.
Pseudomonas species have also been demonstrated in many
habitats within the healthcare environment. Medical and
dental equipment may be contaminated and are potential
sources of infection. Sinks in hospital wards have been
shown to be contaminated and strains from these were iden-
tical to those on the hands of staff, suggesting this may also
be a mode of cross-infection [53]. Hospital environments
should be maintained to a very strict standard to reduce the
potential for nosocomial transmission.

Until recently, there has been little evidence of patient-to-
patient spread of P. aeruginosa. A number of sibling studies
in the 1980s, however, had demonstrated that sibling pairs
usually, though not always, carried the same strains. Over
the past 10 years or so evidence has emerged that patient-
to-patient spread can occur, and a number of CF centers
have reported that a proportion of their patients carried the
same clone. This was first demonstrated in Liverpool, UK,
during a study where sputum antibiograms (that were being
analyzed as part of a clinical trial) suggested that there was a
clonal variant resistant to ceftazidime [55]. Spread of clonal
variants have now been demonstrated in other clinics in the
UK and Australia [55–58]. It is not clear whether clonal
strains affect survival, though in one study an increased
mortality was seen in children [59,60]. P. aeruginosa cross-
infection has also been demonstrated after camps [61]. These
have now stopped in the CF community, because of con-
cerns of some parents and patients about cross-infection.

A number of strategies are useful in reducing Pseudomonas
infection [53,62]. Regular surveillance of sputum and/or
cough swabs should be undertaken and new isolates typed
using a molecular method such as pulsed field gel elec-
trophoresis or random amplification of polymorphic DNA
[58]. CF centers should practice good hygiene at all times
and should have a detailed cross-infection policy. Many CF
centers now segregate those patients who do not have 
P. aeruginosa from those who do. Taking this approach, a
significant reduction in the incidence and prevalence of
new infection with P. aeruginosa has been reported [63]. In
some centers, clinics are organized to prevent patient-to-
patient contact; this is more useful in pediatric centers
where a patient’s microbiological status is not always cer-
tain. This, however, increases social isolation.

TREATMENT

The approach to antimicrobial therapy in CF patients with
chronic P. aeruginosa infection is radically different from
the majority of other infectious diseases. The appropriate
treatment for individual patients is dependent on the stage
in the natural history of pseudomonal infection. The accu-
rate identification of P. aeruginosa is therefore critically
important. Specific media should be used for culture 
and identifications and sputum cultures checked at least 
3-monthly [2,15]. Antibodies to P. aeruginosa can be detected
and may be useful in confirming infections. Two recent
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studies, however, indicate that interpretation of such assays
is most difficult in children in whom sputum samples are
not available [64–68]. Antibody titers are usually elevated in
patients with chronic infection and negative in those never
infected. In intermittently infected people, the results are
more difficult to interpret. There are three clinical situa-
tions where there is good evidence for useful effects of anti-
pseudomonal antimicrobial treatment, which are outlined
below.

i. First isolation
Aggressive treatment of early infection may be effective in
delaying chronic infection, so regular monitoring of lower
airway infection is essential to determine when treatment
is appropriate [2]. This is difficult in newly diagnosed
infants, and in some centers annual bronchoscopy samples
are obtained until sputum is expectorated. It is not yet clear
whether this approach is beneficial compared to more con-
ventional methods such as regular cough swabs; a large
study is currently under way in Australia to examine this
approach.

In the early phase of pseudomonal infection of the CF air-
way, the organisms are usually motile, in low density, and
have not yet become mucoid or developed into a biofilm [4].
So in these early stages of infection, it may be possible to clear
P. aeruginosa with aggressive antibiotic use [15]. A common
approach is to use nebulized colistin for 3 months and oral
ciprofloxacin for 2–3 weeks [69]. Ciprofloxacin has a bitter
taste and sometimes young children will not tolerate the liq-
uid; for older children, tablets can be placed inside an empty
enzyme capsule to make them more palatable. Sunblock
must also be use as ciprofloxacin is photosensitizing, and this
must be carried on for 4 weeks after a course has finished. If
the repeat sputum culture is negative then some centers will
not give further treatment. However, there may be some
value in continuing the nebulized antibiotics for 3 months 
as this may increase the length of time before recurrence. If
ciprofloxacin is contraindicated or cannot be tolerated, then
a 2-week course of an intravenous anti-pseudomonal combi-
nation such as ceftazidime and tobramycin would be appro-
priate with continuation of nebulized colistin for a further 
3 months [15]. Clearly if the patient is unwell at the time of
first isolation, intravenous antibiotics are indicated.

A number of studies have also investigated the role of
nebulized tobramycin for early eradication. One study was
stopped because all eight patients who received tobramycin
cleared P. aeruginosa from their airway after 28 days, com-
pared to only 1 of 13 receiving placebo [70]. However, this
effect did not persist after 1 year. A study of children follow-
ing anti-pseudomonal treatment for their first infection
demonstrated that the mean duration of eradication was
around 8 months and that the majority subsequently
became infected with a genetically distinct P. aeruginosa
organism [71]. This suggests that long-term chronic sup-
pressive therapy after eradication, with nebulized antibi-
otics, may be appropriate, though there are no studies to
support this. Using nebulized antibiotics twice daily is very

challenging for patients and adherence to such regimens 
is generally poor [72]. The development of dry-powder
inhalers or use of faster and quieter nebulizers to deliver
antibiotics will be a very helpful addition to current treat-
ment [73].

Aggressive early treatment of infection and careful infec-
tion control measures results in significant reductions in the
prevalence of P. aeruginosa in CF centers [74].

ii. Acute exacerbations
People (especially adults) with CF have frequent episodes of
acute pulmonary exacerbation, which in a clinical context
are not difficult to define or diagnose. For the purposes of
clinical trials, however, use of objective measures is more of
a problem. A recent study observing the features in patients
who had treatment for an exacerbation found pulmonary
signs and symptoms associated with a reduction in lung
function were the most helpful indicators [75,76]. In gen-
eral, patients presenting with a significant exacerbation are
treated for a period of 14 days on two anti-pseudomonal
antibiotics [2,15]. This is usually a �-lactam-based antibiotic
in combination with an aminoglycoside [16] (see Table
10.2). In addition to antibiotic treatment, airway clearance is
intensified using a variety of techniques, and other aspects of
lung symptoms such as bronchoconstriction are treated [2].
Pulmonary exacerbations are frequently associated with
weight loss, so attention to nutrition is often required [77].
Treatment of pulmonary exacerbations in this way usually
results in improvement of symptoms, lung function, exer-
cise tolerance, and a reduction in sputum production and
systemic markers of inflammation. Sometimes an empirical
change of antibiotics is helpful if there is little response after
7–10 days.

Some centers advocate use of regular 3-monthly intra-
venous antibiotics regardless of symptoms [78]. This has
been demonstrated to be more effective than historical
controls treated for pulmonary exacerbations, but this type
of comparison is less than ideal [79]. In a randomized 
controlled trial, no significant benefit was shown in regular
therapy after 3 years [13]. However, the patients in the arm
of the study where exacerbations were treated had three
courses of antibiotics per year anyway, compared to four
courses in those who were being treated with regular 
3-monthly antibiotics. This suggests that the natural his-
tory of pseudomonal infection is for three or four exacerba-
tions per year and that it is reasonable to treat pulmonary
exacerbations rather than impose a regimen of regular ther-
apy on patients. Routine intravenous antibiotics are very
expensive, and also imposes 8 weeks in hospital per year,
which must impact on quality of life. In patients where
adherence to therapy is poor, regular hospital admissions
for intensive physiotherapy and intravenous antibiotics
have a useful role.

iii. Treatment of chronic infection
A number of antibiotics have been used in an attempt to
suppress bacterial numbers, stabilize lung function and
decrease morbidity [2]. This has now been most convincingly
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demonstrated in a large randomized controlled trial using
high-dose tobramycin (Tobi® 300 mg twice daily) on alter-
nate months [19]. The requirement for intravenous antibi-
otics was also reduced and there was no evidence of serious
side-effects. The polymyxin colistin has also been used in
this way for over 20 years, and been shown to reduce bac-
terial density and may have a similar effect on lung func-
tion; however, this has not been demonstrated in a
randomized controlled trial although there is a wealth of
experience in Europe [18,33]. All patients who have
chronic infection with P. aeruginosa should be considered
for long-term nebulized antibiotic therapy using colistin or
tobramycin [15]. Use of long-term nebulized antibiotics
for chronic infection is treatment rather than prophylaxis.
It is not clear whether this form of treatment can be
stopped in a patient (usually a child) who has not had 
P. aeruginosa isolated for a while (i.e. a number of years),
with CF centers differing in their approaches.

II. Burkholderia species

Since the first report of infection with Burkholderia cepacia
and its consequences in CF [80], it has become recognized
that Burkholderia is a genus containing a number of species
that can be distinguished by phenotypic tests [81–83]. Prior
to this they were identified as genomovars [84] (Table 10.3).

All of the members of the B. cepacia complex group
have been described as causing infection in CF. The major-
ity of the infections are caused by B. cenocepacia (previ-
ously genomovar III) and B. multivorans (genomovar II).
Of the other groups, B. vietnamiensis is the most common
(genomovar V). A recent outbreak of B. dolorosa in Boston
in the United States resulted in increased morbidity and
mortality [85]. Other members of the B. cepacia complex
are sporadically isolated from sputum and rarely cause
chronic infection [86]. B. cenocepacia is particularly prob-
lematic because of its transmissibility and association with
an acute, often fatal, cepacia syndrome [60,87–89]. There
are a number of problematic issues, including identifica-
tion, transmissibility, pathogenicity, management and infec-
tion control.

MICROBIOLOGICAL IDENTIFICATION

The accurate identification of B. cepacia complex organ-
isms is critical. Because of the transmissibility of this
organism, there are potentially serious consequences if it 
is misidentified [89]. It is important to use the appropriate
selective medium for culture [90]; some commercial kits
can report both false positive and false negative results. In 
particular, Achromobacter (Alcaligenes) xylosoxidans and
Stenotrophomonas maltophilia can be misidentified as 
B. cenocepacia [91]. Around 10% of suspicious organisms
sent to referral centers for confirmation of identification
were false positives, while over 30% were reported as false
negatives in the US referral center [91]. Further identifica-
tion of species can be undertaken using biochemical tests, but
the consensus is that molecular methods of identification –
for example, specific polymerase chain reaction (PCR) based
tests or sequencing methods – are more appropriate [82].

TRANSMISSIBILITY

Using a variety of such methods it is clear that B. cenocepa-
cia is the most highly transmissible member of this com-
plex [86–94]. There are some reports of patient-to-patient
spread of B. multivorans, but in most published series from
single centers this organism appears to be unique to indi-
vidual patients, only showing clonal spread in siblings with
CF [95]. In an outbreak of B. multivorans infections in
Glasgow, Scotland, there did appear to be transmission of
this organism but such outbreaks have not been confirmed
elsewhere [96]. The clonal outbreak of B. dolorosa has
occurred in Boston and was associated with a high level of
transmissibility [85]. A number of outbreaks of B. cenocepa-
cia related to electrophoresis type 12 (ET-12) have been
described and it is clear that this organism is highly trans-
missible between patients [92,97]. Evidence of this comes
from CF centers, summer camps and other forms of patient
contact in social circumstances [98,99].

PATHOGENICITY AND CLINICAL CONSEQUENCES

Infection with B. cepacia complex is associated with
increased morbidity and reduced survival in CF [92,97].
The individual response to this infection is very variable
and is determined by the species involved and the host
response to infection. With the clear designation of differ-
ent species, there are now data available on clinical out-
comes of B. cenocepacia and B. multivorans infection.

i. B. cenocepacia infection
The prognosis of CF patients infected with B. cepacia com-
plex organisms is much worse than those infected with 
P. aeruginosa. B.cenocepacia is associated with a rapid dete-
rioration and early death in up to one-third of patients
who acquire the organism (cepacia syndrome); while oth-
ers still have a more rapid deterioration in lung function
than with P. aeruginosa [88,97]. However, there are also
patients with B. cenocepacia complex who remain well and

Table 10.3 Burkholderia cepacia complex species with previous
genomovar typing.

Burkholderia multivorans Genomovar I
Burkholderia cepacia Genomovar II
Burkholderia cenocepacia Genomovar III (a, b, etc)
Burkholderia stabilis Genomovar IV
Burkholderia vietnamiensis Genomovar V 
Burkholderia dolosa Genomovar VI
Burkholderia ambifaria Genomovar VII
Burkholderia anthinia Genomovar VIII
Burkholderia pyrrocinia Genomovar IX
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stable despite chronic infection with this organism [95].
The reasons for these differences are not clear, though may
relate to the impact of modifier genes which determine
responses to infection, or modulate inflammation.

ii. Cepacia syndrome
This term relates to patients who newly acquire, or have
been chronically infected with, a B. cepacia complex organ-
ism and deteriorate rapidly [89]. Incidental events such as
acute viral infections may occur, but a precipitating event
is usually not apparent. In many, this syndrome rapidly
leads to death over a few weeks to months. It is most com-
monly associated with B. cenocepacia subgroup A, and elec-
trophoresis type 12 (ET-12). It occasionally occurs with B.
multivorans infection [89,96]. It is usually associated with
clinical signs of sepsis, weight loss and a sustained acute-
phase response, and sometimes septicemia. The chest radi-
ograph shows progressive infiltrates (Fig. 10.2).

All of this occurs despite aggressive antimicrobial treat-
ment. Progression to early death can occur in a few weeks
despite maximal therapy. Occasionally such patients stabilize
for a time, and there is some anecdotal evidence that addi-
tional use of immunosuppressive agents such as ciclosporin
may be of modest benefit in halting progression.

iii. Chronic infection with B. cepacia complex
For those patients who do not succumb to an acute cepacia
syndrome, subsequent prognosis is still poor. This particu-
larly applies to patients with B. cenocepacia. Most of the data
available on such patients related to those infected with a
common epidemic strain in Canada and the UK, the ET-12
strain [97,100]. This strain seems to be the most transmissi-
ble and also most virulent strain in the complex. Rather sur-
prisingly, in studies examining airways inflammation in
patients with CF, either when stable or during inflamma-
tory exacerbations, markers of inflammation in patients
with B. cenocepacia are similar to those with P. aeruginosa

[9,100]. The outcomes from lung transplantation are sig-
nificantly worse in people with B. cenocepacia infection
compared to those with P. aeruginosa [101,102].

iv. B. multivorans infection
Infection with B. multivorans is generally less severe than
with B. cenocepacia and a significant number of patients
who isolate B. multivorans from sputum subsequently clear
it [89]. This transient infection does not appear to be asso-
ciated with significant morbidity. For those who do
become chronically infected with B. multivorans, the natu-
ral history of the disease is comparable to patients with P.
aeruginosa but worse than with B. cenocepacia [88,89]. It is
currently not clear why this is the case, but it may relate to
differences in the LPS from these species. Patients with B.
multivorans infection also have a better prognosis follow-
ing lung transplantation compared to those infected with
B. cenocepacia [101].

MANAGEMENT OF RESPIRATORY EXACERBATIONS DUE 
TO B. CEPACIA COMPLEX

Burkholderia cepacia is almost always multiply-resistant and
frequently pan-resistant to antibiotics [2]. This presents
some problems in using in-vitro sensitivity to determine the
selection of intravenous antibiotics. The choice is therefore
often made empirically, based on the knowledge of the min-
imal inhibitory concentrations (MICs) of anti-pseudomonal
antibiotics to this organism. Ceftazidime, meropenem,
temocillin, tazobactam, co-trimoxazole, chloramphenicol
and tetracyclines all show some activity [16]. The value of
synergy testing has been recently evaluated in patients with 
B. cepacia complex infection. Response to treatment was not
significantly different between empirically chosen combi-
nations and those chosen after a checkerboard synergy test
[103]. Nevertheless, the following combinations may be 
useful: meropenem or ceftazidime or temocillin in combina-
tion with an aminoglycoside [103]. Chloramphenicol, 
co-trimoxazole or tetracycline may be added as a third drug.
There are no data on the effect of long-term antibiotic treat-
ment in patients with B. cepacia complex infection. Nebulized
aminoglycosides or oral macrolides have not been specifically
tested. Because of the poor prognosis of these patients, they
are generally excluded from antibiotic studies. However, it
may be reasonable to extrapolate from Pseudomonas studies
and use oral azithromycin three days per week. If there is 
co-infection with P. aeruginosa, nebulized antibiotic such as
colistin or tobramycin is also appropriate [104].

INFECTION CONTROL

Burkholderia cepacia complex organisms are uncommon in
the natural environment although they have been found
around maize, onion fields and in soil associated with plants;
they are also found in water, sinks and contaminated equip-
ment [98,105]. It is likely that the majority of patients with
B. multivorans infections acquire this organism from the

Figure 10.2 Chest radiograph of an adult with cepacia
syndrome.
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environment whereas B. cenocepacia is more likely to be
transmitted from patient to patient [105]. This can occur in
hospital and in social environments. Close social contact
such as attendance at a summer camp for people with CF,
sharing a combined space such as a hotel room or car jour-
ney, sexual contact and sharing eating or drinking utensils,
have all been implicated in patient-to-patient spread [99].
Contaminated respiratory equipment has also been shown
to be associated with cross-infection. Air sampling studies
demonstrate significant numbers of organisms for over an
hour after coughing [99], but one study suggested that the
air further than 3 feet (1 meter) from a patient is unlikely to
contain aerosolized organisms [106].

There are important principles in infection control which
particularly apply to B. cepacia, hence the importance of a
precise diagnosis. Patients with different species should not
be cohorted. Although patients with B. multivorans can
probably attend the same outpatient clinic safely, if univer-
sal precautions are taken, patients with B. multivorans
should under no circumstances mix with those with 
B. cenocepacia [62,98]. Although there is no definite evi-
dence, patients with chronic infection with other members
of the B. cepacia complex should be treated with universal
precautions. Patients with B. cenocepacia, if they are all
infected with the same clone, can reasonably be cohorted,
though universal infection control precautions should be
strictly adhered to. This means they may attend the same
outpatient clinic and can be managed as inpatients in the
same proximity but should have separate rooms and be dis-
couraged from mixing with each other [62,98]. Infection
control policies should be developed with an understanding
of local epidemiology of this organism in the CF population.

III. Staphylococcus aureus (MSSA)

Methicillin-sensitive Staphylococcus aureus (MSSA) is the
most common pathogen isolated in sputum of children with
CF during the first decade [2,14]. It is an important pathogen
throughout life and often occurs as a co-infecting organism
in patients chronically infected with P. aeruginosa, B. cepacia
complex and other Gram-negative organisms [107,108]. In
children, it can be associated with an increase in respiratory
symptoms but rarely causes a systemic inflammatory
response [11]. There is still some debate as to its pathogenic-
ity as it can be cultured in sputum without any change in
symptoms [39]. Bronchoscopy studies indicate that up to
40% of infants aged under 3 years culture S. aureus from
bronchoalveolar samples [109].

LONG-TERM PROPHYLAXIS/TREATMENT OF CHRONIC
INFECTION

Some CF centers advocate the use of long-term prophylactic
anti-staphylococcal treatment, while others treat on the basis
of symptoms and positive sputum cultures [14,76,110]. It is a
recommendation in the UK to treat all infants aged under 2

years with long-term flucloxacillin, but not in the USA
[111]. However, it is only prophylaxis when the child has
not yet had S.aureus cultured; more usually, the child is
chronically infected and anti-staphylococcal antibiotics are
used for treatment of chronic infection. Long-term flu-
cloxacillin has been shown to result in a reduction in
cough, antibiotic requirements, and number of hospital
admissions [110]. However, no benefit in pulmonary func-
tion tests was described up to 2 years of age [112]. A further
study compared cefalexin treatment to placebo and
demonstrated no significant clinical benefits [17]. There
was a reduction in the frequency of respiratory cultures
positive for S. aureus but there was a significantly higher
frequency of P. aeruginosa cultured; however cefalexin pro-
motes biofilm formation, which may have contributed to
this increase in P. aeruginosa infection. There is no strong
evidence that anti-staphylococcal treatment is of benefit for
patients over the age of 6 years, though many centers con-
tinue treatment into the second decade [113].

TREATMENT OF PULMONARY EXACERBATIONS

The alternative approach is to treat patients with S. aureus
when they have symptoms of an exacerbation. This approach
works best when there is frequent attendance for sputum or
cough swab cultures (monthly) and treatment with antibi-
otics is started promptly. However, this approach has not
been compared in a randomized controlled trial. A retro-
spective study from the Danish CF center reported eradica-
tion of S. aureus in 74% of patients with 14-day course 
of anti-staphylococcal antibiotics and in almost all after a 
3-month treatment [114].

ANTIBIOTIC THERAPY

Oral flucloxacillin is usually sufficient to eradicate the
organism when given for 2 weeks. For patients who are
penicillin-allergic, azithromycin, clindamycin, rifampicin
or sodium fusidate are suitable alternatives [16,115]. In a
patient with deteriorating symptoms and lung function,
treatment with intravenous flucloxacillin and an amino-
glycoside can be effective [107]. Linezolid (an oxazolid-
inone), which is a new class of antibiotic with excellent
bioavailability, has been used successfully in those with 
S. aureus who are deteriorating, but it is expensive and
requires weekly blood tests. In patients receiving long-term
anti-staphylococcal antibiotics, S. aureus may still be iso-
lated from sputum. This should raise questions about adher-
ence to treatment but, should it occur, and the patient is
taking regular flucloxacillin, an alternative class of anti-
staphylococcal antibiotic should be used.

IV. Methicillin-resistant Staphylococus aureus
(MRSA)

Staphylococus aureus stains resistant to methicillin and
other �-lactam antimicrobials have become an endemic
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problem in most healthcare facilities in the western world
[116,117]. MRSA is usually acquired from the hospital
environment but there is evidence that strains can be com-
munity-acquired. Patient-to-patient spread has also been
well documented [119,120].

Not surprisingly the prevalence of MRSA in CF varies
from center to center. It has been reported in up to 23% 
of centers in North America [118]. Infection with MRSA
most frequently occurs in patients with poor lung function
and may result in an increase in requirement for antibi-
otics [121]. However, other studies have not demonstrated
any significant deterioration in CF patients infected with
this organism [120].

This organism presents some problems when cultured
from patients with CF. It is recommended that they should
be isolated until they have had three clear sputum cultures
over 6–12 months.

TREATMENT

Because of the potential of this organism to cause chronic
infection, eradication should be attempted [107,122]. Patients
should have sputum and appropriate swabs taken from
flexor surfaces, perineum and anterior nares. Evidence of
skin or nasal carriage should have treatment with tri-
cosolan and mupirocin. For those who also isolate it from
their sputum, treatment with appropriate oral antibiotics
is recommended to eradicate the organism. A regimen of
rifampicin and fusidic acid has been shown to be useful but
treatment should be determined by in-vitro sensitivities
[121]. Tetracycline and trimethoprim may also have activ-
ity against MRSA. Some centers now also use oral linezolid,
though this drug needs to be used with care because of its
expense and potential side-effect profile [123]. Intravenous
vancomycin or teicoplanin are rarely required to treat
MRSA in CF, particularly as vancomycin is thought to be
less effective in lung infections.

V. Haemophilus influenzae

Haemophilus influenzae occurs reasonably frequently in
patients with CF, but there is little evidence to indicate its
significance [124,125]. This organism is pathogenic in non-
CF bronchiectasis and chronic obstructive pulmonary dis-
ease, and there is no reason to suggest that is not the case in
CF. It is often associated with increased symptoms and
should be treated when isolated from sputum/cough swabs
with an oral antibiotic such as co-amoxiclav [98]. It is more
likely to cause symptoms in children under the age of 6 years
due to their relatively immature IgG2 immune response.

VI. Stenotrophomonas maltophilia

Stenotrophomonas maltophilia is an aerobic Gram-negative
bacterium, previously called Pseudomonas maltophilia and

Xanthamonas maltophilia. There are a number of other
species in the Stenotrophomonas group but S. maltophilia is
the only member to cause lung infection in CF. S. maltophilia
is found in aquatic environments and in a wide range of envi-
ronmental niches similarly to P. aeruginosa [126]. Biofilm
formation has been described in S. maltophilia, although the
clinical significance of this is unclear. The prevalence of 
S. maltophilia in patients with CF varies considerably from
center to center [127,130]. Some European centers have
reported prevalences of up to 30%. In a recent large study
from North America using the CF Foundation Registry of
176 accredited centers (2755 patients aged over 6 years), the
prevalence rate ranged from 3% to 7% [127]. The case rate
varied from no cases in seven centers to 39% of patients in
one center [127]. This was not significantly influenced by
geographic region or center size. It has been generally
accepted that S. maltophilia does not spread by cross-infection
from patient to patient; using molecular typing techniques,
studies have demonstrated that most patients have unique
strains of the organism [128]. However, the North American
data suggest that cross-infection may occur in some centers.

There are a number of risk factors described for acquisi-
tion of S. maltophilia, including high use of intravenous
and nebulized antibiotics [126,129,130]. Oral quinolones
have been specifically implicated. Carbapenems have been
described as increasing the incidence of S. maltophilia par-
ticularly when used in intensive care, but this relationship
is not apparent in CF. Other patient-associated characteris-
tics include reduced body weight, steroid use, Aspergillus
fumigatus and lung function [131].

CLINICAL IMPACT

A number of studies have demonstrated that S. maltophilia
is not a cause of significant adverse morbidity or mortality
in CF. A large study, using the CFF registry, demonstrated
that 5-year mortality was no greater in people with CF
infected with S. maltophilia compared to those with 
P. aeruginosa [127,130]. In addition, the rate of decline of
lung function is less compared to patients infected with 
P. aeruginosa. The majority of patients with S. maltophilia
have it transiently; in one study, only 11% of those who
isolated S. maltophilia remained chronically infected [131].
However, some patients do become chronically infected,
and have chronic symptoms as well as acute exacerbations
in a similar way to those seen in P. aeruginosa infection.
Some transplant centers consider S. maltophilia infection
to be a relative contraindication to lung transplantation,
because it is multiply-resistant to antibiotics.

TREATMENT

There are no clinical studies of antibiotic treatment in CF
patients to indicate the most appropriate treatment regi-
men for a first or recurrent isolation of S. maltophilia. First
isolates should probably be treated as a proportion may go



146 Respiratory disease: infection

on to develop chronic infection. In patients with chronic
infection, pulmonary exacerbations may require treatment
with intravenous antibiotics. S. maltophilia is constitutively
multiply-resistant to antibiotics [126,132]; it is inherently
resistant to carbapenems and high levels of resistance are
usually seen to aztreonam, aminoglycosides, tazobactam
and colistin [132]. Ceftazidime is probably the most active
anti-pseudomonal antibiotic available [126]. In vitro, S.
maltophilia is sensitive to a combination of co-amoxiclav
and aztreonam despite being resistant to these antibiotics
when tested alone. Intravenous tazobactam plus aztreonam
or an aminoglycoside is a reasonable regimen. Patients with
mild symptoms may respond to oral co-trimoxazole or
doxycycline, as they also have useful activity against the
organism [132,133].

VII. Achromobacter (Alcaligenes) 
xylosoxidans

Achromobacter xylosoxidans has a reported prevalence of
around 15% in the North American CFF registry, though
in a study of inhaled tobramycin the prevalence was 9%
[134]. Not much is known about the environmental reser-
voirs of this organism or its potential for patient-to-patient
spread; however, it is prudent to consider A. xylosoxidans
as potentially transmissible and universal infection control
measures should be utilized. It is usually multiply-resistant
to antibiotics, but there are no studies to indicate that it has
an adverse effect on prognosis in CF [134]. Treatment for
pulmonary exacerbations in people who are chronically
infected is usually empirical using two different classes of
anti-pseudomonal antibiotics.

VIII. Non-tuberculous mycobacterial infection
(NTM)

Mycobacterium avium complex (MAC) is the most common
non-tuberculous mycobacterial infection in CF, accounting
for around 70% of isolates, while Mycobacterium abscessus
accounts for 16% [135]. In the largest series reported, the
majority of those who cultured NTM had only one of three
sputum cultures positive [135]. This suggests that either it
causes transient infection or is present in low numbers.
Patients with NTM infection compared to case controls do
not show any acceleration in decline in lung function [136].
Patients acquiring NTM infection are older, tend to have
better lung function, and have a low frequency of infection
with P. aeruginosa. Cross-infection does not appear to be a
problem, though there have only been a few studies using
molecular typing of NTM. None of these have shown any
clonal spread of organisms between patients [136]. M.
abscessus seems to be more virulent than MAC or other
types of NTM. This evidence comes mostly from case series,
and it is only a proportion of people with CF who develop
clinically relevant disease with this infection.

DIAGNOSIS

The diagnosis of clinically significant NTM infection is diffi-
cult [137]. The American Thoracic Society guidelines for
diagnosis of NTM are of limited help and must be interpreted
with an understanding of the overlap of symptoms and radi-
ological changes with CF lung disease [138]. Systemic symp-
toms of mycobacterial infection, at least three sequential
positive sputum cultures, a reduction in lung function, and
new changes on high-resolution CT scanning of the chest are
strongly suggestive of active infection (Fig. 10.3). However,
all of these changes can occur with P. aeruginosa infection;
and if this organism is co-infecting it is useful to treat it first.
Only if symptoms and radiographic changes persist would
treatment with an anti-mycobacterial regimen be considered.

TREATMENT

Non-tuberculous mycobacterial infection is usually resistant
to standard anti-tuberculous antibiotics, but there are certain
combinations that may be helpful [139,140]. Rifampicin,
ethambutol, azithromycin and a fluoroquinolone (cipro-
floxacin or moxifloxacin) have been shown to be of benefit 
in CF and non-CF populations. In difficult cases, particularly
in M. abscessus infection, other regimens including cefoxatin,
imipenem and amikacin (intravenously or by nebulizer) may
also be of benefit [140]. Response to treatment should be
monitored using symptoms, C-reactive protein, sputum cul-
tures and serial high-resolution CT scans. The aim is to
achieve 12 months with regular negative sputum cultures,
before stopping treatment. This may be achieved in MAC
infection but is much less likely with M. abscessus. Infection
with NTM has been demonstrated to be associated with
mutations of interferon-� receptors and subsequent second
messenger pathways. Patients with such defects may benefit
from IFN- � treatment [141].

RESPIRATORY VIRUSES

Respiratory viral infections have a significant impact on
patients with CF, especially in the autumn (fall) and winter,

Figure 10.3 CT chest scan of an adult with non-tuberculous
mycobacterial infection.
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and respiratory viruses may precipitate up to 40% of chest
exacerbations [142–144]. Their effect has probably been
under-estimated in the past, and this is likely due to difficul-
ties in identifying them, especially from expectorated vis-
cous sputum and thick mucoid airway secretions. Recently,
however, it has been shown that combining a multiplex
reverse transcriptase PCR with colorimetric amplicon detec-
tion can identify most respiratory viruses in the sputum of
CF patients [145]. Viruses implicated in causing infections
in CF are the same as those that may affect anyone, namely
respiratory syncytial virus (RSV), adenovirus, parainfluenza
virus types 1–3, influenza A and B, and rhinovirus [146].
There is no information yet on the relevance of human
metapneumovirus in CF, but it is likely to be similar to that
in previously healthy infants (less common than RSV but
more common than parainfluenza) [147].

There is no evidence that infants, children or adults
with CF are more susceptible to viral infections than
healthy people, but the impact is greater, and the outcome
worse as the lower respiratory tract is affected more often
[142,146,148,149]. Viral infections may lead to increased
frequency and duration of hospitalization for respiratory
exacerbations [150], followed by deterioration in clinical
status and lung function [142,144], which may persist for
several months [149,150]. The viruses that have the greatest
impact in CF are RSV and influenza. RSV predominates in
infants although CF infants have the same number of RSV
infections as non-CF infants in any season [151]. As well as
causing acute pulmonary exacerbations and worsening of
airway obstruction, RSV can sometimes cause more severe
problems, including prolonged hospitalization, persistent
hypoxemia and even a need for mechanical ventilation.
Complications can last for several months after the acute
infection; one study with a 2-year follow-up found
increased respiratory symptoms and worse chest radi-
ograph score in infants who had had RSV [143]. In older
children and adults, influenza has the greatest effect, some-
times leading to a significant fall in lung function [152] and
deterioration in clinical status [153]; primary influenza
pneumonia can also occur.

Respiratory viral infections are also associated with
onset of secondary bacterial infections, and the first isola-
tion of a particular organism (particularly P. aeruginosa)
often follows a viral infection [154,155]. One study, in
which respiratory viral infections were confirmed on bron-
choalveolar lavage (in 52% of infants hospitalized for res-
piratory disease), found at 12- to 60-month follow-up that
first isolation of P. aeruginosa was more common in the
infants who had been hospitalized for respiratory illness
than those who were not (35% vs 6%) [156]. The patho-
physiology is not well understood, but the association may
be due to epithelial damage caused by the viruses with sub-
sequent airway inflammation, as well as impairment of the
cough reflex and mucociliary clearance. On the other
hand, it may simply be that bacteria were already present in
the lungs, but were isolated at the time of increased mucus
production and expectoration only because of the viral

infection. This is more likely in children as sputum pro-
duction is often minimal.

Antiviral strategies

The viruses have relatively short incubation periods (less
than a week), and transmission occurs primarily via direct
contact (skin or aerosol) with an infected person or some-
thing they have recently handled [38]. It is sensible to keep
people with obvious upper respiratory tract infections away
from CF infants if possible. Droplet infection via the nose
and eyes can occur within 3 feet (1 meter) with influenza
and adenovirus. In hospitalized infants, isolation in a cubi-
cle or cohorting of infected patients is important, but suc-
cess relies on rapid diagnosis, and a number of techniques
are available. Staff must be meticulous with infection pre-
cautions, particularly hand-washing.

IMMUNIZATION

A Cochrane systematic review did not find any evidence
that influenza immunization is beneficial to patients with
CF [157]. However, the immunogenic effect in CF children
is similar to normal children [158] and several studies have
shown it to be safe [151]. Consequently, influenza immu-
nization is recommended annually for CF patients aged
over 6 months; immunization of immediate family mem-
bers is also recommended [151]. There is no licensed vac-
cine for those aged under 6 months, and children aged 6–35
months require two half-doses 1 month apart. In addition,
those aged 3–8 years who are receiving the vaccine for the
first time also require two doses 1 month apart, but for suc-
ceeding years receive a single dose similarly to adults [151].
Currently there is no effective RSV vaccine available. Passive
immunoprophylaxis with palivizumab (a monoclonal anti-
body to RSV) may have some benefit in expremature babies
with chronic lung disease, but so far there are insufficient
data to determine its effectiveness in CF infants. A number
of studies investigating the efficacy of immunoprophylaxis
are currently under way.

ANTIVIRAL DRUGS

There may be a role for the neuraminidase inhibitors oral
oseltamivir or inhaled zanamivir when used early (ideally
within a few hours of onset of symptoms, and at least
within 48 hours) in influenza infection, as well as for pro-
phylaxis of non-immunized patients exposed to influenza
[159]. This is most likely to be valuable during an influenza
epidemic. Evidence is lacking in CF, but one difficulty is
recognizing a chest exacerbation as being due to influenza
early enough in the illness for the drug to be effective.
Amantadine is no longer recommended for treatment or
prophylaxis of influenza [159].

Inhaled ribavirin (a nucleotide analogue) is licensed for
use in RSV infection but has limited effectiveness and is
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rarely used in otherwise healthy infants; it is not indicated
in CF. There is some evidence that the leukotriene receptor
antagonist montelukast reduces respiratory symptoms
(particularly cough) for a month post-RSV bronchiolitis,
when given within 7 days of onset of symptoms [160].
Since it is free of adverse effects, it may be worthwhile try-
ing in CF infants, although no study in this group has been
undertaken.

Antibacterial prophylaxis

When patients have an upper respiratory tract infection
(most commonly due to rhinovirus), unless symptoms are
trivial, many clinicians advise antibiotic prophylaxis 
(principally against H. influenzae) – for example with 
co-amoxiclav for at least 2 weeks [15]. This is not based on
trial evidence in CF patients, but is supported by clinical
experience and a randomized controlled trial in non-CF
patients with common colds. It was found that 5 days of 
co-amoxiclav benefited the 20% of patients whose nasopha-
ryngeal secretions had also grown bacteria (H. influenzae,
Moraxella catarrhalis or Streptococcus pneumoniae) [161].
Some centers advocate doubling the dose of the flucloxacillin
the child is on for chronic S. aureus infection during colds,
but that offers no additional benefit against H. influenzae.

FUNGAL INFECTIONS

Aspergillus is a widely-distributed spore-bearing fungus,
and since it can grow at body temperature and the spores
are respiratory particle-sized (2–4 �m) it can be associated
with respiratory disease in humans. The presence of
necrotic lung tissue and cavitating lung disease makes the
CF lung an ideal environment for Aspergillus [162].

There are several species but A. fumigatus is most often
implicated. Aspergillus lung disease may take the form of lung
infection, aspergilloma, invasive aspergillosis or allergic
bronchopulmonary aspergillosis (ABPA); it is the first and
last that are most relevant to CF. An aspergilloma is a discrete
fungal ball (mycetoma) found in an existing cavitatory lung
lesion, which commonly causes hemoptysis. It is rare in chil-
dren with CF but may be more common in adult patients,
and is likely to be recognized more often with increased use
of chest CT scanning [162]. Invasive aspergillosis occurs
when the fungus invades the lung tissue; it is rare and more
often associated with congenital or acquired immunodefi-
ciency (including post-transplant); however, isolated cases in
non-transplanted CF patients have been reported [163,164].
If immunosuppression becomes more widely used in CF
then the frequency of this complication is likely to increase.

Aspergillus lung infection

Aspergillus is commonly found in the sputum in CF (vari-
ably reported as 1–60% [165]) and it is not always obvious

whether it is causing disease or just harmless colonization.
A. fumigatus is commonest, but A. clavatus, A. flavus,
A. niger, A. terreus and A. nidulans have also been isolated.
If Aspergillus is repeatedly cultured, and especially if no
bacteria are isolated, then in a patient who is symptomatic or
chronically deteriorating, treatment with an antifungal agent
is prudent. A typical regimen would be oral itraconazole for
1 month. Aspergillus has also been identified in a significant
proportion of sinus cultures in a small series of patients
with CF undergoing sinus surgery [166].

Allergic bronchopulmonary aspergillosis

PATHOPHYSIOLOGY

Allergic bronchopulmonary aspergillosis (ABPA) is a hyper-
sensitivity disease of the lung due to an immune response to
A. fumigatus antigens; it is seen most often in patients of all
ages with CF and adults with asthma. Interestingly, het-
erozygosity for a CF gene mutation has been shown to pre-
dispose to ABPA in non-CF patients [167]. The inhaled
spores are trapped in airway mucus, germinate and form
mycelia which release allergens; the bronchus-associated
lymphoid tissue (BALT) may be exposed to high levels of
these allergens. This is followed by type I and type III
immune responses with production of specific IgG and IgE
antibodies. This is accompanied by an exaggerated T helper
type-2 lymphocyte response leading to release of cytokines
associated with allergy – interleukin (IL)-4, IL-5 and IL-13
[165]. Furthermore, the Aspergillus is bound to the surface
epithelium and grows on and between the epithelial cells. It
is not killed efficiently by monocytic and eosinophilic infil-
trates, which results in chronic airway inflammation; this
aids antigen transport across the epithelial cell layer and
exposure of the antigens to further inflammatory cells.
When the inflammation extends into the small airways 
and alveoli, it resembles eosinophilic pneumonia; the alveo-
lar infiltrate is thought to cause the fleeting shadows seen on
a chest radiograph.

EPIDEMIOLOGY AND RISK FACTORS

Prevalence data are hampered by poorly standardized diag-
nostic criteria and the difficulties of distinguishing symptoms
of ABPA from other aspects of CF lung disease. Data from
the European Epidemiologic Registry of CF (ERCF) on
12 447 patients in nine countries showed an overall preva-
lence of 7.8%, with a range of 2–14% (6% in the UK) [168].
ABPA seems to be less prevalent in North America, with the
North American Epidemiologic Study of CF (ESCF) report-
ing on 14 210 patients as having a prevalence of 2% [169].
Differences may be partly due to the ESCF stricter diagnostic
criteria (see both papers for different criteria used for these
large databases) and this figure may be an under-estimate. It
is also possibly due to less use of inhaled antibiotics in the
United States in the past. An increased isolation of fungi
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(Aspergillus and Candida) was detected in the active arm of
the large North American inhaled TOBI study (although
there was no reported increase in ABPA itself) [170], so use
of inhaled tobramycin may now be a risk factor. Inhaled anti-
pseudomonal antibiotics have been in use in Europe far
longer than in the United States, although a small study did
not show colistin (the principal one used before develop-
ment of TOBI) to be associated with increased fungal colo-
nization [171]. Both databases showed an increase with age
and a low incidence in those under 6 years. ESCF data indi-
cated increased prevalence in males, adolescents, those with
poorer lung function and those with P. aeruginosa infection
[169]. While they also reported an increased incidence in
those with wheeze and asthma, that may simply have been
symptoms of the ABPA itself. The ERCF found an associa-
tion of ABPA with bacterial chronic infection, pneumotho-
rax, massive hemoptysis, higher serum IgG levels and poor
nutritional status [169]. Atopy is an important risk factor
with ABPA occurring in 22% of atopic CF patients compared
to 2% non-atopic patients [165]. In addition, HLA-DR2 and 
-DR5 may contribute to susceptibility while HLA-DQ2 may
predispose to resistance [165]. Finally, a recent case–control
study has found that sensitization to A. fumigatus (but not
ABPA) was independently associated with higher cumulative
doses of inhaled corticosteroids, although causation has not
been proven [172].

CLINICAL PICTURE

This may vary but there are two classic scenarios of presen-
tation. First, the patient may present relatively acutely with
wheezing, dyspnea, chest pain and plugs of sputum with
brown/black flecks. Sometimes there is fever, myalgia and
malaise, an ‘influenza-like’ syndrome. Lung function is
reduced with an obstructive pattern on the flow–volume
curve and the chest radiograph shows new infiltrates (that
tend to disappear with systemic corticosteroid therapy).
The second scenario is more insidious with a chronic and
generalized chest deterioration that does not respond to
intravenous antibiotics. Bronchiectasis may be present,
and when associated with ABPA tends to be found more
centrally (inner two-thirds) on a chest CT scan. Diagnosis
is not always obvious, however, as many features of ABPA
are common to other aspects of CF lung disease. In addi-
tion, ABPA may be recurrent and episodic in nature.

DIAGNOSIS

Diagnosis relies on a combination of the clinical picture
with evidence of Aspergillus exposure leading to a relevant
immune response. A CF Foundation consensus conference
has derived a set of criteria for diagnosing a ‘classic case’, as
well as a set of minimal diagnostic criteria (Table 10.4)
[165]; the UK CF Trust has also published guidelines
(Table 10.5) [15].

However, the individual features are not enough for a
diagnosis. For example, Aspergillus is frequently isolated in

the absence of ABPA; skin prick tests are commonly positive
in CF patients (especially adults) with no ABPA [168]; pre-
cipitating antibodies are also found with no ABPA [165];
serum IgE may be raised due to atopy alone; eosinophilia
may be associated with chronic P. aeruginosa infection; distal
airways obstruction is non-specific; and radiographic infil-
trates and bronchiectasis are common findings in CF
patients. Some children have a chronically high serum IgE,
and then an acute rise (2- to 4-fold) may be indicative of an
ABPA exacerbation. Use of disease-specific recombinant 
A. fumigatus allergens may be helpful as non-secreted cyto-
plasmic allergens may be recognized by IgE only in patients
with ABPA, whereas secreted allergens may be recognized by 

Table 10.4 Diagnostic criteria for allergic bronchopulmonary
aspergillosis (ABPA) proposed by the CF Foundation consensus
conference [165].

Classic case
Acute or subacute deterioration (cough, wheeze, exercise
intolerance, exercise-induced asthma, decline in lung function,
increase in sputum) not attributable to another etiology

Serum total IgE 
1000 IU/mL (unless receiving systemic 
corticosteroids)

Immediate cutaneous reactivity to Aspergillus or serum IgE
antibody to A. fumigatus

Precipitating antibodies to A. fumigatus or serum IgG to 
A. fumigatus

New or recent abnormalities on chest radiography (infiltrates or
mucus plugging) or chest CT (bronchiectasis) that have not 
cleared with antibiotics and standard physiotherapy

Minimal diagnostic criteria
Acute or subacute deterioration not attributable to another
etiology

Serum total IgE 
500 IU/mL; if total IgE level is 200–500 IU/mL,
repeat test in 1–3 months

Immediate cutaneous reactivity to Aspergillus or serum IgE
antibody to A. fumigatus

One of the following: (1) precipitins to A. fumigatus or IgG
antibody to A. fumigatus or (2) new or recent abnormalities on
chest radiography (infiltrates or mucus plugging) or chest CT
(bronchiectasis) that have not cleared with antibiotics and
standard physiotherapy

Table 10.5 Diagnostic criteria for allergic bronchopulmonary
aspergillosis (ABPA) proposed by UK CF Trust [15].

The occurrence of asthma symptoms
New x-ray changes such as patchy atelectasis, consolidation,
homogeneous bronchial shadowing or parallel ‘tram-line’ linear
shadows

Increased IgE levels of 
500 IU/mL or a 4-fold rise in IgE titers
Increased specific IgE radio-allergosorbent test (RAST) or positive
skin prick tests

Eosinophilia 
500/mm3

Positive sputum culture or fungal hyphae identified on microscopy
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sensitized individuals whether or not they have ABPA [173].
An appropriate clinical response to corticosteroid therapy
(with clearing of infiltrates on chest radiograph and reduc-
tion in IgE) will help confirm the diagnosis (Fig. 10.4).

The differential diagnosis includes bacterial chest exac-
erbation, CF asthma, atopy, severe small airways disease,
gastroesophageal reflux with or without aspiration, and in
the case of acute chest pain a pneumothorax.

SCREENING

The most important thing is for the clinician to have a high
index of suspicion and consider the diagnosis. This is par-
ticularly so when there is a poor response to intravenous
antibiotics, marked wheeze or pleuritic chest pain. Sputum
cultures or cough swabs should be taken at every clinic
visit. At annual review, ABPA serum markers should be
measured; this baseline is then useful when markers are

measured during chest exacerbations, since a rise in total
and aspergillus-specific IgE can suggest the diagnosis. The
CFF consensus recommends total IgE be measured annu-
ally in patients aged over 6 years, with further markers
measured if 
500 IU/mL and repeat IgE measurement if
200–500 IU/mL [165].

TREATMENT

When it is not obvious whether chest symptoms are due
only to ABPA or whether bacterial infection is playing a
part, intravenous antibiotics are usually started initially.
There is surprisingly little evidence to inform clinicians how
best to treat ABPA itself. Although there have been no ran-
domized controlled trials in CF, the available data suggest
that oral corticosteroids should be used to attenuate the
inflammatory and immunological reaction [165]. Clinical
experience has shown them to be effective in reducing
symptoms (often within a few days), improve chest radi-
ograph signs and reduce serum IgE and eosinophilia. While
they are effective in suppressing acute exacerbations, it is
unclear whether they affect progression of lung disease
[174]. The starting dose of prednisolone is typically 2 mg/kg
body weight (up to maximum of 60 mg) given for 2 weeks,
reduced to 1 mg/kg for 2 weeks, 0.5 mg/kg for 2 weeks and
then further gradual tapering of the dose depending on the
clinical response, usually over 2–3 months. If there is no
response to steroids the issue of non-adherence needs to be
considered. It is also important not to prescribe enteric-
coated preparations. There is little evidence for the role of
inhaled corticosteroids [165], but they are sometimes used
in adult patients. Relapse may occur during steroid taper-
ing, in which case the dose is increased once more and
tapered more slowly over several months. Recurrence is
common within 2–3 years, in which case a full treatment
course is required.

Oral antifungal agents are also used on the principle that
it is beneficial to combat the airway fungal infection and
thus reduce the antigenic burden. There have been no ran-
domized controlled trials in CF [175], but evidence comes
from trials in asthmatics with ABPA. Oral itraconazole led
to a decrease in serum markers and eosinophilic inflamma-
tion, which was matched by a reduction in corticosteroid
dose and clinical improvement [176,177]. In CF, there have
been case series only, but they did demonstrate a small
improvement [174]. Our practice is to prescribe oral 
itraconazole while the patient is taking corticosteroids, 
and usually for 1 month after the course is completed. CFF 
consensus recommends itraconazole for those with 
poor response to corticosteroids, those who are steroid-
dependent, those with steroid toxicity and relapsed cases
[165]. Unfortunately the drug is poorly absorbed but this is
improved if taken with an acidic drink such as Coca Cola or
orange juice (but grapefruit juice must be avoided because
of its effect on gut CYP3A4 enzymes). Itraconazole has a
number of drug interactions so concomitant medications
must be checked before it is prescribed (e.g. clarithromycin,

Figure 10.4 Chest radiographs of a child showing (a)
infiltration due to ABPA (arrow) and (b) follow-up at 10 weeks
later showing considerable improvement after oral corticosteroid
therapy.
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midazolam). In addition, it should not be taken at the same
time as antacids such as ranitidine, omeprazole etc. The liq-
uid preparation is better absorbed but fairly unpalatable. It
is recommended that liver function be monitored when
itraconazole is taken for a long time as transaminases can be
transiently raised; our practice is to measure liver function
at baseline and then 2–3 months later. Finally, there has
been a report of adrenal suppression occurring when 
itraconazole was taken with inhaled corticosteroids (budes-
onide) in 11 of 25 people with CF; it is believed the itra-
conazole inhibited budesonide metabolism leading to
suppressed adrenocorticotrophic hormone (ACTH) secre-
tion, and recovery took many months after the itraconazole
was stopped [178]. Resistance to itraconazole has now been
noted in A. fumigatus but not other species [165].

Voriconazole is a newer antifungal agent and is a second-
generation triazole (a derivative of fluconazole). The
bioavailability is 96% so it is very well absorbed, even in
patients with CF. It is licensed for use in invasive aspergillo-
sis for those aged over 2 years. It has a number of recognized
adverse effects including photosensitization, headaches,
visual disturbances, skin rashes and hair loss. It is also rather
expensive and liver function needs monitoring monthly.
Nevertheless, we have used it in patients who do not respond
to standard ABPA management or who cannot tolerate itra-
conazole; we have also tried it as monotherapy in patients
who cannot (or will not) take corticosteroids, and have had
a degree of success in some [179]. Voriconazole has also
been used on occasions in patients with chronic Aspergillus
infection (without evidence of ABPA) who have signifi-
cantly deteriorating lung function.

Finally, there are circumstances where further therapy 
is needed. Some of these patients have recurrent relapses,
and are steroid-dependent (often with significant adverse
effects, particularly impaired glucose metabolism). Some
do not respond to therapy in the first place and have a
chronically elevated serum IgE (often in the thousands).
Therapies that can be considered include long-term nebu-
lized amphotericin, intravenous liposomal amphotericin
(sometimes for several weeks), and monthly infusions of
intravenous immunoglobulin [180]. For the future, it is
tempting to speculate that anti-IgE monoclonal antibody
(omalizumab) may have a role.

Avoidance of Aspergillus exposure is also important.
Clearly damp housing conditions must be addressed as
Aspergillus colonizes water-damaged walls and ceilings.
Aspergillus is found in mouldy hay so is common in horse
stables; if the patient insists on horse riding, a compromise
is that he or she should only ride out in the open and not
‘muck out’ (clean) the stables. Aspergillus spores are com-
monly found in building sites so building work inside hos-
pital grounds can also be quite a problem.

PROGNOSIS

The ERCF data have shown that ABPA had no effect on
longitudinal decline in FEV1 when divided into severity

subgroups [168]. Nevertheless, some patients with chronic
and recurrent ABPA are a difficult management problem,
with constricted airways and sputum retention, and some
become corticosteroid-dependent.

Other fungi

Candida albicans has been isolated in 75–90% of adult spu-
tum samples [181,182] but does not seem to cause signifi-
cant lung disease. Specific IgE antibodies to C. albicans
have been detected in colonized CF patients although they
were not associated with clinical disease [181]; rarely an
allergic bronchopulmonary mycosis may be caused by
Candida species [162]. Given the amount of antibiotics
patients with CF receive, oral candidiasis is not uncom-
mon, so it may often contaminate specimens; a positive
sputum culture does not necessarily indicate pulmonary
infection. A recent survey in over 100 adult patients
revealed 70% had symptoms of oral and/or genital can-
didiasis, and Candida species was detected from mouth
swabs in 35% [183]. Oral candidiasis should be treated
with an agent such as oral fluconazole or topical treatment.
Finally, Candida will sometimes infect an indwelling
totally implantable venous access device leading to
fungemia and possible seeding into distant organs such as
the kidneys. Intravenous therapy (e.g. liposomal ampho-
tericin or voriconazole) is required and the device is usu-
ally removed.

More recently, Scedosporium apiospermum has emerged
as an isolate in children and adults with CF, reported in 9%
sputum samples, with positive serology in 21% [184]. It was
found from adolescence onwards and not in younger chil-
dren, and was usually recovered from patients already colo-
nized with A. fumigatus. The frequency of S. apiospermum is
greater than expected from the prevalence of fungal spores
in the environment (it is occasionally found in soil).
Similarly to A. fumigatus, it can cause respiratory tract infec-
tion, sinusitis, lung mycetoma, necrotizing pneumonia and
allergic bronchopulmonary mycosis [184]. However, its
pathogenic role in CF is not well established, and it is usually
considered as a simple colonizing agent. If treatment is war-
ranted, oral itraconazole has been used effectively.
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Respiratory disease: non-infectious 
complications

MARGARET HODSON AND ANDREW BUSH

Rightly, much of the effort in pulmonary care is focused on
prevention and treatment of chronic infection. However,
there are a number of non-infective issues that are very
important, and these are discussed in this chapter.

HEMOPTYSIS

Minor hemoptysis is common in cystic fibrosis (CF) and
more so in older patients. The bleeding is usually from the
bronchial arteries, two-thirds of which arise from the aorta
and one-third from the mammary and intercostal vessels.
Other vessels, which form collaterals with these, may also be
a source of hemorrhage. Severe hemoptysis is usually asso-
ciated with severe disease and is defined as 250 mL per 24
hours, or 100 mL per day in a 3–7 day period [1]. It occurs
in about 7% of older patients. The CFF Patient Registry of
28 858 patients over a 10-year period showed that massive
hemoptysis occurred with an annual incidence of 0.87%
and overall 4.1% of patients experienced hemoptysis over a
2-year period. One in 100 patients will have a massive
hemoptysis annually. The patients who had major hemo-
ptysis were older (mean age 24 years) with more severe
lung disease (60% had FEV1 below 40% predicted). The
major risk factors were Staphylococcus aureus in the spu-
tum (OR 1.3) and diabetes (OR 1.1). There was an
increased morbidity and mortality after massive hemopty-
sis (35% dying within 1 year, median survival after the first
major hemoptysis being 5 years) [2].

Hemoptysis is due to chronic infection, leading to the
formation of granulation tissue and small blood vessels,
which rupture with coughing. There may also be damage
to vessels by proteolytic enzymes released from leukocytes
associated with the infection. Other factors include vitamin
deficiency due to liver disease and malabsorption, and
thrombocytopenia, the latter in patients with hypersplenism.

It is important for clinicians to distinguish between hemop-
tysis and hematemesis in this group of patients. Mild
hemoptysis, namely blood streaking of the sputum, is 
usually of no great significance. Major bleeds are life-
threatening due to asphyxiation, airflow obstruction, infec-
tion, hypotension, anemia, exacerbations of infection and
respiratory failure.

History-taking should include what medications are
being taken, and aspirin, non-steroidal anti-inflammatories
and penicillin derivatives should be stopped. A chest radio-
graph should be performed to see if there is any new chest
pathology. A full blood count, liver function tests, blood for
cross-matching and arterial gases (at least in adults) should
be performed. Coagulation should be checked including
prothrombin time (PT), partial thromboplastin time (PTT)
and platelet count. Sputum should be sent for culture.
Clinicians used to bronchoscope patients before interven-
tion such as embolization but recently this has been done
less often as it has not been found to be particularly helpful.

For mild hemoptysis and blood streaking, reassurance is
all that may be required. If the last sputum culture reveals
any pathogen, this should be treated; coagulation should
be checked and vitamin K given if appropriate. Moderate
hemoptysis, which is more than streaking of the sputum
but less than 250 mL/24 hours, should be treated by admis-
sion to hospital. Coagulation factors should be checked,
drugs which may be exacerbating the situation stopped and
physiotherapy and appropriate antibiotic therapy given.
Oxygen saturation (SaO2) should be monitored and oxy-
gen given as required. Chest physiotherapy should be con-
tinued, but caution should be used, and an experienced
physiotherapist is essential.

In severe hemoptysis, oxygen is essential and if it is
known from which side the bleeding is coming the patient
should be placed in the lateral position with the affected side
down so that blood is not aspirated into the upper lung. 
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In this situation, pitressin derivatives have been found use-
ful by some clinicians [3,4]. We have used vasopressin for
a number a years, and more recently terlipressin with suc-
cess. Two milligrams of terlipressin given intravenously are
followed by 1–2 mg every 4–6 hours, up to 72 hours. A
glycerine trinitrate patch and a diuretic should be given as
fluid retention can occur. It is said that tranexamic acid can
also be helpful [5] but this is not our experience. If severe
hemoptysis continues, bronchial embolization (Fig. 11.1)
can be extremely effective, at least in the short term [6–9].
A variety of substances can be used, such as gelatine pled-
gets, steel coils or polyvinyl alcohol. A group of 23 children
(95%) stopped bleeding within 24 hours, but 55% of these
needed re-embolization at between 5 days and 21 months
[10]. Embolization also has the risk of paralysis if emboli
are allowed to block the spinal arteries, and there are risks
of other organ infarction or even death. However, in severe
hemoptysis it can be life-saving. If embolization fails, the
other options are intubation and endobronchial tampon-
ade with balloon catheters or ligation of the bronchial
artery or surgical resection of a lobe, which in a very sick
patient has a very high mortality rate.

PNEUMOTHORAX

Pneumothorax occurs when there is air in the pleural space,
usually due to rupture of a subpleural bleb in the visceral

pleura; another cause is misplacement of a central line.
Increase in intrapleural pressures due to inflammation and
obstruction of the airways may cause check valve phenom-
ena and sputum retention, increasing the risk of pneu-
mothorax [11]. The incidence of pneumothorax increases
in adolescence and adult life [12]; it is associated with a
poor prognosis [13] and the median survival after pneu-
mothorax is only 30 months. Pneumothoraces are often
recurrent; indeed over 50% of patients may have more than
one episode.

Pneumothorax in CF was studied [14] using the US
National Cystic Fibrosis Patients Registry 1990–1999, which
contains 28 588 patients with a follow-up of 10 years. Annual
incidence of pneumothorax was 0.64% and occurred 
in 3.4% of patients. A pneumothorax occurs in 1 in 167
patients annually. Pneumothoraces were more common in
older patients, mean age 22 years, and in those with severe
lung disease (75% of patients had an FEV1 of �40% pre-
dicted). Pneumothorax was increased in patients with:
Pseudomonas aeruginosa (OR 2.3), Burkholderia cepacia
(OR 1.8), Aspergillus fumigatus in the sputum (OR 1.3), 
FEV1 �30% predicted (OR 1.5), enteral feeding (OR 1.7),
pancreatic insufficiency (OR 1.4), allergic bronchopul-
monary aspergillosis (OR 1.5) or a massive hemoptysis (OR
1.4). After a pneumothorax there was an increased rate and
duration of hospital admissions and the 2-year mortality
rate was increased: 49% vs 12% when compared to patients
who had not had a pneumothorax (p � 0.0001).

Figure 11.1 The bronchial artery in a patient with cystic fibrosis before and after embolization.
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The patient may be asymptomatic or may have chest pain
and/or breathlessness. Indeed any unexplained chest pain
or breathlessness in a CF patient should prompt the clini-
cian to exclude pneumothorax, particularly in older patients.
A large pneumothorax, or tension pneumothorax, in patients
with severe lung disease can be life-threatening and needs
urgent treatment.

A small pneumothorax may be asymptomatic, but a
patient with a larger pneumothorax may present with
cyanosis, breathlessness, pallor, a raised respiration rate and
be very distressed. On examination there will be reduced
movement, increased resonance and decreased breath
sounds over the affected side. If the mediastinum is dis-
placed, as often happens with a tension pneumothorax,
trachea and apex beat will be displaced away from the side
of the pneumothorax. In tension pneumothorax there may
be tachycardia and hypotension.

A PA chest radiograph will reveal the pneumothorax
(Fig. 11.2) but often a lateral radiograph or CT scan is
required to show the full extent and indicate the site for
positioning an intercostal tube. Guidelines have suggested
pneumothoraces of �2 cm from the chest wall are ‘small’
and large pneumothoraces are �2 cm [15]. In the case of
CF, in adults, we suggest small air rim ones �1 cm around
the lung, moderate up to 2 cm, and large �2 cm. Fortu-
nately, pneumothorax is rare in young children with CF,
but the recommendations above may be scaled down for
children.

Management is summarized in Fig. 11.3 and reference [1].
Even a small and asymptomatic pneumothorax should be

observed in hospital for 24 hours. Such a patient may
require no treatment but the clinician must be satisfied the
pneumothorax is not getting bigger and there is no associ-
ated hemothorax developing.

A moderate or large pneumothorax will require inser-
tion of an intercostal tube connected to an underwater
drainage system. The position is decided after studying 
the chest radiograph, but the usual position is at the 5th to
6th intercostal space in the mid-axillary line. The tube is
directed to the apex and sufficient length is inserted. An
alternative position is the 2nd intercostal space anteriorly.
If the pneumothorax does not re-expand quickly, suction
should be applied, at a pressure of 5–7 kPa. If it does not 
re-expand after 4–5 days, surgical advice should be
obtained. The clinician should remember that it may take
longer for a lung to re-expand if the patient has CF than in
other idiopathic pneumothoraces as the CF lung is stiff.

If the lung does not re-expand the clinician has a
dilemma. Extensive pleurectomy, or talc pleurodesis, may
make the patient unsuitable for future transplantation. This
is because dissection of the pleura would take a long time,
causing a long ischemic time, and there is often extensive
bleeding. The best treatment, in our view, is limited abra-
sion surgical pleurodesis. In patients not suitable for trans-
plantation, chemical pleurodesis using bleomycin or talc
has been used [16]. While the patient has a chest drain 
in situ physiotherapy should be continued with intravenous
antibiotics as indicated. SaO2 should be monitored and
oxygen given to help reabsorb the air from the pneumoth-
orax. High-dose oxygen, up to 10 L, may be helpful but the
PaCO2 must be carefully monitored. High-flow oxygen
reduces the total pressure of gas in the capillaries, particularly
nitrogen, and there is therefore a higher gradient between

Figure 11.2 Chest radiograph showing widespread pulmonary
disease and a right-sided pneumothorax.

Pneumothorax present
(clinical, CXR, CT)

Small and asymptomatic Medium/large or symptomatic

Observe 24 hours in
hospital

Chest tube
for 24 hours

Persists Re-expands

Clamp tube, after 6 hours
remove

Add suction
5–7 kPa

Persists after 5 days

Consider surgical
treatment

Figure 11.3 Management of pneumothorax in cystic fibrosis.
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the pleural capillaries and the pleural cavity, and hence air
is reabsorbed. High-flow oxygen can increase the rate of
reabsorption of air by up to four times [17]. Appropriate
analgesics should be given.

When a pneumothorax is diagnosed it should be treated
quickly with an intercostal tube as re-expansion edema may
occur when the lung is re-inflated after a period of time [18].
In the case of a tension pneumothorax, a 4-cm cannula 
can be inserted as an emergency procedure. Sometimes
Heimlich valves can be used temporarily but, in our opin-
ion, these are not as effective as an underwater drain seal.

Some patients in chronic respiratory failure are depen-
dent on non-invasive positive pressure ventilation. There
is a slightly increased incidence of pneumothorax in these
patients but they can be managed using a ventilator at low
pressure [19].

After non-surgical treatment of a pneumothorax patients
should be provided with a letter stating they are CF patients
who have had a pneumothorax. If they present to any hos-
pital with breathlessness or chest pain, the clinician should
request a chest radiograph to exclude a recurrent pneu-
mothorax. Patients who have not had surgical procedures
should not fly until a chest radiograph has confirmed that
the lung is completely re-expanded, and probably should
wait at least 6 weeks thereafter. Most regulatory authorities
would prohibit scuba diving in anyone with airflow
obstruction, and certainly after a pneumothorax.

LUNG OR LOBAR COLLAPSE

This is a relatively uncommon complication of CF in these
days of effective antibiotics, airway clearance, and muco-
active agents. Its occurrence should raise the possibility of
a diagnosis of allergic bronchopulmonary aspergillosis (see
Chapter 10), which should be excluded by standard tests.
Anecdotally, a CT scan may help delineate optimal manage-
ment. If the collapsed lobe is seen to contain a prominent

air bronchogram, it is likely that there is no proximal
mucus plugging, and the changes represent chronic lobar
destruction, which is irreversible.

Standard therapy includes the use of intensive physio-
therapy, possibly augmented by positive airway pressure;
either or both of rhDNase and hypertonic saline; and appro-
priate intravenous and nebulized antibiotics. If this fails,
bronchoscopy should be performed, with the largest cali-
ber flexible bronchoscope tolerated by the patient. There is
evidence from case reports that directly instilling rhDNase
endobronchially may be beneficial [20,21]. If there are really
tenacious plugs of sputum that cannot be removed using
the fiberoptic bronchoscope, rigid bronchoscopy may be
considered.

Surgical removal of the collapsed lobe is occasionally
contemplated in the patient with otherwise well-preserved
lung architecture. However, in general a CT scan will reveal
that the disease is not truly isolated, and there is widespread
bronchiectasis elsewhere. The occasional patient may get
short-term benefit from lobectomy [22], but only in the
rare case of a destroyed non-functional lobe with well pre-
served lung elsewhere.

RESPIRATORY FAILURE, PULMONARY
HYPERTENSION, AND SECONDARY CARDIAC
COMPLICATIONS

Patients with end-stage CF become severely hypoxic (Fig.
11.4) and before that they develop significant desaturation
during exercise and sleep [23]. Cor pulmonale is well rec-
ognized in patients with hypoxia and pulmonary hyperten-
sion. Right heart failure may be present before death in a
small proportion of patients. The prognosis once heart fail-
ure occurs is grave [24].

The mechanism for pulmonary hypertension appears to
be pulmonary vasoconstriction and subsequent vascular
remodelling [25]. A study of 21 CF patients breathing air
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Figure 11.4 A cystic fibrosis patient
developing progressive hypoxia despite
maximal medical treatment as lung function
deteriorates.

www.ebook3000.com

http://www.ebook3000.org


Pharmacological adjuncts to mucus clearance 163

and oxygen mixtures showed the mean pulmonary artery
pressure (PAP) to be abnormally high in 8 of 21, and the
PAP correlated with the degree of hypoxia [25]. Patients
with right heart failure may have ECG changes (Fig. 11.5)
such as P pulmonale, and the chest radiograph may show
cardiomegaly (Fig. 11.6).

Prolonged oxygen therapy has shown no survival advan-
tage [26]. There is, however, no doubt that oxygen can pro-
vide symptomatic relief and should be given to hypoxic
patients. When heart failure occurs it usually responds well
to oxygen and diuretics. Some severely hypoxic patients
continue to study or work using an oxygen concentrator at
college or in the workplace.

More recently, echocardiography using Doppler tech-
niques has been used to study the heart in CF patients. In
some patients pulmonary hypertension was demonstrated,

but in addition the presence of significant right ventricular
systolic and diastolic dysfunction was demonstrated in
patients with severe disease, in the absence of left ventricu-
lar abnormalities [27]. In 12 CF patients, circulating atrial
natriuretic peptide (ANP) was higher in patients with pul-
monary hypertension than in those without [28].

Patients with CF also develop mainly supraventricular
arrhythmias [29]. This is probably caused by ventricular
remodelling due to hypoxia, infection and/or sympatho-
mimetic medication. Disease of the coronary arteries is
rare, probably due to the low serum lipid levels found in CF.
We have also seen a case of cardiomyopathy, and recently a
number of patients with significant alterations in right and
left ventricular filling with respiration demonstrated by
Doppler echocardiography. On inspiration the right heart
filling is increased and the left-heart filling is reduced. 
On expiration the right-ventricular filling is reduced (car-
diac tamponade) and the left-ventricular filling increased.
The authors suggest that the reduced filling of the left ven-
tricle on inspiration may account for some of the unex-
plained neurological symptoms experienced by some CF
patients [30].

PHARMACOLOGICAL ADJUNCTS TO MUCUS
CLEARANCE

It must be stressed that these are only adjunctive to mechan-
ical methods of airway clearance, which are reviewed in
Chapter 29. The clearest evidence for mucolytic therapy is
the use of rhDNase, followed by hypertonic saline. Other
agents have been suggested, and are briefly reviewed, but
there is little if any current evidence for efficacy in these
other compounds.

Dornase alfa (rhDNase, Pulmozyme)

This must be the most studied medication in CF. Dornase
alfa has been shown to decrease viscoelasticity in the spu-
tum of patients with CF and this makes chest physiotherapy
easier. Many studies have shown a clinical improvement in
patients following treatment. Short-term studies showed an
increase of FEV1 [31,32]. A North American study of more
than 900 patients showed that patients with moderate lung
disease had an improvement of 5.8% in FEV1 when treated
with dornase alfa over a 6-month period (p � 0.01) [33].
Patients with mild pulmonary disease (i.e. FEV1 
 85%
predicted) and children aged 5–10 years have also shown a
benefit [34]. A 2-year randomized placebo-controlled study
showed benefit in young patients [35]. Patients with severe
pulmonary disease also benefited [36,37]. An uncontrolled,
open labeled study followed up patients for 2 years while
they were taking dornase alfa and showed the FEV1 sta-
blized 6% above baseline [38]. A case–controlled study of
dornase alfa which evaluated the impact on disease progres-
sion over a 4-year period also showed benefit [39]. 

Figure 11.5 ECG of a CF patient with right heart failure
showing tall P waves.

Figure 11.6 Pulmonary radiograph of a CF patient with right
heart failure.
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The European Registry reported on patients treated with
dornase alfa and showed that the treated patients benefited
with an improved FEV1 and reduced exacerbations of infec-
tion [40]. The possible anti-inflammatory effects of dornase
alfa, which are less clear-cut than the physiological and clin-
ical benefits, are discussed below.

Clinicians have been unsure whether to administer dor-
nase alfa before or after physiotherapy. A recent study has
shown that dornase alfa is equally effective when delivered
before or after physiotherapy, but that patients who are
chronically infected with Pseudomonas aeruginosa may
derive more improvement in FEV1 when dornase alfa is
administered after physiotherapy [41].

A comparison of hypertonic saline with alternate-day or
daily dornase alfa in children with CF showed hypertonic
saline was not as effective as daily dornase alfa although
there was no evidence of difference between daily and alter-
nate day treatment with dornase alfa [42].

These studies with dornase alfa are encouraging, suggest-
ing a reduction in the rate of pulmonary exacerbations and
improved lung function. A recent evidence-based review has
concluded that ‘dornase alfa should be assessed in all patients
over 6 years of age, particularly those with Pseudomonas
aeruginosa infection’ [43]. Therapeutic endpoints could
include pulmonary function, weight, incidence of respira-
tory tract infection, breathlessness and patients’ objective
response. It should be noted that not all patients respond to
rhDNase; between one-third and one-half get significant
benefit in terms of lung function, although possibly a higher
proportion may have a reduction in infective exacerbations
with no change in lung function. It has been shown that lung
function is a good predictor of response if the drug is admin-
istered for at least 6 weeks [44]. Clinicians should remember
that adherence to treatment with dornase alfa may be vari-
able [45]. It is hoped that the development of new nebuliz-
ers, shortening treatment time, may improve adherence to
treatment regimens.

Hypertonic saline

Sputum induction with hypertonic saline (HS) is a well-
established clinical and research procedure: a dose–response
effect to increasing concentrations of HS, with a stepwise
increase in mucociliary clearance (MCC) up to 6% HS, with
no further increase going up to 12% [46]. Addition of
amiloride to HS did not improve MCC [47]. These impor-
tant studies underline the need for physiotherapists to try to
increase the concentration of the saline solutions used up to
6–7%, and not be content with standard normal saline, pro-
vided the patient tolerates the escalation of the concentra-
tion without bronchospasm. It should be noted that HS
may cause bronchoconstriction, but also subsequent bron-
chodilation, similar to the paradoxical bronchodilatation
seen after exercise in some CF patients [48,49].

Efficacy studies of HS have focused on changes in lung
function and changes in the weight of expectorated sputum.

Sputum induction and enhanced sputum clearance may
not be the same procedure, however.

Short-term studies have demonstrated increases in pul-
monary function with HS similar to those obtained with
rhDNase in phase II studies [50, 51]. There have been two
longer-term studies. A pediatric trial, in which children
were randomly allocated in a cross-over design to either 7% 
HS, daily rhDNase or alternate-day rhDNase for 12 weeks
showed that, for the group, there was no significant change
in spirometry over baseline with HS [42]. Looking at indi-
vidual patients, 35% did have an improvement in FEV1 of
at least 10% on HS, including some children who did not
improve with rhDNase. The wide scatter emphasizes that
there are important individual differences in response with
this as with other treatments in CF. Patients already taking
short-acting �2 agonists were allowed to take them prior to
nebulizing HS, and only three were unable to use HS. The
study was not powered to show a difference in exacerbation
rate. Benefit at 6 weeks was less than at 12 weeks, so this
length trial was recommended on an individual basis.

By contrast, a much smaller short-term study concluded
that efficacy for 5.85% HS and rhDNase was similar [1], but
examination of the individual data reveals that there were
marked individual differences in response.

In the second long-term study, normal saline and hyper-
tonic (7%) given nebulized twice daily were compared over
a 1-year period in 164 patients [52]. There was a statisti-
cally significant but clinically trivial (67 mL FEV1) improve-
ment in the hypertonic saline group, but a dramatic
reduction in infective exacerbations (2.74 vs 1.30 per patient
in favor of hypertonic saline) and improved work atten-
dance. It should be noted that only 18% were using nebu-
lized antibiotics, so it may be that the results are not
applicable to patients using these. In an accompanying
paper, it was suggested that 7% HS had a prolonged effect
on MCC [53]. Curiously, this was abrogated by concurrent
amiloride therapy.

Overall, this cheap treatment may be a useful adjunctive
therapy in CF, and may possibly go some way towards cor-
recting the effects of the basic defect by rehydrating the air-
way surface.

There have been concerns about the effects of HS on air-
way defences and its possible pro-inflammatory potential.
Repetitive induction of sputum with HS has been reported
to cause increased airway neutrophilia [54,55], which may
be intrinsically undesirable in CF; however, in the large HS
study reported above [42], HS had no pro-inflammatory
effects and there were no correlations between changes 
in lung function and changes in inflammatory markers
[56], suggesting that there is no clinically significant pro-
inflammatory effect of HS over at least a 12-week period.

We conclude that the use of HS as an adjunct to physio-
therapy should be evaluated on an individual basis. It is
probable that patients who respond to both will prefer to
use rhDNase because of the short nebulization time and
less unpleasant taste. If there is no improvement in lung
function or antibiotic usage with rhDNase, a trial of HS
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should be considered. The dose–response curve should be
remembered [46] and 7% used if the patient can tolerate it.
The trial duration should be longer than the standard
rhDNase trial, and be of at least 12 weeks if lung function
changes are to be detected [57], longer if an effect on
antibiotic usage is to be documented. The major disadvan-
tage is the requirement for two additional nebulized treat-
ments, in a group of patients who are likely already using
twice-daily nebulized antibiotics.

Sputum induction may also be used diagnostically. This
has been routine in the context of HIV infection and tubercu-
losis, but we have been slower to introduce it in the context of
CF. Compared with standard methods of collection of lower
respiratory tract secretions, induced sputum was shown to
lead to the isolation of more organisms [58]. It may even be
that induced sputum is a better ‘gold standard’ than bron-
choalveolar lavage (BAL), in which differences in culture
results from different lobes in the same patient have been well
documented [59]. The TB experience is that the technique
can be used even in babies [60]. There are issues about
cross-infection in CF as much as TB, and consideration
must be given to ensuring that sputum induction does not
lead to spread of infection. There is a need for comparisons
between standard methods, such as cough swab and
nasopharyngeal aspirates, with sputum induction, the use
of cough plates, and BAL.

Other mucolytics

We can find no evidence in the published literature to 
support the use of any other agent as a mucolytic in CF 
or bronchiectasis. There have been three trials of N-
acetyl-cysteine (NAC) as a mucolytic [60–62], none of which
has shown any benefit. A recent systematic review confirmed
the lack of benefit for either nebulized or oral acetyl–cysteine
[64]. However, more recent work has suggested an
immunomodulatory role for high-dose NAC, with reduction
in sputum IL-8 levels [65], and a dose-finding study has
established safety in high doses [66], so there may possibly be
a role for NAC in CF in the future. However, it cannot be rec-
ommended generally as a treatment for CF lung disease.

Another agent that is currently being evaluated in CF is
inhaled mannitol [67]. Mannitol has been used for airway
challenges in the context of asthma in particular [68]. It
has a number of actions that might make it potentially of
interest in CF, including rehydration of airway secretions
[67]. There may be secondary release of mediators, which
could stimulate ciliary beat frequency [67]. It improved the
tracheal mucus velocity of CF sputum placed on a bovine
trachea [69]. In a pilot study, the effects of inhaled manni-
tol and 6% hypertonic saline were compared in 12 CF
patients. The endpoint was mucus clearance using a radio-
aerosol technique [67]. Both agents improved mucociliary
clearance, and mannitol improved cough clearance. There
was minor transient bronchoconstriction (mean falls in FEV1

in the range 6–7%) despite bronchodilator premedication,

but this had improved by the end of the study. Mannitol
has the advantage that it can be given as a dry powder,
rather than nebulized. Worldwide, a number of trials are
ongoing, and these will need to report before the place of
mannitol in CF can be determined.

ANTI-INFLAMMATORY THERAPY

There is a widespread assumption that inflammation is a
bad thing in CF, and must be suppressed [70]. This in part
arose from the early prednisolone study (below), and in part
from the study of the impressive catalog of toxic materials
released from necrotic neutrophils, which are abundant in
the airway. Furthermore, some, but not all, studies (reviewed
in Chapter 5) have suggested that the CF airway is intrinsi-
cally pro-inflammatory, even in the absence of infection.
However, it would be wrong to assume that all inflamma-
tion is bad and must be suppressed. Inflammation serves a
beneficial function in very many circumstances. First, it is
known that congenital immunodeficiencies characterized by
absent or reduced lung defences result in devastating sys-
temic infections, which, other than the dreaded cepacia syn-
drome, are unheard of in CF, at least in the untransplanted
patient. Thus the neutrophil must have some protective
function in CF. Second, early infection with Pseudomonas
aeruginosa is frequently overcome, and it seems not unlikely
that the host immune response is important in this. Third, a
recent trial of an anti-inflammatory strategy, LTB4 antago-
nism [71], had to be terminated prematurely because of
increased serious adverse events, in particular infection, in
the treated group. So the mantra ‘inflammation bad, anti-
inflammation good’ should not be applied uncritically.

This section reviews potential anti-inflammatory med-
ications currently available. More futuristic therapies are
reviewed in Chapter 33b.

Oral steroids

An initial study was reported as showing that prednisone in a
dose of 2 mg/kg on alternate days was beneficial in CF, with
no side-effects [72]. This finding was tested in a multicenter
double-blind randomized controlled trial of prednisone
2 mg/kg on alternate days versus 1 mg/kg on alternate days,
and versus placebo [73]. Benefit was shown for both steroid
treated groups, but only in patients chronically infected with
Pseudomonas aeruginosa. However, the predictable side-
effects led to the high-dose limb being halted after 2 years,
and the lower dose after 4 years. We do not know whether a
much lower dose of prednisolone might be beneficial (say
5–10 mg/day), nor is that trial likely ever to be done.

Currently, prednisolone as an anti-inflammatory can be
recommended only in patients doing very badly on stan-
dard therapy. The new knowledge of the high prevalence of
CF bone disease, and the potential role of prednisolone in
pathogenesis, mandates extreme caution in the use of this
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medication unless there is clear likely benefit, for example
in allergic bronchopulmonary aspergillosis.

Inhaled steroids

These medications are very widely prescribed in CF, often
without much justification. Infants are sometimes pre-
scribed them prior to diagnosis because their symptoms
have been attributed to asthma. The word ‘wheeze’ is used
very ambiguously, and another reason inhaled steroids are
prescribed to known CF patients is the mistaken belief that
the noise the patient or family is describing is related to bron-
chospasm, not airway secretions. Since CF is not known to be
protective against asthma, one would expect by chance that
5–10% of the CF clinic will have coincident asthma and
benefit from inhaled corticosteroids, but the diagnosis is
very difficult to establish. Pointers in favor would be the pres-
ence of a personal or family history of atopy, acute reversibil-
ity to bronchodilator, and (when available) a raised rather
than the more characteristically lower than normal exhaled
nitric oxide, and sputum eosinophilia.

A recent large multicenter study of withdrawal of inhaled
steroids showed no evidence of harm, in terms of time to
next exacerbation [74]. The study had to be of withdrawal
of therapy, not its institution, because insufficient inhaled
steroid-naive CF patients could be recruited. This study
has shed much needed light on the subject. Although a
much longer-term benefit of inhaled steroids is theoretically
possible, and might be suggested by results from the USCFF
database [75] – only available as an abstract – most would
believe that giving inhaled steroids to reduce CF-related
inflammation is not a correct strategy. Therefore, the only
indication for using them in CF is in the belief there is co-
incident asthma, and they should therefore be used exactly
as if the patient has asthma [76]. This means that every
effort should be made to document one or more features of
asthma (above); that if age appropriate, the response should
be assessed using a period of home peak flow monitoring;
and at each clinic visit an active decision should be taken as
to whether the dose can be reduced. Furthermore, with
new evidence that high-dose inhaled steroids may cause
serious side-effects such as hypoglycemia [77], caution
with their use is even more necessary. Fears have been
expressed that inhaled steroids may actually increase the
likelihood of infection with Pseudomonas aeruginosa, leading
to premature termination of a trial; however, the result did
not reach statistical significance, and has not been replicated.

Macrolides

There has been an explosion of interest in the immunomod-
ulatory properties of macrolides, which have been reviewed
in detail elsewhere (below). Diffuse panbronchiolitis is
another neutrophilic disease, similar to CF, which afflicts
almost exclusively middle-aged people in the Far East [78].

Presentation is with cough, chronic sputum production and
breathlessness, with coarse crackles heard on auscultation.
There is a mixed obstructive and restrictive pattern physio-
logically. High-resolution CT scanning reveals bronchiecta-
sis. Sputum cultures are positive for Hemophilus influenzae,
Staphylococcus aureus and, most strikingly, mucoid strains
of Pseudomonas aeruginosa. As a result of chance observa-
tions, it became clear that long-term low-dose erythromycin
dramatically improved prognosis, changing 10-year survival
from less than 20% to more than 90% [79]. A series of ele-
gant studies established that diffuse panbronchiolitis is char-
acterized by a neutrophilic bronchoalveolar lavage, and that
macrolide treatment therapy reduced lavage neutrophil
chemoattractant activity and neutrophil counts [80]. The
response did not depend on the patient being chronically
infected with mucoid Pseudomonas aeruginosa [81].
Treatment with erythromycin or, if this fails, clarithromycin
is essentially curative of a once fatal condition. This extraor-
dinary result led to interest in the use of macrolides in CF,
first in a series of case reports and a case study, and then in
randomized controlled trials.

Three different double-blind randomized placebo-
controlled trials have established a role for macrolides in
some patients with CF, summarized in Table 11.1 [82]. These
have established that macrolides improve lung function,
reduce exacerbation rates, and possibly lead to increased
weight gain [83–85]. As with many therapies in CF, there is
individual variation in response to treatment, and not all
will benefit. Any benefit is lost within 28 days of discontin-
uing therapy [85].

There are many potential anti-inflammatory and
immunomodulatory mechanisms whereby macrolides
could be beneficial in CF, which have been reviewed in
detail elsewhere [86–88]. In patients with diffuse panbron-
chiolitis, it would appear that this is related to reduction of
airway neutrophilia. However, there is no reason to sup-
pose the mechanism is necessarily the same in CF, and in
fact no group has been able to identify the actual mecha-
nism. It is clearly not correction of the electrophysiological
defect [89,90]. Challengingly, one group has even suggested
that azithromycin may actually be pro-inflammatory [91],
and that is the mechanism of benefit! There is a real practi-
cal need to find the mechanism; there are many hundreds
of naturally occurring macrolides, with differing proper-
ties, and a designer macrolide, targeting a specific mecha-
nism, could be highly beneficial.

In summary, these trials have confirmed that for many,
but not all, individuals with CF, azithromycin therapy
improves pulmonary function. No-one can predict which
patients will benefit from treatment, nor is the mechanism
of action known. Unlike in diffuse panbronchiolitis, there
does not seem to be an effect on airway neutrophilia, but, as
with diffuse panbronchiolitis, chronic Pseudomonas aerugi-
nosa infection is not a prerequisite for benefit. The optimal
dose and dosing frequency is not known. There are world-
wide differences in how macrolides are used in CF. Some
[92] use it as part of their routine treatment of chronic
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infection with Pseudomonas aeruginosa. We are more cau-
tious, having taken account of the lack of knowledge of pos-
sible long-term side-effects in children in particular; we
carry out a 4- to 6-month therapeutic trial of daily
azithromycin in those who are not doing well on conven-
tional therapy, irrespective of their sputum bacteriology,
and discontinue the medication if there is no benefit. This is
clearly an area where more work is needed, but also an area
in which clear-cut benefit for patients has been established.

Non-steroidal anti-inflammatory agents

A logical anti-inflammatory approach, given that oral
steroids are too toxic and inhaled steroids ineffective, would
be a non-steroidal anti-inflammatory medication such as
ibuprofen. The first randomized controlled trial showed
that ibuprofen slowed the rate of decline in lung function, in
particular in the 5–13 age group [93]. The dose was carefully
titrated, and it was impossible to predict blood levels, so
these had to be measured. There are animal data that high-
dose ibuprofen is anti-inflammatory, but low-dose ibupro-
fen may be pro-inflammatory [94], so if this therapy is to 
be used, regular venepuncture is necessary. Furthermore,
ibuprofen may contribute to acute renal failure, especially
with concurrent aminoglycoside treatment. Confirmation
of a beneficial effect has been sought in a recent multicenter
study, which has not yet been published.

Overall, the role of ibuprofen in CF is unclear [95].
More data are needed. There are clearly more risks, in par-
ticular of acute renal failure when combined with amino-
glycosides [96,97], than were appreciated at first. The
complications are probably rare, but devastating when they
occur. The need to monitor blood levels, and the theoreti-
cal risk of doing harm if the dose is wrong, also indicates

the need for caution. At the moment, ibuprofen cannot be
recommended as a routine therapy; there may be scope for
a related but safer agent to be used in the future in CF.

DNase

The strong physiological evidence for benefit of rhDNase
therapy has been reviewed above. There have been sugges-
tions in the literature of both pro- and anti-inflammatory
effects. An initial in-vitro study suggested that addition of
bovine rhDNase to CF sputum led to the release of IL-8
which had been bound to DNA by electrostatic forces [98].
However, a 3-month trial of rhDNase also looked at the
change in sputum IL-8 and neutrophil elastase levels, and
showed no change [56]. A recent study has suggested that
there may be an additional, anti-inflammatory benefit of
rhDNase [99]. There was no effect on inflammation in
those who had no neutrophilia in the initial lavage. In
those with an initial neutrophilia who were randomized to
rhDNase there was no increase in lavage neutrophils; the
placebo group showed increasing neutrophilia. It could be
that the known effect of rhDNase in reducing exacerba-
tions could have led to fewer neutrophils in the airway;
unfortunately the group did not report data on exacerba-
tions. Overall, the evidence is that rhDNase is not pro-
inflammatory, may be neutral, but could have a bonus of
anti-inflammatory effects which may give additional bene-
fits in patients.

BRONCHODILATORS

Hypersensitivity of the airways in CF has long been recog-
nized [100] and many patients with CF wheeze. This may

Table 11.1 Summary of published clinical trials of azithromycin (AZM).

Centre [ref] Trial design AZM n Length of FEV1 drug Other clinical Inflammatory Adverse 
dose treatment vs placebo outcomes markers effects

(months)

Australia Two Parallel 250 mg 60 adults 3 Mean relative pintravenous pCRP Nil
centers [83] daily difference antibiotics 

� 3.6% qquality of life

UK Single Cross-over 250 or  41 children 6 Median  poral No difference Nil
center [84] 500 mg 
8 years relative  antibiotics sputum IL-8, 

daily difference neutrophil 
�5.4% elastase

USA Parallel 250 or 185 children 6 Mean relative p non-quinolone Modest � Nausea,
Multicenter 500 mg 
6 years difference antibiotics psputum diarrhea, 
[85] 3/week �adults �6.2% pexacerbation elastase  wheezing

qweight No difference
in IL-8

Modified from [82] with permission from the authors.
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be due to bronchospasm, mucosal edema or retained secre-
tions in the airways. Once ABPA and gastroesophageal
reflux have been excluded or treated one should think in
terms of ‘Is there any useful airway reversibility?’ and treat
accordingly.

Beta-adrenergic agonists enhance ciliary beat frequency
and may affect mucus secretion. Terbutaline has been
shown to stimulate chloride ion secretion in the lumen and
may increase hydration of the airway [101]. All patients
with CF should be tested to see if their spirometry improves
after the use of a bronchodilator; e.g. salbutamol, terbu-
taline or ipratropium bromide given by aerosol or nebu-
lizer [102–104]. Patients should have the bronchodilator
stopped if no benefit is demonstrated. More than half the
patients in the European database are taking regular bron-
chodilators [105]. During acute exacerbations patients may
benefit from a regular bronchodilator and there is evidence,
in some cases, intravenous administration may be more
beneficial [106].

Long-acting �-agonists have also been shown to be ben-
eficial in some patients [107,108] but long-term studies are
required. Theophylline increases mucociliary clearance,
diaphragmatic contractility and central nervous system
drive to the respiratory centers [109], and may also be anti-
inflammatory, at least in the context of asthma in the non-
CF patient. However, if it is to be used, careful monitoring is
required to avoid toxicity, especially nausea and vomiting.
Some studies have shown theophylline to be beneficial
[110,111]. Intravenous aminophylline can be helpful in acute
exacerbations associated with carbon dioxide retention.

NOVEL THERAPIES

In this section we discuss briefly the anecdotal use of treat-
ments that have been used more extensively in other con-
texts, and which may bring unexpected benefit to the patient
who is not doing well. Treatments that have shown prom-
ise for the future, but not yet been studied in a controlled
trial, and are not currently available as a clinical tool, are
reviewed in Chapter 33b.

Potential current options

INTRAVENOUS IMMUNOGLOBULIN INFUSIONS

This therapy has been used in asthma with questionable
benefit. The occasional CF patient may benefit from their
use, as a steroid-sparing agent. An uncontrolled case series
has shown that intravenous immunoglobulin in selected
patients may allow reduction of steroid dosage, with no
deterioration in lung function [112]. Our current practice
in CF children is to use a 6-month trial in those with par-
ticularly distal airway disease and not much proximal
bronchiectasis. Response is unpredictable.

CYTOTOXIC AGENTS

CF patients who have undergone orthotopic liver trans-
plantation may show stabilization or even improvement in
their lung function. One of several possible explanations is
the post-transplant use of immunosuppressive agents.
There are a few anecdotal reports of the use of immuno-
suppression with methotrexate [113] and ciclosporin A
[114] in the pre-transplant stage. Clearly they all have side-
effects, and the risks of a therapeutic trial must be balanced
against benefit. In particular ciclosporin is nephrotoxic,
and may therefore worsen aminoglycoside-induced renal
impairment. The recently developed nebulized prepara-
tions of ciclosporin may offer a useful therapy for the
future [115].

THE TRAVELLING CF PATIENT

Increasing numbers of adolescents and adults with CF wish
to travel, often for long distances. This should be encour-
aged if their health permits. They should be advised to take
out travel insurance and make sure it covers cystic fibrosis.
They should take with them a letter documenting regular
medications, lung function and sputum microbiology in
case they need to see a doctor abroad. A letter for the cus-
toms officers should list any medications and air compres-
sors, needles and/or syringes that they may be carrying.
This can often save a lot of delay. Usually patients should
have all appropriate immunizations advised for healthy
travellers. However, immunosuppressed transplant patients
should avoid live vaccines. A patient visiting hot countries
should take salt supplements.

Some patients will require supplemental oxygen.
Commercial aircraft cruise at 10 000–60 000 ft above sea level.
The cabin pressure is approximately 5 000–6 000 ft above
sea level, and the partial pressure of the oxygen is reduced
to 80% of the sea-level values. So, for example, a patient
who already has a PaO2 of 9.6 kPa will drop to 6.3 kPa or
less at an altitude of 8 000 ft after breathing air for 45 min-
utes [116]. The drop will be greater if the patient falls
asleep [117]; and in non-commercial flights, the cabin may
not be pressurized and an even lower FiO2 may be encoun-
tered. Both the American Thoracic Society [118] and the
British Thoracic Society [119] guidelines recommend a
PaO2 of above 6.6 kPa (50 mmHg) be maintained during
flight. Patients with a sea-level PaO2 of under 9.30 kPa or
SaO2 of 92% should be advised to have oxygen in flight.
However, it has been pointed out that chronically hypoxic
CF patients are often asymptomatic at these levels [120]. It
has been recommended that CF patients with a baseline
FEV1 less than 60% and PaO2 less than 10.5 kPa are most
likely to need in-flight oxygen [121]. It is recommended
that a hypoxic inhalation test be carried out on this group
of patients using 15% oxygen and 85% nitrogen breathed
for 15 minutes. If the saturation drops below 85% the CF
patient should be recommended to receive oxygen in
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flight. It should be acknowledged that the risk of short
periods of hypoxia in a CF patient is unknown, and that
obtaining oxygen for flights on commercial airlines may be
expensive; however, the cost of diverting a commercial jet
because someone has become unwell may be as much as
(US$40 000) £20 000, to say nothing of the inconvenience
to other passengers, so flight assessments should not be
undertaken lightly.

It has been reported that patients who went on skiing
holidays at high altitude, without consulting their clini-
cians, developed right ventricular failure [122]. When dis-
cussing holiday arrangements with patients clinicians
should take into account the altitude they wish to visit.
Patients with any pneumothorax should not fly if at all
possible. The pneumothorax will expand as the aircraft
altitude rises, unless effectively drained. Patients attending
a CF unit should be encouraged to discuss their holiday
arrangements with their physician so that all the issues out-
lined above can be fully discussed.

MANAGEMENT OF THE CF PATIENT 
NEEDING SURGERY

Surgery may need to be performed as a result of CF-related
complications (e.g. nasal polyps, insertion of percutaneous
endoscopic gastrastomy, PEG) or for an unrelated condi-
tion. In all cases, the anesthetic and surgical team need to
liaise closely with the CF center. Such close liaison may even
preclude the need for surgery; for example, medical man-
agement of DIOS may obviate the need for a laparotomy.

The ideal is for procedures to be performed close to the
CF unit, by surgeons and anesthetists who are familiar with
CF and the treatment protocols. If this is not possible, the
whole CF multidisciplinary team needs to liaise with their
counterparts in the surgical service, to ensure airway clear-
ance, nutritional and gastrointestinal issues are not neg-
lected just because the patient is undergoing an orthopedic
procedure for a fracture. As with much of CF care, recom-
mendations are not evidence-based. It is also important
that at all stages, routine care and detection of complica-
tions is not neglected because the team are preoccupied
with non-CF-related issues.

Preoperative planning

If a CF patient is to have a general anesthetic, it is worth
briefly considering whether other procedures should be per-
formed opportunistically, particularly obtaining lower air-
way secretions from a patient who is unable to expectorate.
This may be either by blind suction below the vocal cords
performed by the anesthetist, or by fiberoptic bronchoscopy.
If surgery is performed away from the CF center, it is essen-
tial that the lower airway secretions be cultured in the micro-
biology laboratory using appropriate media (Chapter 9).

Preoperative assessment of the patient

GENERAL

Ideally, the anesthetist and the CF physician should jointly
see the patient. If this is not possible, at least a discussion of
the current CF issues should take place. However, CF issues
should not distract from the routine preoperative checks
normally carried out by the anesthetist. In addition, there
are a number of special CF-related issues that should be
considered.

RESPIRATORY ISSUES

The anesthetist should arrange preoperative measure-
ments of oxygen saturation in all CF patients, and spiro-
metry in all those over aged 5 years, unless pain or another
severe illness precludes an effective maneuver. All results
should be compared with the patient’s usual values at the
CF center. For elective procedures, the patient’s respiratory
status should be optimized with intensive physiotherapy
and antibiotics in particular. It is wise to obtain a sputum
or cough swab culture prior to surgery, where this is prac-
tical. For all but minor procedures in well patients, a course
of intravenous antibiotics should be considered, starting at
least 48 hours prior to the procedure, and continuing until
the patient is pain-free and has made a complete recovery.
The anesthetist should enquire about current or past oral
or high-dose inhaled corticosteroid therapy; the need for
per- and postoperative steroid treatment should be judged
on standard criteria. A preoperative chest x-ray should be
obtained, in order to exclude a pneumothorax, or localized
collapse, which might be treated with preoperative bron-
choscopy. The possibility of bronchospasm should be con-
sidered although, in general, asthma complicating CF is
over-diagnosed.

OTHER ISSUES

Nutritional status should be assessed, and postponement of
all but emergency surgery considered if there is scope for
optimizing this. Sodium and potassium depletion, with
metabolic alkalosis, is not uncommon in hot weather [123],
and urea and electrolytes need to be measured pre- and post-
operatively, and any imbalance corrected. Any constipation
should be treated vigorously, to avoid postoperative DIOS.
Gastro-esophageal reflux is common in CF, and it should be
noted whether this is present. CF patients on insulin should
be managed using standard insulin-dependent diabetes pro-
tocols, but the anesthetist should be aware that the stress of
surgery may precipitate hyperglycemia in the CF patient with
borderline endocrine pancreatic function. Diabetic ketoaci-
dosis is not a usual feature of CF-related diabetes.

Finally, the potential for drug interactions should be
noted. The patient is usually already taking several other
medications; there may be liver disease (which may also
cause clotting factor deficiency, and thrombocytopenia if
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there is also hypersplenism); and renal insufficiency, par-
ticularly if multiple previous courses of aminoglycosides
have been prescribed [124].

Peroperative management

Although gastroesophageal reflux is common, aspiration
during anesthesia is rare, and there is no need routinely to
use a rapid-sequence induction. Suxamethonium should
probably be avoided, because this agent may cause postop-
erative pain which will impede the performance of efficient
physiotherapy. Standard peroperative monitoring is per-
formed as usual. The patient should be ventilated in such a
way as to prevent as far as possible postoperative atelecta-
sis. The anesthetist should be aware of the possibility of the
build-up of secretions causing V:Q mismatch, or even
blocking the endotracheal tube. In general, peroperative
chest physiotherapy while the patient is anesthetized has
not been shown to be useful [125]. Per- and postoperatively,
oxygen and other inhaled gases should be humidified. Drugs
that might cause postoperative suppression of cough, or
constipation, should be avoided. Consideration should be
given to inserting a regional blockade with, for example,
marcaine, while the patient is still anesthetized.

Postoperative care

Adequate pain relief without cough suppression, to ensure
efficient airway clearance, is essential. The continued close
involvement of expert physiotherapists, ensuring adequate
airway clearance and mobilization of the patient, is
absolutely crucial. Opiates and dehydration may predis-
pose to constipation, which should be treated aggressively
to avoid progression to subacute bowel obstruction. If a
prolonged period of ileus or other cause of failure of
enteral nutrition is expected, then total parenteral nutri-
tion should be instituted early.
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Sleep, lung mechanics and work of breathing,
including NIPPV

BRIGITTE FAUROUX AND ANNICK CLÉMENT

INTRODUCTION

Most of the morbidity and mortality in cystic fibrosis (CF) 
is due to the involvement of the lung. Progressive airflow
obstruction, due to mucus plugging and inflammation
within the bronchial walls, and destruction of the lung
parenchyma secondary to bronchiectasis, leads to progres-
sive respiratory failure. This characteristic involvement of the
airways and the lung parenchyma explains the details of the
respiratory mechanics in CF. Although CF lung disease may
be considered as a chronic obstructive pulmonary disease
(COPD), the alterations observed in respiratory mechanics
are not exactly similar to those of the ‘classical’ non-CF
COPD. CF lung disease associates both an obstructive and 
a restrictive ventilatory defect, with an early decline in lung
compliance, which constitutes the major determinant of
the increase in respiratory muscle output [1]. Dynamic
lung compliance represents the ratio of tidal volume to the
esophageal pressure difference between the beginning and
end of the inspiration, at an instant zero of flow in order to
eliminate the load induced by the resistance, and thus the
elastic properties of the lung. This decrease in lung compli-
ance is the consequence both of hyperinflation (reaching
the flat part of the compliance curve) and also of the
inflammatory and infectious changes within the lung.

This chapter will focus on lung mechanics and work of
breathing. The therapeutic strategies will be discussed,
with a special emphasis on non-invasive positive pressure
ventilation (NIPPV).

LUNG MECHANICS AND WORK OF
BREATHING

The ability to sustain spontaneous ventilation can be viewed
as a balance between neurological mechanisms controlling

ventilation together with ventilatory muscle power on one
side, and the respiratory load, determined by lung, thoracic
and airway mechanics, on the other (Fig. 12.1). Significant
dysfunction of any of these components of the respiratory
system may impair the ability to spontaneously generate effi-
cacious breaths. In normal individuals, central respiratory
drive and ventilatory muscle power exceed the respiratory
load, and they are thus able to sustain adequate spontaneous

Respiratory load

Respiratory muscle
capacity

Alveolar hypoventilation
  PaO2 and   PaCO2

Ventilatory drive

↓ ↑

↑

Figure 12.1 Spontaneous ventilation is the result of a balance
between neurological mechanisms controlling ventilation
together with ventilatory muscle power on one side, and the
respiratory load, determined by lung, thoracic and airway
mechanics, on the other. If the respiratory load is too high and/or
ventilatory muscle power or central respiratory drive is too low,
ventilation may be inadequate, resulting in alveolar
hypoventilation with hypercapnia and hypoxemia. In patients
with cystic fibrosis, the load imposed on the respiratory muscles
is too high, which explains the occurrence of alveolar
hypoventilation.
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ventilation. However, if the respiratory load is too high
and/or ventilatory muscle power or central respiratory drive
is too low, ventilation may be inadequate, resulting in hyper-
capnia. Chronic ventilatory failure, then, is the result of an
imbalance in the respiratory system, in which ventilatory
muscle power and central respiratory drive are inadequate to
overcome the respiratory load. If this imbalance cannot be
corrected with medical treatment, the patient may benefit
from long-term ventilatory support.

Respiratory load, ventilatory muscle power and the neu-
rological mechanisms controlling ventilation have all been
measured in patients with CF (see Fig. 12.1). The simplest way
of estimating the patient’s inspiratory effort is to measure the
esophageal (PTPes) and the diaphragmatic pressure–time
product (PTPdi). The PTPes is obtained by measuring the
area under the esophageal pressure (Pes) signal between the
time of onset of inspiratory effort and the end of inspiration,
during one breath or during one minute. The PTPdi is
obtained in a similar way, by measuring the area above the
transdiaphragmatic pressure (Pdi) signal during the same
time periods as the Pes. Both pressure indexes reflect the
respiratory muscle output, as they are significantly corre-
lated with the oxygen consumption of the respiratory mus-
cles themselves, of the global inspiratory muscles for PTPes,
and of the diaphragm for PTPdi. Thus, the greater these
indexes, the greater the respiratory muscle output of the
patient. PTPes and PTPdi values measured in healthy adults
are approximately 100 cmH2O-seconds per minute. In
children and young adults with advanced pulmonary CF
disease, as lung disease progresses, with a progressive fall in
the forced expiratory volume in one second (FEV1), there
is an increase in the respiratory muscle load. Indeed, as
FEV1 falls, PTPes and PTPdi and the elastic work of breath-
ing increase [1]. Indeed, in a group of children with CF,
having a FEV1 between 30% and 50% of predicted value,
PTPes and PTPdi were increased 3- to 5-fold. As a result, the
patients develop a compensatory mechanism of rapid shal-
low breathing pattern in an attempt to reduce the increase
in load. Although this breathing strategy maintains the
level of ventilation, partial arterial carbon dioxide pressure
(PaCO2) rises.

Ventilatory muscle power, or the capacity of the respira-
tory muscles, has also been evaluated in patients with CF
(see Fig. 12.1). Previous studies provided inconsistent
results with regard to the inspiratory muscle strength. These
discrepancies could be explained by the different methods
used, most being volitional tests, the results of which are
dependent on motivation. More recently, diaphragmatic
strength has been evaluated by a non-volitional test; i.e. the
magnetic stimulation of the phrenic nerves [2]. In children
with CF, this test showed that diaphragmatic strength was
preserved in a group of young patients, aged 15 	 3 years
[3]. The diaphragm was weaker in those patients who were
malnourished and in those who were hyperinflated, in the
latter case presumably due to the muscle working at a
mechanical disadvantage. Malnutrition, which is the conse-
quence of poor caloric intake, malabsorption, increased

energy expenditure, less efficient pulmonary mechanics,
and a catabolic intermediary metabolism, either as part of
the primary defect or secondary to pulmonary infection
and inflammation, seems to be the major determinant of
diaphragmatic strength. Hyperinflation results in a shorter
diaphragm length and imposes a mechanical disadvantage
on the diaphragm, which causes a reduction in the genera-
tion of diaphragmatic pressure. In adults, magnetic stimu-
lation of the phrenic nerves showed a decrease in
diaphragmatic strength, but an increase in abdominal mus-
cle strength [4]. Interestingly, the diaphragm and the
abdominal muscle bulk were not affected by the general
muscle wasting, which suggests that a training effect persists
in patients with CF.

The third determinant of the ventilatory balance is cen-
tral drive, which has also been evaluated in patients with CF
(see Fig. 12.1). A classical test to evaluate central respiratory
drive is the measure of the mouth pressure generated 100 ms
after the onset of an occluded inspiratory effort (P0.1). This
measure reflects the central respiratory drive prior to any
limitation from an abnormal respiratory mechanics. The
results must be interpreted with caution in patients with
chronic hyperinflation, such as CF. However, no study
measuring P0.1 in either adult or pediatric patients with
chronic lung disease showed any alteration of central drive,
except in those patients who were chronically hypercapnic.

Thus, in CF, an imbalance between the load imposed on
the respiratory system and the capacity of the respiratory
muscles explains the inability of the respiratory muscle
pump to clear CO2.

SLEEP

Sleep affects the three components of the respiratory bal-
ance. Physiological changes in respiratory and upper airway
function, respiratory muscle power and ventilatory response
lead to a degree of nocturnal hypoventilation even in normal
subjects, causing a rise in PaCO2 of up 3 mmHg (0.4 kPa)
(Fig. 12.2). This explains why patients with chronic respira-
tory failure are more vulnerable during sleep. Sleep is associ-
ated with changes in respiratory mechanics, such as an
increase in ventilation–perfusion mismatch, an increase in
airflow resistance and a fall in functional residual capacity.
Although the activity of the diaphragm is preserved, that of
the intercostal and the upper airway muscles is decreased
significantly. Finally, central drive and chemoreceptor sen-
sitivity are less efficient during sleep than during wakeful-
ness. All these abnormalities are most pronounced during
rapid-eye-movement (REM) sleep.

Sleep disturbance seems to be common and occurs early
in the course of CF. Sleep loss is known to have negative
effects on mental and neurocognitive functions, and on mul-
tiple metabolic parameters including glucose metabolism. It
has also been associated with alterations in the normal
circadian cytokine network, the expression of adhesion
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molecules, and the balance between cellular and humoral
immune responses.

The Pittsburgh Sleep Quality Index (PSQI) is a validated
questionnaire to assess subjective sleep quality in adults [5].
Sleep quality has been evaluated by means of this question-
naire in 37 patients with CF, having a mean FEV1 of
36 	 12% of predicted value. Their mean PSQI was
5.7 	 4.0, a score higher than 5 reflecting poor self-perceived
sleep quality. Better sleep efficiency (p � 0.05) and a greater
percentage of REM sleep (p � 0.05) were found in those
patients with a PSQI of �5. Sleep efficiency has been evalu-
ated by means of the actigraph, which is a miniature, wrist-
watch-like device that monitors activity levels for extended
continuous periods. By means of this device, sleep quality has
been evaluated in 44 children with CF, aged 8–18 years, hav-
ing a large range of lung function, and 40 healthy control
subjects [6]. CF patients had significantly lower sleep effi-
ciency than control subjects. The FEV1 of the patients corre-
lated positively with sleep duration and efficiency, but even
the patients with mild CF lung disease (as assessed by an
FEV1 between 70–89% of predicted) had a sleep efficiency of
93%, compared to 96% in patients with CF having a normal
value of FEV1 (
 90% predicted value). Sleep efficiency was
only 82% in those with severe lung disease (FEV1 � 40%
predicted value). Sleep quality was assessed by the actigraph
in 20 adult patients with CF and controls over a period of 14
days [7]. The patients had mild lung disease with a mean
FEV1 of 60 	 20% predicted value and a normal mean body
mass index of 23 	 4. In this study, the CF patients had sim-
ilar sleep duration, sleep latency and sleep efficiency, but a
higher fragmentation index, and less immobile time than
controls. The fragmentation index measures restlessness, and
is calculated by summing the percentage of minutes spent
moving, expressed as a percentage of the time spent in
immobility; the immobile time is derived by dividing the
number of minutes spent immobile by the assumed sleep
time and multiplying by 100. Their mean PSQI score was
also higher than controls. The underlying mechanisms are

unclear. Possibilities include nocturnal coughing, the need
for nocturnal defecation, the use of �2 agonists before
sleep, and an increased work of breathing.

As lung disease progresses, abnormal gas exchange and
sleep-disordered breathing worsen. Compared to 10 healthy
controls, 19 patients with CF and severe lung disease (mean
FEV1 28 	 7% of predicted value) tended to report more
awakenings, and polysomnography revealed reduced sleep
efficiency (71 	 25%, vs 93 	 4%; p � 0.004), and a higher
frequency of awakenings (4.2 	 2.7 h�1 vs 2.4 	 1.4 h�1;
p � 0.06) [8]. Mean SaO2 was also significantly lower in the
patients with CF (84 	 7% vs 94 	 2%; p � 0.0001) and
was associated with reduced sleep efficiency. This sleep-
disordered breathing translated into impairment of neu-
rocognitive functions and daytime sleepiness.

A major issue is thus when to schedule a night-time
sleep study in patients with CF. Daytime blood gases and
parameters evaluating lung function and respiratory mus-
cle performance correlated with nocturnal SaO2 and
transcutaneous CO2 (PtcCO2) in 32 patients with CF, in a
stable condition, having FEV1 below 65% predicted value
[9]. Evening PaO2 (p � 0.0001) and morning PaCO2

(p � 0.01) were predictive of the average minimum SaO2

per 30-second epoch of sleep (p � 0.0001). Evening PaO2 was
also predictive of the rise in PtcCO2 seen from non-REM to
REM sleep. In addition, there was some relationship between
expiratory muscle strength, evaluated on the maximal expi-
ratory pressure, and the REM respiratory disturbance index.
Another study found only a weak relationship between FEV1

and SaO2 and nocturnal desaturation [10]. As might be
expected, these sleep disturbances are enhanced during
infective exacerbations [11].

Exercise and physiotherapy are also situations that can
reveal or precipitate respiratory failure as minute ventilation
(the load imposed on the respiratory muscles) increases
[12,13]. As compared to sleep, alveolar hypoventilation is
less important. Indeed, in a group of 14 patients with CF,
hypoxemia was more severe during sleep (mean SaO2
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Figure 12.2 Sleep is associated with a degree of alveolar hypoventilation even in normal subjects, due to modifications in ventilatory
drive, respiratory muscle function and respiratory mechanics. Central drive and chemoreceptor sensitivity are lower during sleep than
during wakefulness. Although the activity of the diaphragm is preserved during sleep, those of the intercostal and the upper airway
muscles decrease significantly. Changes in respiratory mechanics include an increase in ventilation–perfusion mismatch (V/Q), an increase
in airflow resistance and a fall in functional residual capacity (FRC).
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82 	 2%) than during exercise (89 	 5%), and PtcCO2 was
also higher during sleep (mean PtcCO2 48 	 7%), than dur-
ing exercise (43 	 6%) [12].

In conclusion, sleep disordered breathing, due to noctur-
nal alveolar hypoventilation, occurs early in the course of CF.
Lung function parameters are poor predictors of nocturnal
desaturation. Further studies are thus clearly needed to iden-
tify the symptoms and the lung function parameters that
should lead to a request for polysomnography. The exact
threshold of FEV1 or daytime or nocturnal SaO2 which
should prompt a sleep sleep study is unknown (there is an
ongoing study addressing this question). In practice, the pre-
sence of symptoms suggestive of nocturnal hypoventilation,
such as frequent arousals, daytime fatigue or sleepiness, and
morning headaches, as well as FEV1 below 25–30% pre-
dicted, should lead to consideration of a sleep study. Because
of the difficulty in obtaining full polysomnography in some
centers, the monitoring of nocturnal SaO2 could be used as
a screening tool.

NON-INVASIVE POSITIVE PRESSURE
VENTILATION

Although non-invasive positive pressure ventilation (NIPPV)
is less commonly used in patients with CF than in other
chronic lung diseases such as COPD, a definite physiological
rationale has been demonstrated for its use in young CF
patients with advanced lung disease. Short-term physiologi-
cal studies, during awakefulness and sleep, have demon-
strated that NIPPV reduces respiratory muscle load and work
of breathing [14,15], increases minute ventilation [14,15],
and thus improves alveolar ventilation and gas exchange. By
definition, NIPPV is a non-invasive technique, that can be
applied on demand, and preferably at night, because this is
the time of greatest risk for hypoventilation, and also the
period in which NIPPV can be applied with the least disrup-
tion to daily life. Despite these encouraging results, NIPPV is
often not part of the routine management of severe lung dis-
ease in CF. Possible explanations include the lack of clearly
validated criteria for when to propose this technique, contro-
versies with regard to the optimal ventilatory modes and set-
tings, scepticism with regard to long-term efficacy, and poor
acceptance by patients who already spend a considerable
amount of time on their treatment.

Benefits of NIPPV

In cystic fibrosis, NIPPV acts as an external respiratory mus-
cle that unloads the respiratory muscles of the patient, and
this has been confirmed by several short-term physiological
studies, performed during wakefulness and sleep. This trans-
lates into an improvement in alveolar ventilation and gas
exchange.

The efficacy of two ventilatory modes, a volume-targeted
ventilation (AC/VT) and a pressure-targeted ventilation

(pressure support, PS) in reducing the work of breathing has
been evaluated in children with stable, severe respiratory
insufficiency (Fig. 12.3) [15]. Eight children (aged 11–17
years) were ventilated with PS and AC/VT ventilation in a
random order. All indices of respiratory effort (PTPes, PTPdi)
decreased by about 60% during the two modes of NIPPV
compared to spontaneous breathing. This unloading of 
the patient’s respiratory muscles explained the significant
improvement in tidal volume and minute ventilation, and
consequently, in blood gas variables. Another short-term
physiological study compared the unloading of the respira-
tory muscles in 12 adult patients with CF during PS and pro-
portional assist ventilation [16]. The unloading of the
respiratory muscles was evaluated on the change in surface
diaphragmatic electromyography. On average, both PS and
proportional assist ventilation reduced diaphragmatic activ-
ity (�30% with PS and �20% with proportional assist venti-
lation), improved ventilation (�30%), tidal volume (�30%)
and PtcCO2 (�7%).

The unloading of the respiratory muscles has also been
demonstrated during sleep in several short-term studies. A
study including seven adults with CF showed that, compared
to a control night, continuous positive airway pressure
(CPAP) ventilation resulted in a significant improvement in
SaO2 during both REM and non-REM sleep [17]. However,
PtcCO2 measurements were not significantly different
between the control and the CPAP nights. Another interest-
ing study compared the gas exchange and the quality of sleep
in CF adults during three nights – a control night, a night
with oxygen and a night with non-invasive bilevel positive
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Figure 12.3 Individual variations of diaphragmatic
pressure–time product per minute (PTPdi/min) in eight young
patients with cystic fibrosis and chronic respiratory failure during
non-invasive assist control/volume targeted (AC/VT) and pressure
support (PS) ventilation, compared to spontaneous breathing (SB).
The two ventilatory modes were associated with a significant
reduction in PTPdi/min in all the patients [15]. The dotted line
represents the normal value (100 cmH2Os per minute).
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airway pressure (BiPAP) ventilation [18]. Similar significant
improvements of SaO2 and time spent in REM sleep were
observed during the nights with oxygen and BiPAP ventila-
tion. But, most importantly, the night with oxygen was asso-
ciated with a significant increase in PtcCO2, whereas BiPAP
ventilation resulted in a significant decrease in PtcCO2. A
third study showed that non-invasive BiPAP ventilation was
able to maintain a sufficient tidal volume and thus minute
ventilation during sleep, whereas this was not observed dur-
ing a control night, with or without oxygen [19]. A limitation
of these sleep studies is their duration, comparing only two or
three consecutive nights. Further studies, confirming these
results on a long-term basis, are clearly needed.

This improvement of alveolar hypoventilation by NIPPV
also leads to a persistent decrease of daytime hypercapnia
within the first days of effective therapy [20]. Indeed, NIPPV
may be responsible for a persistent decrease in the work of
breathing during periods of spontaneous ventilation after the
periods of NIPPV as a result of an increase in chest wall and
lung compliance.

The more long-term benefits of NIPPV may also be
explained by an increase in respiratory drive due to a reduc-
tion in cerebrospinal fluid bicarbonate concentration which
resets the ventilatory response to CO2, and to an improve-
ment in sleep quality which influences the ventilatory
response to CO2 and respiratory muscle performance [21].

NIPPV has been associated with an improvement in res-
piratory muscle performance in patients with CF. Piper and
co-workers [20] reported an increase in maximal expiratory
and inspiratory pressures in four adults with CF after one
month of NIPPV. However, improvement due to a learning
effect or a better motivation cannot be excluded because 
of the volitional nature of these tests. We have observed a
significant decrease in maximal expiratory and inspiratory
pressures in 19 children with CF after a 20-minute physio-
therapy session [13]. When the physiotherapy session was
performed with PS ventilation administered by a nasal mask,
a significant increase of these parameters was observed. The
improvement of maximal inspiratory pressure after the PS
session suggests that PS may ‘rest’ the inspiratory muscles
during chest physiotherapy. The improvement of maximal
expiratory pressure after the PS ventilation session could
be explained by the increase in tidal volume during this
ventilatory assistance. During PS, the tidal volume tends to
the total lung capacity. Indeed, when the level of PS
increases, the inspiration can be passive and tidal volume

can be assumed to be near the same as the inflation volume
which is determined by the inspiratory pressure and the
respiratory system compliance. In normal subjects, the res-
piratory system compliance is about 100 mL/cmH2O, so
when PS is 10 cmH2O the inflation volume is near 1 L. This
allows a larger amount of energy passively to be stored,
thereby facilitating expiration and a decrease in the expira-
tory muscles effort. These beneficial effects of NIPPV on res-
piratory muscle performance during chest physiotherapy
have been validated in another study performed in 26 adult
patients with CF [22]. Non-invasive BiPAP ventilation pre-
served maximal inspiratory pressure and was associated
with a significant increase in maximal expiratory pressure
compared to standard chest physiotherapy. These studies
underline that NIPPV is able to improve respiratory muscle
performance, at least in the short term, and during periods
of increased respiratory effort such as chest physiotherapy.

Non-invasive CPAP ventilation has been associated with
an improvement in exercise tolerance in 33 patients with CF
[23]. Indeed, a 5-cmH2O CPAP ventilation resulted in a
decrease in oxygen consumption, respiratory effort, assessed
by the transdiaphragmatic pressure (Pdi), and dyspnea score.
These beneficial effects during exercise were the most
important in the patients with severe lung disease in whom
the presence of intrinsic positive end-expiratory pressure
(PEEP) may be favorably counteracted by CPAP.

Some studies have analyzed the benefits of NIPPV during
acute exacerbations in patients with CF. Bilevel PAP ventila-
tion has been used with success in nine adult patients with
end-stage CF [24]. All the patients survived the intensive care
unit stay and six underwent successful lung transplantation.
The outcome of 76 patients with CF who had 136 intensive
care unit admissions for a respiratory exacerbation was
reported by Sood and co-workers [25]. Eighteen episodes
occurring in 12 patients were managed with NIPPV. During
these 18 episodes, four patients died and 14 survived, which
represented a better outcome compared to those who
required an endotracheal ventilation. However, it must be
acknowledged that this difference in outcome may be con-
founded by the difference in severity between the two groups.
The outcome and the efficacy of NIPPV has been recently
evaluated in a large adult CF center in France [26]. NIPPV
was used in 14 of 23 (63%) and 15 of 45 (33%) cases treated
in the intensive care unit and pulmonary department,
respectively. In the intensive care unit, the four patients
who failed NIPPV and who required invasive mechanical

Table 12.1 Indications for non-invasive positive pressure ventilation (NIPPV).

Evidence based Not-evidence based, but of probable benefit
Unloading of the respiratory muscles Increase in survival
Improvement in alveolar ventilation and gas exchange Stabilization of the decline in lung function

during wakefulness, sleep, physiotherapy and exercise Accelerate the recovery during an acute respiratory exacerbation
Improvement of respiratory muscle performance
Improvement of quality of life
Improvement of nutritional status
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ventilation died. In a multivariable analysis, independent
factors influencing the risk of death were prior coloniza-
tion with Burkholderia cepacia, hospitalization in the inten-
sive care unit, and the severity of hypoxemia on admission.
The ventilatory mode, either invasive or non-invasive, did
not influence the 1-year outcome and mortality. The
authors concluded that NIPPV represented a reasonable
first therapeutic option in patients hospitalized for a severe
respiratory exacerbation.

A major expectation of clinicians is that NIPPV could
help to slow the ineluctable decline in lung function of
patients with CF. The hypothesis is that the intermittent
unloading of the respiratory muscles during periods of
NIPPV could improve their performance during periods of
spontaneous breathing, and thus contribute to preserving
lung function. Indeed, the rate of decline in lung function,
and in particular of FEV1, has been proven to be a very
strong predictive prognostic factor [26]. Unfortunately,
such information is presently lacking but this hypothesis is
worth evaluating, and if proven, may constitute a strong
argument for a more widespread and earlier implementa-
tion of NIPPV in CF.

In a fatal disease such as CF, the impact of NIPPV on
survival would constitute a major potential advantage.
NIPPV is associated with an increase in survival in patients
with neuromuscular diseases [27], but such data are not
available for patients with CF. The benefit of pre-transplant
NIPPV on post-transplant outcome remains controversial.
Randomized studies will not be possible because of ethical
issues. Data from national and international registers, with
the restrictions and limitations due to real-life situations,
will probably constitute the sole way to answer this very
important question.

Few studies have evaluated the benefit of NIPPV on qual-
ity of life, especially in CF. Sleep-disordered breathing causes
impairment in cognitive function and is associated with a
poor quality of life. These adverse effects may impair the
patient’s daily life, and the school performances of a child,
before the occurrence of daytime hypercapnia. The effect of
an ‘early’ initiation of NIPPV should evaluate these outcomes,
using age-appropriate techniques. For long-term studies, the
benefits of NIPPV on quality of sleep, the ability to perform
physiotherapy, daily activities, but also school attendance as
well as work activities, clearly need to be evaluated. At the
present time, an excellent theoretical basis for the use of
NIPPV has been established; the acute use in severe exacer-
bations is common, and long-term use in chronic respira-
tory failure is increasingly offered, but there are no
good-quality survival data to guide clinicians.

Criteria to initiate NIPPV

Several consensus conferences agree on the value of daytime
hypercapnia as an indication for the initiation of NIPPV,
because this is the hallmark of established ventilatory failure
[28,29]. However, this classical criterion has been established

mainly for neuromuscular disorders. Daytime hypercapnia is
preceded by a variable period of nocturnal hypoventilation
during which treatable symptoms, such as frequent arousals,
severe orthopnea, daytime fatigue and alterations in cogni-
tive function, may impair the daily life of the patient. Also,
criteria that apply for patients with neuromuscular disease
are probably not applicable or may be less pertinent for
patients with a lung disease such as CF [30].

There are no validated criteria to indicate the need to start
NIPPV in CF. But, logically, a discussion of possible utiliza-
tion should start the definite physiological and possible clin-
ical benefits of NIPPV. The presence of a high respiratory
effort and abnormal gas exchange, reflected by the presence
of hypercapnia, constitutes a possible indication to offer
NIPPV, especially if the patient experiences a downhill
course with regard to his or her lung disease. Most groups
systematically propose NIPPV to all their patients on a lung
transplant list, but it is possible that the institution at an ear-
lier stage may be accompanied by a greater benefit. Further
data are needed to address this point.

A major issue is thus when is the best time to schedule a
polysomnography [30]. A polysomnography should be
performed without delay when the patient recognizes symp-
toms related to sleep-disordered breathing, but patients with
CF may underestimate symptoms such as fatigue. Also,
symptoms appear insidiously over long periods of time. The
diagnosis of sleep-disordered breathing is difficult to estab-
lish in children because of reliance on parents and secondary
caregivers who have a different perception of the child’s dis-
ease. As discussed before, lung function parameters are
poor indicators of nocturnal hypoventilation. A principal
difficulty concerns the criteria that will be used for the def-
inition of sleep-disordered breathing requiring NIPPV.
Most often, the indication is based on a mean and/or cut-
off level of SaO2 and PtcCO2, which is transgressed during
a defined percentage of the sleep time or the study period.
But other respiratory events during sleep, as those recently
recommended for the diagnosis of sleep-related breathing
disorders, such as sleep fragmentation, may be important
to take into account.

NIPPV is also used during an acute exacerbation. An
acute exacerbation does not represent an optimal physio-
logical and psychological situation to start such a treat-
ment; however, attempts to start earlier may be rejected by
the patient if there is no perception of impaired well-being.

The respective indications for long-term oxygen ther-
apy and NIPPV are not clearly known in CF. It seems logi-
cal to propose long-term oxygen therapy at an initial stage
of respiratory failure, and/or when hypoxemia predomi-
nates; but even in this setting there is no evidence for
improved mortality, and very little for an improvement 
in quality of life. However, when diurnal or significant 
nocturnal hypercapnia is documented, NIPPV is physio-
logically preferable. The consideration of practical and
psychological aspects is very likely to be an important point
is these decisions, particularly in the absence of any data on
survival benefit. It is important to underline that NIPPV
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alone is not always able to correct hypoxemia. It is recom-
mended to adjust supplemental oxygen therapy after the
optimal setting of NIPPV.

Psychological considerations are of major importance
in proposing NIPPV to patients with CF. It is essential that
the patient, and the parents in child cases, should have the
opportunity to discuss the NIPPV therapy in advance.
Discussion should start long enough before the anticipated
need to allow the patient and the family to evaluate options
thoroughly and to discuss their feelings. NIPPV has here 
an essential first place as a non-invasive therapy but still
represents an obvious escalation of treatment, reflecting a
further step in the severity of lung disease. It is crucial to
determine short-term and intermediate goals of NIPPV
with the patient and the family, to explain the principles of
NIPPV, to underline the fact that NIPPV will adapt to the
patient and not the opposite. A wide range of ventilators
and masks are available and great care must be taken to
choose the most appropriate equipment and settings. The
final objective is that NIPPV translates into well-being, a
better quality of life, with a total acceptability to the patient
and his or her family.

Ventilatory modes, setting and interfaces

Several different ventilatory modes have been used in
patients with CF. Currently, the setting of the ventilator
seems to be more important than the ventilatory mode.

Since the original publication by Sullivan and co-workers
[31], nasal CPAP has become the treatment of choice for
the management of obstructive events during sleep. Upper
airway patency is maintained with nasal CPAP by a pneu-
matic splinting effect. In addition, it has been demonstrated
that CPAP reduces the work of breathing in patients with
flow limitation. If the main indication of CPAP is obstruc-
tive sleep apnea, it is also advocated in obstructive lung 
disease, when intrinsic positive end-expiratory pressure
increases the work of breathing. In this way, this ventila-
tory mode has proved its efficacy in increasing exercise tol-
erance in patients with CF. Nasal CPAP used during exercise
was associated with a decrease in oxygen consumption,
heart rate, dyspnea score and respiratory effort, and a pos-
itive correlation was observed between the efficacy of the
CPAP and the severity of the lung disease assessed by the
percentage of decrease in FEV1 [23]. However, because
upper airway loading with complete or partial obstruction
and intrinsic positive end-expiratory pressure are not the
sole mechanisms of hypoventilation, CPAP may be insuffi-
cient in patients with significant respiratory function
abnormalities.

Initial studies with long-term NIPPV in children with
CF have used volume-targeted devices [32,33]. Volume-
targeted ventilation is characterized by the delivery of a
fixed, predetermined tidal volume. The main advantage of
assisted-control/volume-targeted (AC/VT) ventilation is
that a guaranteed minimal tidal volume is delivered, but

this can result in detrimentally high inspiratory airway
pressures causing discomfort to the patient and poor toler-
ability. Another limitation of this mode is the absence of
leak compensation. This mode has been developed mainly
for patients with neuromuscular diseases where the venti-
lator acts as a substitute for the weakened respiratory 
muscles, which are unable to trigger the ventilator. The inspi-
ratory triggers of these ventilators are not very sensitive,
which necessitates a relatively high back-up rate. The recom-
mendation of a high back-up rate is also supported by the fact
that on most of the ventilators, the inspiratory/expiratory
ratio is adjusted on the back-up rate of the ventilator and not
on the patient’s respiratory rate.

Pressure support is a more recent mode of ventilation.
This ventilatory mode is pressure-targeted and each breath
is triggered and terminated by the patient and supported
by the ventilator; the patient can control the respiratory
rate, inspiratory duration and tidal volume. This explains
the relative ease in adapting to, and the greater comfort and
synchrony of, this mode. In contrast to volume-targeted
ventilation, tidal volume is not predetermined but depends
on the level of PS, the inspiratory effort of the patient and
the mechanical properties of the patient’s respiratory sys-
tem. During this mode, since there are no mandatory
breaths present, an in-built low-frequency back-up rate is
used to prevent episodes of apnea. Further, because the
patient triggers the breaths, the sensitivity of the trigger is
crucial. The sensitivities of the inspiratory triggers of the
different ventilators designed for the home are variable but
some are as sensitive as those of intensive care devices [34].
Because during PS, inspiratory muscle activity may influ-
ence respiratory frequency and tidal volume, this ventila-
tory mode is generally proposed in patients with lung
disease, such as CF, who can breathe spontaneously for
substantial periods of time and require mainly nocturnal
ventilation [14,15].

Bi-level PPV is the combination of PS and PEEP, per-
mitting an independent adjustment of the expiratory and
the inspiratory positive airway pressures. In this mode,
upper airway obstruction and/or work of breathing induced
by intrinsic end-expiratory pressure are prevented by the
expiratory positive airway pressure and thus PS can be trig-
gered easily by the patient. This ventilatory mode has been
used in patients with CF [24,35]

In conclusion, although all the different ventilatory
modes have been tried in patients with CF, currently PS
and bi-level positive pressure ventilation are used by the
majority of the patients because of the better comfort and
security with regard to the inspiratory pressure. Pressure
support remains thus the preferred mode for domiciliary
ventilation in patients with CF.

The ventilatory settings should be adjusted to relieve the
symptoms associated with alveolar hypoventilation. In
clinical practice, these settings are generally adapted
according to non-invasive clinical parameters such as
SaO2, blood gases, tidal volume and respiratory rate, and
sleep analysis. The analysis of more invasive parameters of
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respiratory effort, such as the PTPes and PTPdi, have rarely
been used in children [14,15]. We demonstrated a correla-
tion between the unloading of the respiratory muscles,
assessed on the decreases in PTPes and PTPdi, and the sub-
jective impression of comfort during NIPPV in children
with CF receiving a PS or AC/VT ventilation by a nasal
mask [15]. This observation led us to compare two meth-
ods of prescribing non-invasive PS ventilation: a clinical
setting based on breathing pattern, gas exchange and com-
fort rate, and a physiological setting based on normaliza-
tion of PTPes and PTPdi [14]. Both methods improved
breathing pattern and SaO2 and reduced the respiratory
effort. We found that patient–ventilator synchrony and
patient comfort were better during the physiological set-
ting. Thus, in patients with CF, PS ventilation is effective,
independent of whether the ventilator settings are deter-
mined by the patient’s breathing pattern and comfort or by
an invasive evaluation of the patient’s respiratory effort.

The nasal interface represents a crucial determinant of
the success of NIPPV. The patient will be unable to tolerate
and accept NIPPV if there is significant facial discomfort,
skin injury, or significant air leaks. In children, nasal masks
are preferred because they have less static dead-space, are
less claustrophobic and allow communication and expec-
toration more easily than full-face masks. Some industrial
masks are available for children. If there is intolerance of
industrial masks, the manufacture of custom-made masks
may improve the acceptance and the efficacy of NIPPV
[36]. Because of the major importance of the interface, and
the frequency of side-effects, a systematic maxillofacial
evaluation, at the initiation of NIPPV, and during the 
follow-up, is strongly recommended.

Contraindications, side-effects and 
limits of NIPPV

In cystic fibrosis, NIPPV is contraindicated if there has been
a recent pneumothorax. Also, in this population, nasal
polyps are common and should be treated before the initi-
ation of NIPPV. Abdominal distension is an uncommon
problem, which can be lessened by switching to a PS venti-
lator or decreasing the tidal volume on a volume-targeted
ventilator. A nasogastric tube can decrease the tolerance of
a nasal mask, and also increase the risk of reflux. If NIPPV
is to be used at night, nutritional support by means of a
gastrostomy is preferable. Consideration should also be
given to the performance of a fundoplication.

NIPPV is not always successful in adequately relieving
hypoventilation. Air leaks have been shown to be an impor-
tant cause of persistent hypercapnia in both invasively and
non-invasively ventilated neuromuscular patients [37].
These observations in neuromuscular patients may also
apply to patients with CF.

Side-effects caused by the interface and the delivery of a
positive pressure are common in children receiving NIPPV.
In our experience, skin injury, from transient erythema to

permanent skin necrosis, due to the nasal mask, has been
observed in 53% of the 40 patients during their routine 6-
month follow-up in our department [36]. These potential
side-effects justify the systematic follow-up of children
receiving NIPPV by a (pediatric) maxillofacial specialist.

Systematic humidification of the ventilator gas is not nec-
essary for NIPPV because the upper airway, the physiological
humidifier, is not bypassed. However, nasal intolerance due
to excessive dryness can resolve after humidification of the
ventilator gas.

CONCLUSIONS

There is a physiological rationale for NIPPV in cystic fibro-
sis. Clinical benefits have been demonstrated during acute
exacerbations, nocturnal hypoventilation, exercise, and
chest physiotherapy. Future studies should focus on deter-
mining the most pertinent criteria to propose NIPPV in these
patients, and on evaluating whether there are long-term
benefits in terms of survival, slowing the decline of lung
function, and quality of life.
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Delivery of therapy to the cystic fibrosis lung

HARM A. W. M. TIDDENS AND SUNALENE G. DEVADASON

INTRODUCTION

In cystic fibrosis (CF), delivery of therapy directly to the lung
encompasses many functions. Drugs are delivered to
improve the qualities of the epithelial lining fluid, reduce the
thickness of the sputum and treat infection or inflammation.
In addition, oxygen can be administered to compensate for
loss of lung tissue resulting in a reduced diffusion capacity of
the lung. It is a technical challenge that aerosol therapy to the
lung is required at all ages from infancy to adulthood and for
the full range of early to end-stage disease. All these variables
must be taken into account when considering therapeutic
delivery options in cystic fibrosis. In this chapter the various
therapeutic modalities will be addressed.

AEROSOL THERAPY

Aerosol therapy is an essential part of the treatment of CF
lung disease. More than 75% of CF patients aged over 19
years are treated with some form of aerosol therapy [1].
Most have to inhale multiple drugs in various combina-
tions, mainly delivered via nebulizer, on a daily basis. The
value of nebulized drugs such as rhDNase or tobramycin
for inhalation has been well established [2,3]. Although
commonly prescribed to CF patients, the therapeutic value
of other inhaled drugs, such as colistin, corticosteroids and
bronchodilators, have not been fully investigated [4,5].
Furthermore, relatively little is known of the optimal
method of aerosol delivery to the heavily obstructed regions
of the CF-affected lung, which are more likely to require
therapy. Aerosols are more likely to deposit in the better
ventilated, healthier regions of the lung, where such treat-
ment is needed less. A major disadvantage of currently used
nebulizer therapy is that it is time-consuming, relatively
inefficient, has a high risk of patient error, and infection
control procedures are more difficult, resulting in conta-
mination of nebulizers [6–8]. Fortunately, new delivery

methods are in development. The choice of aerosol delivery
device should consider the patient’s requirements (ability
to use the device, time constraints and severity of disease),
the type of drug formulation (solution or suspension; sta-
bility issues), as well as the optimal site of action in the lung
(peripheral or central). The burden of therapy to the
patient should be minimized as far as possible.

Drugs that are available in quick and convenient delivery
devices such as dry-powder inhalers (DPIs) or pressurized
metered-dose inhalers (pMDIs) should be prescribed where
possible. For patients with advanced lung disease, for young
children, and for inhalation of drugs that are available only
as fluids, a nebulizer system can be selected. Each drug avail-
able in nebulizer formulation should be used with the rec-
ommended delivery system as cited in the clinical data
submitted to regulatory authorities. Alternative delivery
methods should be used only after seeking regulatory
approval based on sufficient laboratory and clinical data.
Hence, the drug should be prescribed with an appropriate
delivery device (as is the case for DPIs and pMDIs).

THE AEROSOL

An aerosol consists of fluid or solid particles distributed
throughout a gas. The size of aerosol particles can vary
between 0.01 and 100 �m and can be measured dynamically
using cascade-impactors or laser diffraction techniques. An
aerosol cloud measured with a cascade-impactor is charac-
terized by the mass median aerodynamic diameter
(MMAD). Half of the drug mass is present in particles
smaller than the MMAD. The geometric standard deviation
(GSD) is a measure of the size distribution of the aerosol par-
ticles. Aerosol particles between 2 and 5 �m are thought to
have a high probability of deposition in bronchi and, there-
fore, are often referred to as respirable particles (Fig. 13.1).
Larger particles have a higher probability of deposition in the
upper airways. Very small particles have a higher probability
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of entering the smaller airways and alveoli but may be
exhaled, rather than sedimenting within the airways. It is
important to realize that this 2–5 �m range is mostly derived
from studies with healthy adult subjects. In case of severe air-
way obstruction in CF the deposition pattern is inhomoge-
neous, which favors deposition in the central airways [9].
The respirable fraction of an aerosol for a child with CF and
severe lung pathology is largely unknown but is likely to be in
the smaller particle range [10–13]. These particles are, there-
fore, important for the treatment of airway disease in CF
since the major pathology is localized in the peripheral air-
ways [14,15]. This is supported by a clinical study where
treatment with rhDNase delivered as an aerosol with a
MMAD of 2.1 �m was more effective than treatment with an
aerosol with a MMAD of 4.9 �m [16]. The importance of
particle size is likely to be highly relevant for all aerosol treat-
ments including eradication therapy of Pseudomonas in
young children.

DELIVERY SYSTEMS

Current delivery methods for medical aerosol can be clas-
sified into three different categories: nebulizer systems,

pressurized metered-dose inhaler (pMDI) systems and dry-
powder inhalers (DPIs). It is important to keep in mind that
most of these devices were primarily designed for use in
adults and subsequently adapted for use in children.
Relatively few data are available on the use of these devices in
children. The advantages and disadvantages of the different
devices are summarized in Table 13.1.

THE NEBULIZER

Principles

A nebulizer is a device that converts a liquid into aerosol
droplets. There are three categories: jet, ultrasonic and the
more recently developed mesh type. Traditionally, the jet
nebulizer is the most important aerosol delivery system for
therapy in CF patients. Nebulizers can be loaded with any
liquid drug formulation. Hence, they are considered ‘open’
devices. The aerosol characteristics of a given nebulizer–
compressor combination should be tested according to
well-standardized procedures [17]. In the last decade it has
been recognized by regulatory agencies that the output
characteristics of any nebulizer–drug combination are
unique and are important determinants of efficacy and
toxicity. For this reason, specific nebulizer systems have
been recommended for more recently developed drugs
such as rhDNase and tobramycin for inhalation as part of
the regulatory approval process. Hence, these drugs should
be prescribed with these specific nebulizers. More modern
nebulizer systems or disposable systems should be used
only when these are included within the registration label
[18]. This requires proper bioequivalence and/or clinical
efficacy studies by the manufacturer of the drug. The effec-
tiveness and risks of alternative nebulizer–drug combina-
tions are difficult to predict and these should, therefore, 
be discouraged. Newer liquid drugs that are currently 
in development are often tested using more modern 
nebulizer systems.

The patient inhales the aerosol from the reservoir
through a mouthpiece or face-mask. Young children usu-
ally use a face-mask since they are not able to breath
through their mouth on demand. Optimal seal between
face and face-mask is important to maximize efficiency
[19]. A child old enough to inhale through a mouthpiece
should do so since the efficiency of aerosol delivery can be
twice as high relative to inhalation by face-mask [20]. The
mouthpiece should be positioned in the center of the
mouth between the teeth. The technique of inhalation
should be regularly examined since many mistakes can 
be made. Some patients chew on their mouthpiece while
inhaling (Fig. 13.2); others put their tongue in front of the
opening, have the mouthpiece positioned eccentrically, or
breath around the mouthpiece rather than through it.
Clearly, poor inhalation technique results not only in
adverse health outcome but also in a waste of scarce clini-
cal resources and patient time.

Adult Child Child with 
inflamed airway

Figure 13.1 This figure explains the principle of deposition of
aerosol particles in the lung. In the airways of an adult, particles
with an aerodynamic diameter below 5 �m have a high
probability of bypassing the upper airways and being deposited in
the central and more peripheral airways. In this example, particles
of 5, 3 and 1 �m are inhaled. The largest particle has the highest
probability of being deposited against the airway wall due to
inertial impaction. The small particle has the highest change of
being deposited in more peripheral airways where the velocity 
of the airflow is low. In case of high inspiratory flows and/or
secretions in the airway, a more turbulent flow pattern will result
in increased central airway particle deposition. In children, the
distance from the center of the airway to the airway wall is
smaller and air velocity is higher. Therefore, even mid-sized
particles have a high probability of being deposited against the
airway wall. In a child with diseased airways due to airway wall
thickening and mucus, even the smaller particles have a higher
chance of being deposited in the central airways. Reproduced
with permission from [9].
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The breathing pattern required for inhalation from
most nebulizers is tidal breathing. Aerosol produced dur-
ing exhalation will be wasted (Fig. 13.3).

A more recent development are the adaptive aerosol
delivery (AAD) devices. Aerosol delivery is triggered by the
inspiratory flow of the patient and aerosol is produced only

during a fixed fraction of the inspiration. Such a system
clearly improves the efficiency of aerosol delivery. Some
modern systems are, in addition, equipped with data logging
options. With this logging system the time and duration of
the aerosol treatment can be monitored. With other modern
devices such as the AKITA Inhalation System®, nebulization

Table 13.1 Aerosol delivery devices and CF.

Device Advantages Disadvantages

Jet nebulizer All ages Cumbersome
Tidal breathing Noisy
Delivery of high doses over prolonged period Time-consuming
Face-mask can be used Easily contaminated
Only for liquid drugs Poor reproducibility of dose and particle size

Maintenance required
Large inter-device variability

Breath-actuated nebulizer Age at least 4 years Time-consuming
Tidal breathing Easily contaminated
Improved dose reproducibility Large size
Improved particle size characteristics Maintenance required
Only for liquid drugs Large inter-device variability

Cannot be used with face-mask
Limited clinical data

Mesh nebulizer Age at least 4 years Easily contaminated
Silent Maintenance required
Small size Cannot be used with face-mask
Tidal breathing Very limited clinical data
Improved dose reproducibility
Improved efficiency
Only for liquid drugs

Pressurized metered- Small, handy Complicated hand–mouth coordination
dose inhaler (pMDI) Quick High oropharyngeal deposition

Low dose-to-dose variability Not suitable for children

Breath-actuated pMDI Age at least 8 years High oropharyngeal deposition
Small, handy Deep inspiration required
Quick Only for bronchodilators and inhaled steroids
Hand–mouth coordination not required
Low inspiratory flow rate required
Aerosol characteristics effort independent

pMDI-spacer All ages Electrostatic charge of plastic spacers
Tidal breathing possible Large size
Face-mask can be used Administration in ages 1–3 years is troublesome 
Quick in 50% 
Reduction of oropharyngeal deposition Many mistakes can be made
Fewer local side-effects

Dry-powder inhaler (DPI) Age at least 6 years (for minimal inspiratory Effort-dependent efficiency and particle size distribution
flow requirement of �30 L/min) Inspiratory flow critical
Small, handy Not suitable below 6–7 years
Quick High oropharyngeal deposition
Hand–mouth coordination not required Currently only for bronchodilators and inhaled steroids
Propellant free Dry-powder inhaler for antibiotics in development
Microbiologically safe
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can be restricted to any specific fraction of the inspiration.
In addition, the inspiratory flow velocity with which the
patient can inhale the aerosol is controlled for. With this
device the volume and velocity for each inhalation can be
preset to deliver maximum drug to the targeted airway 
site (central or peripheral) over a shorter time period.
However, programmable inhalation devices such as these
are more costly than conventional nebulizers, and tend to be
used for more expensive medications (such as �1-antitrypsin)
or where the drug dose needs to be tightly controlled to
minimize adverse effects (such as the delivery of insulin via
inhalation).

The jet nebulizer

FLOW AND PARTICLE SIZE

The traditional jet nebulizer consists of a compressor that
is connected to the nebulizer by tubing. The compressor
pushes ambient air at an increased pressure through the
nebulizer bowl, which contains the drug formulation as a
solution or suspension. Powerful compressors are able to
generate a higher driving gas flow through the nebulizer
which increases the rate of drug delivery, and reduces neb-
ulization time. However, the maximal flow that a compres-
sor can generate through a nebulizer is determined by the
resistance of the nebulizer itself.

Jet nebulizers consist of a Venturi device where the 
flow of compressed air generates an area of low pressure
within the nebulizer bowl. Droplets of liquid are drawn
from the drug reservoir into the low-pressure region,
forming droplets, or primary aerosol particles. The nebu-
lizer baffle further disintegrates these droplets into smaller,
secondary aerosol particles. Most of the primary and sec-
ondary aerosol particles fall back in the medication cup
and will be re-nebulized. The particle size generated by 
a given nebulizer depends highly on the baffle design.
During the nebulization process water evaporation can
occur within the drug liquid reservoir. This process cools
down the remaining fluid and can increase its osmolality
[21,22]. Cold fluids with a high osmolality can induce
bronchial obstruction due to bronchial smooth muscle
contraction.

The design of the Venturi and the air flow through the
system are important determinants of aerosol characteris-
tics. In general, a high flow results in a low MMAD and a
higher aerosol output of respirable particles [23]. The con-
trary is also true. A poorly functioning compressor, or low
flow through the nebulizer, will result in a higher MMAD
and lower output of respirable particles.

Figure 13.2 At the annual check-up the compressor–nebulizer
combination used by a 14-year-old CF patient was inspected. It
became clear that the patient was chewing on the mouthpiece
while inhaling RhDNase and tobramycin for inhalation. This habit
clearly reduced the efficacy of aerosol therapy substantially.
Hence, time, health and resources were wasted and this could
have been avoided by more frequent visual inspection of the
technique and device used by the patient.
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Figure 13.3 The effect of nebulization in relation to breathing pattern for four types of nebulizer system. Dark grey, aerosol delivered to
the patient during inspiration; light grey, aerosol wasted during expiration. For conventional nebulizer systems, nebulization is continuous
and independent of the breathing pattern. Aerosol produced during exhalation is lost. For active Venturi nebulizers, extra air entrains
during inhalation which increases the amount of aerosol delivered to the patient during inhalation. For dosimetric nebulizers, aerosol is
produced during a fraction of the inhalation time; no aerosol is produced during exhalation. For specific targeting nebulizers, aerosol is
delivered only during a fraction of the inspiration and the inspiratory flow is controlled.
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ENHANCEMENT AND VALVES

Approximately half the aerosolized drug generated by con-
ventional nebulizers is wasted (see Fig. 13.3). This is because
the rate of aerosol generation remains constant during both
inspiratory and expiratory phases of the patient’s tidal
breathing pattern. Breath-enhanced nebulizers were devel-
oped to take advantage of the fact that, for most patients
apart from infants and very young children, the tidal inspira-
tory flows are higher than the driving gas flow generated 
by portable compressors. This excess flow would normally 
be drawn from the surrounding ambient air [24]. However,
using a system of one-way valves, the patient’s inspiratory
flow can be drawn through the nebulizer bowl, increasing
aerosol delivery while the patient is inhaling. The inspiratory
valve closes during exhalation, stopping expired air from
entering the nebulizer bowl. An expiratory valve placed in the
nebulizer mouthpiece enables the exhaled air to be vented
directly from the mouthpiece to the environment, without
passing back through the nebulizer. While drug wastage still
occurs when using breath-enhanced nebulizers, due to the
constant driving gas flow from the compressor, the propor-
tion of drug inhaled by the patient is far greater than that
wasted during exhalation. The higher the patient’s tidal
inspiratory flow, the greater the benefit of using the breath-
enhanced system. Examples of such breath-enhanced nebu-
lizers are the Pari LC Plus®, Pari LC Star®, Sidestream® and
Ventstream®. The latter has valves to prevent exhaled air
from passing through the nebulizer bowl.

REPEATED USE

In general, for daily maintenance therapy, a better quality,
non-disposable nebulizer should be used. Long-life nebulizers
need regular cleaning, undergo wear and tear and should be
replaced at predetermined intervals that will vary between 
3 months and 1 year. Due to the nebulization process the
medication channels can increase slightly in diameter, which
results in a slightly higher MMAD [6]. If the medication chan-
nels get partially obstructed, less drug will be nebulized and
nebulization time will increase. It is not advisable to attempt
to open up these channels with a sharp object. Even small
scratches can have a major impact on aerosol output, MMAD
and GSD. For some long-life nebulizers disposable equiva-
lents are available. Clearly a ‘disposable’ nebulizer is designed
for use only during a short period. In laboratory conditions it
has been shown that some disposable nebulizers can resist
repetitive cleaning quite well [18], but microbiological con-
tamination was not evaluated. In addition, cleaning proce-
dures for such disposable nebulizers are often not well
defined. Hence it is not advisable to use a disposable nebulizer
for maintenance therapy over longer periods of time.

The ultrasonic nebulizer

Ultrasonic (US) nebulizers use a piezoelectric crystal to gen-
erate vibrations in the medication fluid. On the air–liquid

interface fountains of droplets are generated. As for jet
nebulizers, large droplets drop back into the fluid. The
smaller droplets can be inhaled by the patient inhaling air
from the reservoir. Some US nebulizers have a small venti-
lator that can move the generated aerosol into the mouth-
piece. An advantage of US nebulizers is that they are silent
and can be small. In addition, depending on the energy
released by the vibrating crystal, they can have a high
aerosol output. A disadvantage is that they cannot nebulize
suspensions or solutions of high viscosity very effectively.
This can have the effect that the emitted particles contain
relatively more water than drug, thus concentrating the
liquid remaining in the nebulizer bowl. In addition, the
vibrating crystal can heat up the liquid drug formulation,
which can affect drug stability or function. Finally, the
vibrations may effect the integrity of large molecules such
as proteins, and so ultrasonic nebulizers cannot be used for
drugs such as rhDNase. Currently, there are no drugs on
the market for CF that should be nebulized by this system.

The vibrating mesh nebulizer

Recently vibrating mesh nebulizers have been launched on
the market [25]. A key element of this technology is a
membrane that contains a large number of holes in a mesh
(Fig. 13.4a). This mesh is in contact with an annular piezo-
element that is able to make the mesh vibrate at a very high
frequency (Fig. 13.4b). As a result fluid is sucked up from
the medication reservoir containing the liquid drug. On
the side of the aerosol reservoir, aerosol particles are
released by the mesh. The size of the particles is determined
by the size and form of the holes in the mesh. The patient
inhales the aerosol from the aerosol reservoir.

The mesh nebulizer has a number of important theoreti-
cal advantages over jet nebulizers. First, in contrast to jet neb-
ulizers, the emitted aerosol particles have a low velocity, so
only a small proportion of the aerosol particles should
impact onto the walls of the aerosol reservoir. The aerosol
leaves the reservoir as a standing cloud by inhalation of the
patient. Hence, during exhalation time less aerosol is lost to
the environment. Second, drug passes the mesh only once.
Third, mesh nebulizers are silent. Fourth, the systems are sub-
stantially smaller compared to jet nebulizers. Cumbersome
and noisy portable compressors are not required; only a
small battery pack or AC adapter is required to generate the
energy needed for aerosol production. Fifth, the volume of
drug left in the medication chamber after the nebulization
process is completed (dead volume) is substantially lower
than with conventional nebulizers (0.1–0.3 mL). As a result,
mesh nebulizer systems are more efficient than continuously
operating jet nebulizers which have dead volumes up to
1.5 mL. Hence, the use of a mesh nebulizer should result in
greater efficiency of drug use; a lower nominal or starting
dose is required to obtain the same lung deposition.

Theoretically, most liquid drugs can be nebulized using
this technology. With drug suspensions or highly viscous
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solutions there is a risk of occlusion of the holes. This will pri-
marily increase the time needed by the patient to nebulize all
drug from the medication reservoir. The aerosol output of
mesh nebulizers ranges from 0.15 to 0.35 mL/min. Occlusion
of the holes is thought not to affect particle size distribution
but only the output rate.

Selection of nebulizer

Examples of nebulized drugs are tobramycin, rhDNase,
acetylcysteine, colomycin and NaCl. Drugs such as rhDNase
or tobramycin are registered to be delivered by a specific neb-
ulizer–compressor combination. Hence, the drug comes with
the aerosol delivery device. Alternative nebulizer–compressor
systems or mesh nebulizers should be used only when 

bio-equivalence and preferable clinical equivalence has been
established. Nevertheless, for most drugs it is not possible to
predict equivalence based on laboratory studies since such
studies do not take patient-related factors into account.
Examples of such factors are compliance, correct preparation
of the device before each treatment, particle size characteris-
tics in relation to breathing pattern, and dead volume. The
use of alternative compressor–nebulizer systems requires that
the prescribing physician is responsible for ensuring clinical
equivalence in terms of both efficacy and side-effects. This
can be difficult since one does not know the natural course of
disease of that patient without the alternative intervention.

Mixing of drugs for nebulization is in general not recom-
mended since interaction between drugs might occur and
the aerosol characteristics may alter due to a change in the
physicochemical properties of the mixture. Bronchodilators
and inhaled steroids can be delivered more quickly and effi-
ciently by pMDI-spacer, pMDI-autohaler or DPI.

Nebulizer maintenance

Adequate maintenance of the nebulizer–compressor is
crucial. First, the nebulizer should be cleaned and dried
after each use to prevent contamination. In case of inade-
quate cleaning there is a risk of bacterial contamination
especially with Pseudomonas [26–28].

All nebulizer systems degenerate with time and regular
use. In jet nebulizers the air filter on the compressor becomes
polluted with dust particles, so it should be replaced at spec-
ified time intervals. Most long-life nebulizers need replace-
ment once or twice a year. The compressor output of a jet
nebulizer should be periodically tested according to manu-
facturer specifications. When pressure output is reduced
nebulization time increases, and more importantly MMAD
and GSD will increase, reducing the efficacy of the nebulized
drug. As for jet nebulizers, mesh nebulizers require specific
maintenance. The mesh should be replaced at regular inter-
vals since the holes suffer from wear and tear and can get
occluded, reducing aerosol output.

The importance of a comprehensive quality control pro-
gram for aerosol therapy in CF cannot be sufficiently
emphasized. The use of improperly functioning nebulizer–
compressor systems results in a reduced treatment efficacy
and wasted resources. Quality control of the compressor–
nebulizer combination is therefore an obligatory part of neb-
ulizer therapy in CF. A close visual examination of nebulizer
and compressor and evaluation of the technique used by the
patient to operate the device allows detection of issues that
can affect the quality of aerosol therapy.

THE PRESSURIZED METERED-DOSE INHALER

In a pMDI, the drug is present as a solution or suspension
in a propellant and/or surfactant mixture. In the case of a
suspension formulation, the pMDI should be shaken vig-
orously before use to mix the drug as homogeneously as

Piezoelectric
actuator

Conical holes

(b)

Respirable aerosol

Vibrating mesh

Liquid drug

Reservoir

Figure 13.4 (a) A 500 � enlarged view of a mesh from a
vibrating-mesh nebulizer. A key element of this technology is a
membrane that contains a large number of holes. The size of the
aerosol particles is determined by the size and form of the holes
in the mesh. (b) Schematic view of a vibrating-mesh nebulizer.
This mesh is in contact with an annular piezo-element that is
able to make the mesh vibrate at a very high frequency. As a
result, fluid is sucked up from the medication reservoir containing
the liquid drug. On the side of the aerosol reservoir, aerosol
particles are released by the mesh.
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possible in the propellant carrier. When the pMDI is fired,
an accurately metered dose is released at a high velocity.
The mass of drug and its aerosol characteristics are largely
independent on the inspiratory effort of the patient. This is
of benefit for CF patients since a forced inspiratory maneu-
ver is likely to be difficult for those with reduced pul-
monary function due to exacerbations or lung infections.
pMDIs are used primarily for treatment with bronchodila-
tors and inhaled steroids.

The use of a spacer with a pMDI markedly improves 
the efficiency of aerosol delivery, by reducing unwanted
oropharyngeal deposition and eliminating the need for
coordinating the patient’s inhalation with actuation of the
pMDI. For children below the age of 4 years, a face-mask
should be used. Great care should be taken to obtain an
optimal seal between the child’s face and the mask because
a suboptimal seal will result in a substantial reduction of
the aerosol output from the spacer [19,29]. A metal spacer
is preferable to a plastic one as it avoids variation in drug
delivery due to electrostatic charge on the wall of the spacer
[11,30,31]. Washing a plastic spacer once a week in house-
hold detergent can reduce electrostatic charge effectively.

Another form of pMDI is the breath-actuated device
(such as the Autohaler®), which is also ideal for most CF
patients of 8 years and older. In these devices, aerosol emis-
sion is also propellant-driven. Hence, the particle size distri-
bution of released aerosol particles is independent of the
patient’s effort. To prime the device, the patient has to load a
spring by elevating a lever. Next, the patient exhales and then
inhales through the device, with a slow and deep inspiratory
maneuver. When the inspiratory flow reaches a minimum of
30 L/min, a valve opens, releasing the metered drug dose. The
patient has to be trained to continue the inhalation up to total
lung capacity level. Some patients are startled by the sudden
sound or sensation as the drug is released, and may stop
breathing without completing the inspiratory maneuver,
resulting in increased drug impaction in the oropharynx, and
little or no drug deposition in the lungs.

THE DRY-POWDER INHALER

In a dry-powder inhaler the drug is present in a single 
unit (e.g. Accuhaler®) or in a multi-dose chamber (e.g.
Turbuhaler®). The drug can be present in a pure form or
dispersed with lactose or other carrier substance. The mass
of drug inhaled, and the MMAD and GSD of the resulting
particles, depend on the inspiratory flow of the patient. For
optimal DPI performance a CF patient should be able to
inhale forcefully and deeply without coughing. In case of
insufficient inspiratory flow through the DPI (�60 L/min
for most inhaled steroids) the mass of drug that is released
is reduced and the MMAD and GSD increased.

Sufficiently high and reproducible inspiratory flows
through a DPI can be obtained in asthmatic children of 
7 years and older but there are relatively few data for 
CF patients. Clearly many children and adults with CF
have considerable structural lung damage that can affect

their inspired volume and flow velocity [32]. In a con-
trolled laboratory setting it was shown that 3- to 5-year-old
CF patients could only inhale a lung dose of 6% from the
Turbuhaler. Lung dose increased to 29% in the 13–16 years
age range [33]. In a more recent study it was shown that
from the age of 6 years most patients were able to generate
an inspiratory flow of 30 L/min or higher and to inhale a
volume of 1 L or more [34]. However, for patients who are
not able to generate an inspired flow of 30 L/min or higher
a DPI should not be used.

Routine lung function does not produce any reliable
predictors for an inspiratory flow through a DPI. Ideally,
peak inspiratory flow should be tested through a resistance
that equals the resistance of the DPI that will be used by the
patient. For high-resistance DPI devices testing of inspira-
tory flow should be considered for those below the age 
of 8 years or in patients with severe impairment of lung
function [34]. Ideally, the inspiratory flow–volume curve
through the appropriate resistor should be recorded to
supply other relevant parameters such as the inhaled vol-
ume and time to peak inspiratory flow. In case of an insuf-
ficient inspired volume a second inhalation will be needed
to mobilize all available drug from the capsule. When
doing this the patient should not exhale through the DPI
since humidity might affect the remaining drug.

Because the inspiratory flow profile for DPIs is rather
critical it is recommended that a pMDI-spacer or breath-
actuated pMDI should be used for the delivery of steroids
or bronchodilators to CF-patients (see Table 13.1). Clearly,
when antibiotics are prescribed to patients in DPI form,
repetitive instructions and training should be given to the
patient, and regular monitoring of his/her inhalation tech-
nique is advisable.

DRUGS INHALED FOR CYSTIC FIBROSIS

Antibiotics

Chronic bacterial infection of the lower airways is present
in most CF patients early in life. It has become increasingly
evident that early and aggressive antibiotic treatment redu-
ces lung damage and improves life expectancy.

When antibiotics are nebulized, a filter on the expira-
tion port is needed to prevent contamination of the envi-
ronment by the exhaled antibiotic.

Intermittent maintenance therapy with inhaled
tobramycin for patients with chronic Pseudomonas infec-
tion has been shown to be an efficacious strategy to improve
lung function, reduce exacerbation rate, and improve qual-
ity of life [35–37]. Furthermore, nebulized tobramycin has
been used for eradication of newly acquired Pseudomonas
infection [38,39]. In most countries, tobramycin for nebu-
lization is a registered antibiotic for nebulization. It should
be nebulized using a Pari LC Plus nebulizer combined with
a Pulmo-Aid or comparable compressor.

Colomycin is another nebulized antibiotic that is 
frequently prescribed for maintenance therapy against
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Pseudomonas. The effectiveness of long-term maintenance
therapy with Colomycin in relation to a specific aerosol
delivery system has been less well documented [40,41].
Because of the lack of proper studies, Colomycin is not regis-
tered for nebulization in CF in many countries. Technically,
Colomycin can be nebulized using a Pari LC® star or Hudson
Updraft II® [42].

Other antibiotics for inhaled therapy are in develop-
ment. Each of these has to be delivered with the system as
specified in the registration studies. A wider choice of
inhaled antibiotics will allow a more tailored treatment.

rhDNase

DNA levels in CF sputum are 3–5 times higher than in non-
CF individuals and tend to be even higher in older CF
patients. Recombinant human dornase (rhDNase) improves
mucociliary clearance by hydrolyzing extracellular DNA
present in elevated levels in lower airway secretions [43].
Large multicenter placebo-controlled trials have shown that
maintenance treatment with nebulized rhDNase delivered by
Portaneb compressor and Sidestream nebulizer improves
lung function, and reduces the exacerbation rate in CF
patients [2,44]. rhDNase should be delivered to the patient
with a jet nebulizer as used in these studies. There are indica-
tions that administration of rhDNase by a compressor–
nebulizer combination that delivers a high output rate and
low MMAD is most effective [16]. However, this should be
further investigated in well-designed clinical efficacy stud-
ies of sufficient size. rhDNase must not be mixed with
other drugs for simultaneous nebulization.

In clinical use, rhDNase is commonly administered
either before or after physiotherapy [1]. However, there are
indications that nebulization of rhDNase should be done
at a moment when the lungs are as clear as possible. For
most patients this is towards the end of the day. Next, neb-
ulization of rhDNase should be followed by physiotherapy
within 30 minutes to maximally 4 hours to expectorate the
liquefied sputum [45]. The optimal use of rhDNase with
physiotherapy should be discussed with each individual
patient, as the patient’s preference is also important.

Bronchoscopic installation of rhDNase has been advo-
cated for the treatment of lobar atelectasis that persists
after intravenous antibiotics and physiotherapy [46,47].
Persistent atelectasis is associated with a poorer prognosis,
so every attempt should be made to reverse the atelectasis.
Direct installation of 2.5 mg rhDNase in 10 mL of normal
saline has been effectively used to mobilize large quantities
of mucopurulent secretions from the obstructed bronchus
and to open up the atelectatic lobe.

Bronchodilators

Many older CF patients are treated with bronchodilators
[1]. Some studies have shown that the lung function of CF

patients improves after bronchodilator inhalation [48].
Furthermore, it has been suggested that the daily use of
salbutamol reduces the number of exacerbations and the
decline in lung function [49]; however the scope of this
study is somewhat limited.

One should keep in mind that bronchodilators may
have negative effects. In some patients, lung function 
worsens after inhalation of a bronchodilator [50,51]. This
might be caused by a reduced stability of the central air-
ways during a forced expiration [52]. Furthermore, the use
of �2-sympathomimetics increases the patient’s metabolic
rate. Based on the limited data on the effectiveness of bron-
chodilators on relevant end-points, it seems wise to restrict
their use [53]. Bronchodilators can be used for those patients
who show substantial reversibility of airflow obstruction
after inhalation of bronchodilators and who report relief of
symptoms after inhalation. In addition, bronchodilators
should be used prior to the inhalation of drugs that may
cause bronchial obstruction. This kind of obstruction can be
the result of bronchial smooth muscle shortening but also of
inflammatory changes to the airway wall.

For CF patients who need bronchodilators it makes
sense to prescribe long-acting �2-sympathomimetics [54].
The delivery device of first choice is a pMDI-spacer or a
breath-actuated pMDI for reasons discussed earlier.

Corticosteroids

It has been shown by many authors that there is an exagger-
ated immune response in CF. This is probably the rationale
for the massive use of inhaled steroids in CF patients [1].
Furthermore, inhaled corticosteroids are prescribed for
patients who suffer from asthma-like symptoms or for 
the treatment of allergic bronchopulmonary aspergillosis.
Unfortunately, as is the case for bronchodilator use, there
are very limited data to support the current widespread use
of inhaled corticosteroids [55]. Conclusive long-term stud-
ies on the dose–effect of inhaled corticosteroids at relevant
end-points are lacking. Recently it has been shown that pre-
scribed corticosteroid maintenance therapy could be with-
drawn from most CF patients without significant changes in
lung function or exacerbation rate [5].

When inhaled corticosteroids are indicated they can best
be delivered by pMDI-spacer or with a breath-actuated
pMDI. The minimum inspiratory flow recommended for
DPI use in order to obtain a clinically effective dose is
60 L/min for most inhaled steroids. Flow dependency in dep-
osition pattern between 30 and 90 L/min has been observed
in pediatric CF patients using the Turbuhaler® [33], and with
in-vitro drug delivery for both the Turbuhaler® and
Accuhaler® [56].

Many CF-patients are not able to generate inspiratory
flows of 60 L/min or higher [34]. Suboptimal flows can not
only reduce the output of drug from the DPI but also
increase particle size [56]. This is not desirable since larger
particles are less likely to reach the peripheral airways
where most pathology is localized in CF. When inhaled
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corticosteroids are prescribed they should be inhaled after
physiotherapy to limit impaction in congested central air-
ways and avoid immediate clearance from the lungs during
physiotherapy. After inhalation, the patient should rinse
the mouth to reduce the risk of Candida infection.
Treatment with inhaled corticosteroids in CF should be
restricted to patients with asthma-like symptoms.

Mucolytics

The effectiveness of specific delivery systems for administra-
tion of mucolytics other than rhDNase to CF patients has
not been investigated in sufficiently large trials with relevant
end-points [57]. In some countries mucolytics are still used
on a large scale. The evidence supporting the use of mucolyt-
ics is thin [57]. Most sulfur-containing mucolytics should
not be mixed with other drugs during nebulization. The
optimal delivery system for mucolytics has not been defined.

Sodium chloride (NaCl)

Twice daily nebulization of 4 mL of hypertonic (7%) NaCl
improves sputum expectoration, improves lung function,
and reduces the number of exacerbations in CF patients
[58–61]. The nebulizer system used in a large, double-
blind, placebo-controlled clinical trial evaluating the use of
hypertonic saline over a 12-month period was the Pari LC
Plus® jet nebulizer and Pari Proneb® compressor [60].
Inhalation of hypertonic saline is known to induce bron-
choconstriction in many patients. In the hypertonic saline
trial mentioned above, 200 �g of albuterol was administered
to patients via pMDI-spacer for bronchodilation prior to
hypertonic saline inhalation. Importantly, all patients con-
tinued their routine medication regimen during this trial.
Hence, the observed positive effect in the hypertonic saline
treatment group was additional to the effect of normal
rhDNase therapy. Fewer than 20% of patients in this study
were using nebulized antibiotics.

Clearly, adding extra nebulization treatments to the
daily treatment burden of CF patients would be unaccept-
able. Most CF patients would be required to undergo a
minimum of two nebulization sessions twice daily, in addi-
tion to regular physiotherapy. An additional disadvantage is
that, in most countries, 7% saline is not available in sterile
ampoule form. In some countries 7% NaCl is obtained by
mixing 10% NaCl from commercially available ampoules
with sterile water. This clearly makes this therapy more
inconvenient and increases the risk of contamination. The
alternative is to use a lower strength NaCl preparation,
which may be more readily available, although the efficacy
of this option has not been tested.

Managing the aerosol package

It is clear that choices between therapies prescribed to CF
patients have to be made. Unfortunately, there are few

comparative data evaluating the efficacy of different com-
binations of drug therapy. An alternative is to mix two 
or more drugs for delivery during a single nebulization.
However, the drug combinations would have to be strin-
gently tested to rule out possible drug interactions, or that
the activity or efficacy of individual drugs decreases. For
example, rhDNase, being a protein, is highly likely to be
denatured or deactivated by the addition of hypertonic
saline for concurrent nebulization.

The more complicated aerosol therapy is for a CF
patient the more likely it is that mistakes will be made and
that adherence to the therapy will decrease. The aerosol
therapy package prescribed for a CF patient should be crit-
ically evaluated on a yearly basis, if not more frequently.
The number of drugs prescribed should be reduced to the
absolute minimum. Many aerosolized drugs that are used
in maintenance therapy for CF patients are not evidence-
based and so can be deleted in the case of an overloaded
therapeutic package for the patient [4].

The use of nebulizer–compressor systems for CF is
cumbersome. The use of these systems should be restricted
to drugs with proven efficacy and which are available 
only as nebulizer formulations. Regular maintenance of
nebulizer–compressor systems and critical evaluation of
the technical skills of the patients is crucial to optimize
clinical efficacy, reduce adverse effects, and avoid wastage
of both patient time and clinical resources. For each daily
drug administration, the timing in relation to physiotherapy
sessions should be discussed with the patient. This can pre-
vent the suboptimal administration of inhaled medications
such as antibiotics or steroids prior to physiotherapy [1].

ORAL AND INTRAVENOUS THERAPY

Many drugs can be administered to the lungs through the
gastrointestinal route as an alternative for the inhaled route.
A theoretical advantage is that the drug can target poorly
ventilated but well-perfused areas of the lung. A second
advantage of this route is its simplicity. Third, swallowing a
pill or a liquid takes much less time than nebulization.

However, the oral route comes with some disadvantages.
The most important disadvantage is adverse gastrointesti-
nal effects. Second, drug absorption in CF patients can vary
widely and the rate of absorption is often slower. Third,
many oral drugs require exact timing before or after meals,
increasing the complexity of CF therapy; it is likely that
many mistakes are made in relation to adequate timing of
oral drugs. Fourth, oral dosing involves systemic exposure
to higher levels of the drug in question, rather than the rel-
atively lower doses administered to the lungs via inhala-
tion. Hence, oral dosing markedly increases the risk of
adverse side-effects. Fifth, the unpleasant taste of many liq-
uid drug formulations makes administration difficult, par-
ticularly to young children.

In this section we will discuss some specific issues related
to orally administered antibiotics, and anti-inflammatory
drugs, as well as the role of intravenous therapy in CF.
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Bronchodilators will not be discussed, since it is evident
from the multitude of studies carried out in asthmatic
patients that the inhaled route of administration is superior
to the oral route.

Antibiotics

For many antibiotics, the maximum dose that can be admin-
istered orally is much lower than can be administered intra-
venously, due to local oropharyngeal and gastrointestinal
side-effects. High oral doses of antibiotics are often required
to obtain sufficiently high therapeutic levels in CF sputum.
This is particularly the case for drugs such as sulfamethoxa-
zole in order to compensate for enhanced clearance of the
drug [62,63]. Orally administered antibiotics can have a
major impact on the microbiological environment of mouth
and gut. Patients can develop symptoms such as diarrhea
and Candida infection of the oral cavity. In addition, admin-
istration of doses that result in concentrations of the anti-
biotic at the site of action that are below the minimal
inhibitory concentration may result in the development of
antibiotic resistance. Very little is known about the doses of
oral antibiotics needed to obtain sufficient concentrations
above the minimal inhibitory concentration (MIC) in CF.
Bioavailability of important oral antibiotics such as cipro-
floxacin and azithromycin are thought not to be altered
[64,65]. In contrast to the use of inhaled antibiotics, it has
not been shown that micro-organisms in the lung can be
eradicated solely by orally administered antibiotics [39].

Anti-inflammatory drugs

In trials that have investigated the effectiveness of anti-
inflammatory agents, such as prednisone, ibuprofen and
azithromycin, the drugs were administered orally [66–68].
It has not been shown that the use of inhaled corticos-
teroids is effective in CF [5].

The use of these oral anti-inflammatory medications has
been shown to improve lung function in CF. However, oral
treatment with prednisone is related to severe systemic side-
effects. Oral treatment with ibuprofen is considered rather
complicated since blood levels need to be controlled and
precise timing is required [67,69]. Short-term studies with
azithromycin showed improvement in lung function but 
it is associated with a substantial increase in resistance of
Staphylococcus aureus and Haemophilus influenzae [70]. It is
not clear whether the observed improvements are the direct
result of a pulmonary effect or more of a systemic effect, or
even of an antibiotic effect.

Intravenous therapy

Patients with CF frequently require intravenous (IV) antib-
iotics for treatment of pulmonary exacerbations. These
courses are mostly given through a short peripheral catheter.

Unfortunately, the dwell time of peripheral catheters is short
(days) and often complicated by phlebitis. For this reason
alternatives such as the midline catheters and peripherally
inserted central catheters (PICCs) are used for IV therapy 
in CF patients. These catheters are thought to allow longer
courses of antibiotic treatment. Midline catheters are
inserted in the antecubital region with the tip located in the
axillary region. Catheters are made of biomaterial that soft-
ens and expands upon contact with body fluids. The dwell
time is thought to be longer relative to short peripheral
catheters and catheter phlebitis is thought to be less fre-
quent. Complications that have been described are external
breaks of the catheters, shoulder pain, phlebitis, catheter
occlusion, accidental dislodgement, local irritation at the
insertion site, and yeast infection at the insertion site.
Another alternative for the short peripheral catheter is 
the placement of a peripherally inserted central catheter
(PICC). PICCs are most often inserted in the antecubital
veins. The PICC tip is located in the superior vena cava or
right atrium. Complications associated with PICC insertion
are infrequent, but include bleeding, tendon or nerve dam-
age, cardiac arrhythmias, chest pain, catheter malposition-
ing, catheter embolism and difficult removal [71,72].

In general, the frequency of IV courses increases with dis-
ease severity. Following multiple peripheral IV placements
more peripheral veins will become occluded. When venous
access becomes troublesome and reduces therapeutic
options, placement of a totally implantable venous access
device (TIVAD) should be considered. A TIVAD might be
positioned at the anterior chest wall at various locations (Fig.
13.5). For patients for whom the anterior thorax is not an
attractive position, smaller devices are available that can be
positioned on the upper arm. The life-span of these smaller
devices placed on the arm is thought to be shorter relative to
the larger ones placed on the thoracic wall. One-third of all
adult CF patients has had a TIVAD at some time in their life.
The average life-span of a TIVAD ranges from 440 to 1429

Collar bones
(clavicles)

Catheter tip
in superior
vena cava

Right atrium
of heart

Port
reservoir

Cutdown site of
subclavian vein

Figure 13.5 Possible locations for implantation of a totally
implantable venous access device (TIVAD). From [85].
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days [73–76]. Complications of a TIVAD can occur within
one in 1065 to 2059 catheter-days and have been described in
up to a third of patients. The type of complication can vary
from minor to severe (Table 13.2) [73]. The most common
complication is thrombosis, either surrounding the catheter
or adherent to the vein. This diagnosis can be made by using
ultrasound or by injecting radiographic contrast into the
TIVAD. Serious conditions like pulmonary embolism and
superior vena cava syndrome can occur in these patients. It
has been suggested that it might be helpful to do a hemostat-
ic screening prior to TIVAD placement to identify patients
with a thrombophilic state and in patients with a blocked
TIVAD [77,78]. However, whether identification and treat-
ment of patients with thrombophilia will help to prevent
thrombotic events has not been investigated.

Oxygen delivery

Hypoxia during sleep and exercise may occur in CF
patients with more advanced lung disease. These patients
may develop pulmonary hypertension, reduced exercise
tolerance, poor sleep quality, and deteriorating quality of
life. It seems logical to treat these patients with oxygen
therapy. Unfortunately, only few studies are available that
evaluate the effectiveness of various forms of oxygen ther-
apy [79,80]. Only one randomized controlled trial was
published in 1989 where the effect of nocturnal oxygen
therapy at a number of end-points was evaluated [81]. The
authors concluded that nocturnal oxygen treatment in CF
did not appear to affect mortality rates, frequency of hospi-
talizations, or the progression of disease. However, school
and work attendance were maintained in the oxygen group
but deteriorated in the placebo group. The authors stated
that oxygen use should be instituted only after the develop-
ment of symptoms to hypoxia.

There is no clear-cut definition for hypoxia in CF [79]. It
is well recognized that patients with a resting SaO2 below
93% have significant nocturnal desaturation. However, one-
third of patients with SaO2 above 93% became hypoxic at
night. One of the definitions used to define sleep hypoxia is
when a nocturnal SaO2 of �93% is observed for more than
25% of the sleep study period. Other studies have selected a

mean SaO2 of �95%. Exercise-induced arterial hypoxia in
children has been defined as a fall in SaO2 during exercise
of �4% from baseline. Hypoxia is reported to occur more
frequently during sleep than on exercise, suggesting that for
screening purposes a nightly SaO2 profile might be appro-
priate. Due to this lack of randomized controlled trials the
indication for oxygen therapy remains rather arbitrary.

In the American consensus guidelines it is recom-
mended that night-time oxygen therapy is indicated for
adults when SaO2 is below 88–90% for at least 10% of the
time, and oxygen during exercise is recommended if SaO2

falls below 88–90% while exercising [82]. There is evidence
of modest enhancement of exercise capacity and duration
with oxygen supplementation especially in individuals
with more advanced lung disease [80,83]. In a meta-analy-
sis it was concluded by the authors that oxygen therapy
should be reserved for those individuals with objective evi-
dence of hypoxemia, when at rest while awake, or during
either exercise or sleep [80]. Based on the levels of hyper-
capnia observed in the studies, there is no strong reason to
suspect clinically important untoward side-effects in the
short term. Attention to blood gas analysis is warranted in
individuals with advanced lung disease.

OXYGEN DELIVERY SYSTEMS

Introduction of oxygen therapy is an emotional life event
for a CF patient. First, it marks the poor pulmonary condi-
tion of the patient. Second, it adds substantially to the daily
therapy burden. Introduction of oxygen should ideally be
done when the patient is motivated and convinced of the
potential benefit of such therapy. Clearly, introducing oxy-
gen therapy in the home situation requires careful organi-
zation (Table 13.3).

When the initial flow to the patient is below 0.3 L/min
oxygen can be delivered by cylinders. For higher flows an
oxygen concentrator is preferred with back-up portable
cylinders for breakdowns and for ambulatory use [84]. Many
countries have guidelines for home oxygen programs. Flying
and holidays spent at high altitudes can expose CF patients to
a reduced inspired oxygen pressure. For a patient with
severely impaired lung function this can result in a reduced
oxygen saturation and increased work of breathing. From the

Table 13.2 Complications of totally implantable venous access devices (TIVAD).

Variables Number of complications Complications of catheter 
use (complications/days)

Thrombosis 0.185/1000 catheter days 1/5405
Infection 0.119/1000 catheter days 1/8403
Mechanical problem 0.079/1000 catheter days 1/12658
Superior vena cava syndrome 0.026/1000 catheter days 1/38461
Air embolism 0.013/1000 catheter days 1/76923
Pneumothorax 3.4% of catheter placements –

Adapted from [73].
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literature it is not clear when in-flight oxygen is required or
when a holiday at high altitude should be discouraged. Some
authors suggest testing the patient with a 20-minute inhala-
tion of a test-mixture of 15% oxygen and nitrogen. Others
suggest that pre-flight spirometric test may be better a pre-
dictor of desaturation during flight than a pre-flight hypoxic
challenge. To decide whether a patient requires in-flight oxy-
gen, it is not only the desaturation which is of importance but
also the length of the flight. It is likely that a long flight will
have a higher risk of patient exhaustion due to the long dura-
tion with an increased work of breathing. If oxygen is
required, it is important that arrangements with the airline
be made well in advance.
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The upper airway in cystic fibrosis

WILLIAM E. GRANT

INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive disease with
multisystem involvement, but with particularly devastating
respiratory impact. The respiratory tract can be considered to
extend from the lips and nostrils to the alveoli, being divided
into an upper and lower airway at the level of the larynx, and
lined throughout with respiratory pseudostratified ciliated
epithelium. From the point of view of the exocrine dysfunc-
tion of cystic fibrosis, the upper airway sites most signifi-
cantly affected by the disease are the nose and paranasal
sinuses.

Thickened viscid secretions overwhelm mucociliary
clearance mechanisms and lead to mucus stasis and infec-
tion in the paranasal sinuses and lower segmental airways
alike. Chronic inflammation in the nasal airways may lead to
nasal polyposis, a condition rarely seen in childhood outside
cystic fibrosis. Significant sinonasal symptoms arise in some
30–45% of sufferers, and these may be debilitating. Chronic
catarrhal and cough symptoms with nasal obstruction,
anosmia and headache are typical presenting features. The
sinuses may become chronically infected by organisms such
as Pseudomonas aeruginosa [1]. Interestingly, the incidence
of primary otological disease, or of dysfunction secondary to
Eustachian tube failure due chronic sinonasal disease,
appears to be no higher than in the general population [2,3].

Physicians focusing on the life-threatening lower respira-
tory symptoms suffered by these patients may under-treat
and under-appreciate the extent, impact and significance of
sinonasal disease in this condition. The inflammatory bur-
den of upper airway disease may contribute, by mechanisms
as yet not fully understood, but involving sinobronchial
reflex pathways, eosinophilia, and humoral mechanisms,
to worsening of already profound lower respiratory tract
dysfunction.

Improved medical and surgical management of sinonasal
disease, both of which have seen dramatic developments in
recent years, contribute to secondary improvement in control

of pulmonary inflammatory and infective disease in non-
CF patients [4–8]. As might be expected given the underly-
ing pathophysiology of CF, studies in this population show
varied, but less dramatic, response of the lower airway to
improved upper airway disease management.

As CF patients are recognized to under-report upper air-
way symptoms, optimal treatment of upper airway disease
will ideally involve input from rhinologically specialized ENT
practitioners in a multidisciplinary setting. Improved man-
agement may thus result in benefit not only for the primary
nasal symptoms, but may also improve lower respiratory
function and general well-being.

PATHOPHYSIOLOGY

Mucus stasis inevitably leads to secondary infection, and in
the nose it also results in sinus ostial obstruction with failure
in ventilation and drainage, which are the major predispos-
ing factors in the development of sinus disease in normal
subjects [9]. Infective organisms isolated from the sinuses
tend to be Pseudomonas aeruginosa, Staphylococcus aureus
and Haemophilus influenzae and anaerobes [1]. Disease man-
ifestations are likely to result from a combination of inflam-
mation secondary to the failure to clear thickened secretions,
sinus ostial obstruction, and superadded infection, rather
than simply being primarily infective.

MUCOCILIARY FUNCTION

Cystic fibrosis patients are traditionally thought to have
reduced mucociliary clearance [10,11]. More recently, a
study aimed at differentiating primary (CFTR ion transport-
related) from secondary (inflammatory) causes of delayed
mucociliary clearance challenged the idea that CFTR dys-
function on its own caused delayed clearance from the
nose [12]. Fifty children with cystic fibrosis, primary ciliary
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dyskinesia, and no respiratory disease were studied. Normal
and CF children had normal mucociliary clearance times and
pro-inflammatory cytokine levels. The finding that CF chil-
dren actually had normal mucociliary function suggests
that adults with cystic fibrosis had impaired ciliary clear-
ance secondary to inflammatory airway changes. There is no
doubt that chronic inflammation results in secondary
changes including goblet cell hyperplasia, as well as squa-
mous metaplasia and loss of ciliated cells. Bacterial toxins,
such as the pyocyanin and 1-hydroxyphenazine produced by
Pseudomonas spp [13,14], as well as inflammatory byprod-
ucts such as neutrophil elastase, can further impair ciliary
motility [15]. This, coupled with the greatly increased mucus
viscosity, results in severely disturbed mucociliary clearance.

Within the paranasal sinuses, alteration in the viscoelastic
properties of the mucus in CF contributes to a mechanical
obstruction of the sinus ostia. The secondary mucostasis,
infection and inflammation that develops results in intrasi-
nus hypoxia, hypercarbia, reduction in pH, leading to further
mucosal inflammation, edema, and yet further mucociliary
impairment and the opportunity for bacterial infection and
colonization.

NASAL POLYPOSIS

Nasal polyposis in children is exceptionally rare outside the
cystic fibrosis population, and once identified the diagno-
sis of CF must be pursued.

The incidence of nasal polyposis in CF was probably
underestimated in earlier studies before the advent of endo-
scopic techniques, and more recent figures quoting a range
32–45% are probably more accurate [2,16]. Hadfield and 
co-workers [17] reported an incidence of 37% in a large
series of 211 adults with cystic fibrosis from the Royal
Brompton Hospital. Slieker and co-workers [18] reported
half the children in a series of 140 children with CF had
polyps, but that only 59% of these were symptomatic.

The pathophysiology of the development of nasal poly-
posis in CF is, however, unclear, as indeed it is in non-CF
polyposis. Why some patients develop symptomatic sinusi-
tis, some remain relatively asymptomatic, and why some, but
by no means all, go on to develop nasal polyposis is not
understood. The incidence of nasal polyposis is no higher in
patients with allergic rhinitis than in the general population
[19]. Tos and co-workers [20] have hypothesized that polyps
result from nasal mucosal inflammation where epithelial
damage allows prolapse of the lamina propria, and suggested
a similar pathogenesis in inflammatory and non-CF polyps,
based on histological appearance. Subsequent studies (more
of which below) have, however, shown that the histological
features of polyps in CF demonstrate specific differences to
the polyps in chronic rhinosinusitis.

The presence of expansive polypoid disease in the eth-
moids may result in widening of the nasal bridge and the
appearance of hypertelorism (Fig. 14.1) [2]. The relatively
elastic bones of younger children with massive polyposis in

the ethmoid labyrinth may be responsible for the broad nasal
dorsum sometimes seen in pediatric cystic polyposis – a
pseudohypertelorism or Woakes’ syndrome. In CF the ante-
rior ethmoid grows faster than the posterior compartment
which may also relate to the broadening of the nasal dorsum
seen with massive polyps. There is a higher frequency of
chronic lower airway infection with Pseudomonas aeruginosa
in CF patients with nasal polyps compared with patients
with no polyps [21].

MICROBIOLOGY

While in the non-CF population Haemophilus and strepto-
coccal organisms are responsible for chronic infective rhi-
nosinusitis, in cystic fibrosis Pseudomonas aeruginosa and
Staphylococcus aureus are more frequently cultured. The
majority of the bacterial isolates recovered from the sinuses
are also present in sputum cultures, as demonstrated by
genotyping [22].

There has been little in the literature regarding fungal
disease in CF in spite of debate in recent years regarding
the role of fungi in chronic rhinosinusitis and nasal poly-
posis in the general population. One group found that fun-
gal cultures were positive in 33.3% of cases [23]. Candida
albicans was the commonest, with one each of Aspergillus
fumigatus, Penicillium species, Exserohilum and Bipolaris.
There appeared to be no correlation between presence of
fungal isolates and requirement for revision surgery. Two
patients were diagnosed as having allergic fungal sinusitis
(AFS), according to the criteria of Bent and Kuhn [24]. The
role of these fungi in the pathogenesis of sinonasal disease
in CF is unclear at this time; while they may be incidental
isolates, in some patients, in particular with Aspergillus,
chronic low-grade presence may provoke IgE-mediated

Figure 14.1 Photograph demonstrating nasal polyposis with
complete occlusion of left nasal airway and broadening of nasal
dorsum secondary to extensive anterior ethmoid polyposis. See
also Plate 14.1.
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hypersensitivity and allergic fungal sinusitis, in a manner
similar to allergic bronchopulmonary mycosis.

SINONASAL SYMPTOMS

There is a low self-reporting of symptoms by CF patients and
poor correlation between symptoms and disease severity
[25–27]. Patients may accept upper airway symptoms as nor-
mal because they may have been present from an early age
[25]. Common symptoms include nasal obstruction, puru-
lent rhinorrhea, headache, anosmia, facial pain, snoring and
voice change [28,29]. Headache and periorbital pain are the
commonest reported symptoms in those with chronic rhi-
nosinusitis, and anosmia the commonest symptom in those
with polyps [30]. Headache is difficult to quantify but tends
to be reported more in adolescent and adult patients.

CLINICAL AND ENDOSCOPIC FINDINGS

Much can be gleaned from simple inspection of the child
or adult in the clinic. Observation of mouth breathing ten-
dencies may point to severity of nasal obstructive disease.
Typical ‘adenoidal’ type facies, due to nasal obstruction
may be evident. Broadening of the nasal bridge along with
pseudohypertelorism is a further common clinical finding
(see Fig. 14.1) [29].

Intranasal examination can be performed with a bright
headlight or perhaps with an otoscope following the appli-
cation of a topical decongestant. Rhinitic inferior turbinates
are frequently misinterpreted as polyps and referral for
examination by a collaborative rhinologist with an interest
in this condition is the ideal. While gross polyps are easily
seen, up to 25% of polyps can be missed by direct visualiza-
tion alone [29]. Inspection is ideally carried out with either
a rigid 2.7-mm Hopkins rod endoscope in adults and older
children, or with a flexible endoscope in younger children
(Fig. 14.2). This commonly reveals degrees of nasal polypo-
sis, purulent secretions emanating from one or more of 
the recognized drainage pathways, or medial bulging of the
lateral nasal wall. Appraisal of the postnasal space for
obstructive adenoid enlargement may allow for a simple
intervention that might improve the nasal airway and func-
tion. A work-up for coexisting allergy should be undertaken.
A complete ENT examination should be considered on a
regular basis in the interest of overall well-being of the CF
patient [31].

ALLERGY

Most studies demonstrate increased atopy based on skin
prick tests in patients with CF, and specifically increased
hypersensitivity to Aspergillus fungal species has been noted.
Atopy does not appear to influence the development of
nasal polyps [17,32], but Aspergillus allergy is commoner in

CF patients with polyps than without [33]. A genetic link
between CF and ABPA is suggested by the finding of a high
frequency of homozygous and heterozygous CFTR gene
mutations in patients with ABPA and normal sweat tests
and without cystic fibrosis [34,35]. The term ‘sino-
bronchial allergic mycosis’ has been proposed for coexist-
ing ABPA and allergic fungal sinusitis [36].

POST-TRANSPLANT LYMPHOPROLIFERATIVE
DISORDER

Post-transplant lymphoproliferative disorder (PTLD) may
be defined as uncontrolled lymphoproliferation in a setting
of pharmacological immunosuppression. Sinonasal PTLD 
is rare [37] and early detection is prognostically critical.
Clinician awareness that post-transplant immunosuppressed
patients may not simply be suffering with a further recur-
rence of CF nasal polyposis is therefore of great importance.

IMAGING

Plain sinus radiographs have little if any role [38]. The imag-
ing modality of choice in the evaluation of paranasal sinus
disease is the CT scan. These scans play an important role in
determining the extent and nature of disease, and are indis-
pensable in guiding surgical intervention where that is
required. Rapid-acquisition spiral CT techniques are satisfac-
torily tolerated and radiation exposure is relatively low. CT
findings in cystic fibrosis patients almost invariably show
extensive pan-sinus opacification, with certain findings
specific to this population not seen in chronic sinusitis.

Figure 14.2 Endoscopic view of nasal polyposis, shrunken
following application of vasonstricting agent. See also Plate 14.2.
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CT may not always clearly distinguish between polyp
and fluid, whether pus or retained secretions. Varying sig-
nal return may indicate the presence of pus of varying
degrees of inspissation, fluid and polyp. Normal CT scans
are exceptionally rare in CF, most series reporting almost
universal opacification [8,27,29].

Extensive paranasal sinus opacification (Fig. 14.3),
sinus agenesis or hypoplasia (Fig. 14.4), and medial
bulging of the lateral nasal wall with thinning or loss of
bony landmarks (Fig. 14.5) are the hallmarks of the cystic
fibrosis sinus CT series [2,16,39–41].

The common finding of medialization of the lateral
nasal wall is particularly interesting and the pathogenesis is
incompletely understood. This medial bulging of the lat-
eral nasal wall has been defined as a soft tissue mass
extending medially from the maxillary sinus in the area of
the middle meatus to at least half the distance from the
lamina papyracea (medial orbital bony plate) to the nasal
septum [39] (see Fig. 14.5). However, the condition
appears to be distinct from simple mucocele formation, as
multiloculated collections of pus and thickened infected
secretions are surrounded by gross thickening of the max-
illary lining which is frequently polypoid – therefore the
terms mucopyosinusitis or pseudomucocele have been
proposed. Thinning of the bone of the medial wall and
expansion of the natural maxillary sinus ostium from a few
millimeters in healthy individuals to many times this is a
common finding (see Fig. 14.5). The destruction of the
bony walls of the antrum may be attributable to osteitis
[42], pressure necrosis, demineralization [43] or osteolysis.
Pseudomucocele of the antrum may be age-related, being
present in all CF children under 5 years, more than 85% in
age group 5–8, but in only 60% of CF adolescents [2].
When present it is usually bilateral.

The frontal sinuses classically remain hypoplastic as do
the sphenoid sinuses. This is thought to reflect failure to
develop due to inadequate ventilation which reduces
pneumatization in a fashion analogous to the sclerotic
mastoid bone system with reduced air cell development
seen in chronic suppurative ear disease [44]. Primary cil-
iary dyskinesia is the only other disease with a clear associ-
ation with frontal sinus hypoplasia. However, agenesis of
one or both frontal sinuses can be seen in the absence of
any sinonasal disease in 10% of healthy individuals [45].

In summary, CT imaging of the paranasal sinuses is rec-
ommended in symptomatic sinusitis and polyposis and
where significant medial bulging of the lateral nasal wall is
perceived.

MRI imaging tends to be very sensitive to inflammatory
change, and can be used to monitor treatment, but it does
not reveal bony detail, so is less used in sinus imaging.
Gadolinium enhancement of T1-weighted images allows
distinction between mucosal edema and fluid/secretions.
Patients who have undergone FESS surgery (functional
endoscopic sinus surgery) may be monitored postopera-
tively with STIR and T1-weighted MRI imaging to detect
pus-filled loculations that can be eradicated with further

Figure 14.3 CT showing extensive pan-sinus opacification with no
airway patency and middle meatal expansion.

Figure 14.4 CT showing typical frontal sinus agenesis.

Figure 14.5 CT showing medial bulging of lateral nasal 
wall with complete opacification of the maxillary antra.
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surgery, avoiding both unnecessary further irradiation,
and unnecessary surgery for misdiagnosed simple mucosal
disease [46].

HISTOPATHOLOGY

Nasal polyps in non-CF patients are benign mucosal
swellings histologically characterized by edema, goblet cell
hyperplasia of the epithelium, thickening of the basement
membrane, and the presence of numerous leukocytes, pre-
dominantly eosinophils [47]. Many histological similari-
ties exist between polyps in cystic fibrosis and non-CF
patients [48].

Ultrastructurally, CF polyps differ significantly from
non-CF polyps. Histological features specific to nasal poly-
posis in cystic fibrosis are a thin delicate basement mem-
brane of surface epithelium, lack of extensive infiltration
with eosinophils, and a preponderance of acid mucin in
glands and cysts of the polyps (characteristically neutral in
‘allergic polyps’) – see Fig. 14.6 [49–52]. The CF nasal
polyps show specific characteristics of (a) minimal damage
to surface epithelium, (b) the presence of a mucus blanket
lining the apical epithelium, (c) occasional intracytoplas-
mic lumina, (d) continuous and fenestrated type capillar-
ies, (e) numerous degranulated mast cells, (f) many plasma
cells often morphologically atypical and with intracisternal
Russell bodies, and (g) a smaller number of eosinophils in
comparison with non-CF polyps [53].

Further evidence in support of a different etiology for
CF and non-CF nasal polyposis is becoming available from
biochemical and molecular genetic studies. Nasal polyps
from CF patients have different glycohistochemical proper-
ties to non-CF polyps, showing higher levels of lectin-
reactive galactoside residues [54]. Studies of innate markers
like human beta-defensins and toll-like receptors and
inflammatory mediators such as myeloperoxidase, IgE and

interleukins have shown significant differences between
CF and non-CF nasal polyps [55].

Inflammatory cell and cytokine pathways have been well
documented in the lower respiratory tract and in chronic
rhinosinusitis, but relatively little has been reported regard-
ing these mechanisms in chronic rhinosinusitis in patients
with CF. Sinus mucosal specimens were found to have
higher numbers of neutrophils, macrophages and cells
expressing messenger RNA for interferon-� and IL-8 in
patients with cystic fibrosis than in patients with chronic
rhinosinusitis or controls. Conversely the number of
eosinophils and cells expressing RNA for IL-4, IL-5 and IL-
10 was higher in patients with chronic sinusitis. These dif-
fering inflammatory mechanisms may in part explain
differences in response to treatments in the CF group [56].

NITRIC OXIDE

Nitric oxide is synthesized in the nasal sinuses and may 
be low in the presence of normal synthetic activity if the
sinus ostia are blocked, such as in nasal polyposis [57].
Children with cystic fibrosis have been shown to have low-
ered nasal levels of nitric oxide, but exhaled levels in the
normal range [58,59]. Lowered nasal airway concentration
of nitric oxide results from reduced NO synthase expres-
sion in the upper respiratory tract, and may be in part
responsible for reduction in elimination of bacteria such as
Pseudomonas [60].

MEDICAL MANAGEMENT

Medical management involves the use of anti-inflammatory
and antimicrobial therapy coupled with attempts at pro-
moting clearance of static secretions with irrigation tech-
niques. Most medical treatment strategies derive from
those used in non-CF polyposis and rhinosinusitis and
have a limited evidence base for their use in either condi-
tion, and must be considered empirical. Combinations of
oral and topical treatments are used depending on clinical
symptom severity. The recognition that sinonasal disease
in cystic fibrosis is incurable leads to efforts to control dis-
ease medically, reserving surgery for those with more
severe symptoms. Topical decongestants aim to open sinus
ostia occluded by mucosal edema and promote sinus ven-
tilation and drainage in the acute infective exacerbation
only; in the chronic situation there is little role for topical
decongestant therapy. There is increasing enthusiasm for
nasal saline irrigations, either isotonic or hypertonic, to aid
in clearing thick secretions, and trials in non-CF patients
have shown benefit in chronic rhinosinusitis in symptom
reduction, endoscopic appearance and quality-of-life out-
come measures [61]. Hypertonic solutions provide an
osmotic gradient favoring fluid transport into the nose
resulting in an ‘osmotic decongestion’ of sinus mucosa,
and may be more effective than isotonic solutions.

Figure 14.6 Area of polypoid mucosa showing sub-surface
edema with chronic inflammatory cells (few eosinophils). 
H&E � 200. See also Plate 14.6.
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Corticosteroids

There is good evidence for the use of systemic steroids to
bring about reduction in polyps and symptoms in studies in
non-CF patients with persistent rhinosinusitis with nasal
polyposis. There also exists good evidence to support a role
for use of postoperative steroids in reducing polyp recur-
rence [62]. Betamethasone drops may significantly reduce
polyp size when compared to placebo [63]. Concerns
regarding systemic adrenal suppression with long-term
nasal steroid drop therapy lead to the recommendation that
this form of treatment might alternate or rotate with periods
of simple nasal steroid sprays in which systemic bioavailabil-
ity is much lower.

Antibiotics

Infection secondary to thickened secretions and impaired
ciliary function have led to the use of protracted courses of
oral antibiotic treatment. The choice of antibiotic therapy
is governed by likely infective organisms. The nasal sinuses,
like the lungs, may become chronically infected by
Pseudomonas and Staphylococcus, as well as non-typeable
Haemophilus influenzae [1,22]. Empirical oral antibiotic
treatment for sinusitis is recommended for a duration of
3–6 weeks for subjective increases in postnasal drainage,
congestion and cough symptoms [64,65]. Complete eradi-
cation of Pseudomonas is unlikely [65]. Macrolides may be
beneficial in chronic rhinosinusitis in non-CF children
[66,67], but there have been no studies of macrolide ther-
apy in CF sinonasal disease. Some authors have recom-
mended regular nasal and postsinus surgical sinus cavity
irrigation with tobramycin, particularly in lung transplant
patients to reduce the risk of Pseudomonas pulmonary
seeding and infection from infected sinuses [68,69].

Deoxyribonuclease

Recombinant human deoxyribonuclease-1 (dornase alfa)
lyses extracellular DNA released by leukocytes involved in
airway infection and inflammation, thereby reducing mucus
viscosity. There is some evidence for benefit from nasal
applications in patients undergoing sinus surgery [70,71].

SURGICAL MANAGEMENT

Surgical options range from simple nasal polypectomy
where the polyps are simply amputated or avulsed, to
meticulous clearance of all diseased mucosa with removal
of the ethmoid labyrinth, usually with preservation of the
turbinate structures and wide opening of the maxillary,
and if present sphenoid and frontal sinuses (Fig. 14.7).

The time to recurrence to some extent appears to
depend on the extent of surgical disease clearance. Simple

polypectomy surgery was associated with a tendency to
earlier recurrence [72] than polypectomy with efforts to
clear disease more thoroughly at intranasal ethmoidectomy
[3,73]. The basic tenet of endoscopic sinus surgery in sinusi-
tis is that restoration of ventilation and drainage of a sinus
cavity allows restoration of normal function with return of
chronically inflamed mucosa to normal. Endoscopic sinus
surgical techniques have been hugely successful in the gen-
eral population in restoring nasal function.

Figure 14.7 Nasal polyp on delivery. See also Plates 14.7a and
14.7b.
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There was early enthusiasm that improved lung function
might be brought about by sinus surgery in CF patients. As
the lower respiratory tract suffers from the identical difficul-
ties of greatly thickened mucus and secondary mucociliary
failure, it is not surprising that problems persist in spite of
adequate and maximal surgical and medical sinus treatment.

While nasal polyposis is frequently the obvious disease
on inspection of the nasal cavities, the presence of trapped
and infected pockets of mucopus within the obstructed
ethmoid chambers and within the antrum is the usual find-
ing at surgery (Fig. 14.8). It is often an over-simplification
to consider polyposis and chronic rhinosinusitis as sepa-
rate entities and polyps may be best considered as ‘the
extreme outcome of unchecked mucosal inflammation in
the ethmoid sinuses’ [74]. The degree of polyp formation,
however, varies from extensive to little at all, for reasons
which remain obscure, but which may be related to mani-
festations of different CFTR mutations. In turn such differ-
ing disease may indicate the likelihood of different
response to surgery [75].

While accepting incurability of the sinonasal disease, this
is not to say that considerable benefit may not be conferred
by surgery. The aim of surgery is the relief of symptoms, the
clearance of disease and its inflammatory burden, the elimi-
nation of reservoirs of infected mucus (especially in the
severely affected population undergoing heart–lung trans-
plant surgery), and minimization of likelihood of recurrence
of disease. The excision of the ethmoid labyrinth of many
small bony compartments, creating an open cavity, along
with the creation of large drainage and ventilation antros-
tomies into the maxillary antra that might allow gravita-
tional drainage, helped by irrigation with saline sprays and
douches, would seem likely to help reduce mucus stasis and
infection and allow ingress of medication and therefore
decrease infection and inflammation.

In spite of almost universal disease presence on CT
imaging, surgery has in the main been offered to patients
with more severely diseased noses as these have been the
ones associated with more severe symptoms. Some authors
have recommended conservative surgery on the basis that
the disease is highly likely to recur and that prolonged 
procedures and anesthetics should be avoided in this pop-
ulation with respiratory and occasional coagulation com-
promise [76]. Others advocate that if a procedure is to be
undertaken, that as definitive a disease clearance as possi-
ble be achieved with optimization of anatomy for future
management. This would include the addition of ade-
noidectomy in children and, for example, septoplasty
where indicated.

SYMPTOM BENEFIT

Improvement following non-endoscopic [72,73] and sub-
sequently endoscopic [2,76–80] sinus surgery of symptoms
relating to nasal polyposis and chronic rhinosinusitis is
universally reported. Recurrence of sinonasal disease is

ultimately the rule, and persistence of radiological abnor-
mality on CT imaging is inevitable [77,78,80]. Most studies
are retrospective case series and duration of follow-up is
frequently unclear.

In one prospective study of patients undergoing endo-
scopic sinus surgery with mean follow-up of 34 months,
there were reported improvements in nasal obstructive
symptoms, olfactory acuity, and reduction in purulent
nasal discharge [28]. A mucopyocele-like disease process
affecting the ethmoid and maxillary sinuses was frequent,
but in spite of addressing this surgically, the nasal cavities
remained abnormal.

In another study, patients became asymptomatic or
improved in most cases [76]. They found on endoscopic
appraisal of the nasal cavities that there was a 50% chance
of returning to preoperative state by 18–24 months. They
suggest that surgery was more effective at relieving infec-
tive processes than preventing recurrence of aggressive
polyposis. Half of a subset who had had prior surgery in
childhood had an average symptom-free period of 11.3
years before recurrence in adulthood.

Impact on pulmonary function

Although small studies have reported an improvement in
lung function after sinus surgery, most have shown no
change [65,81–83]. It must be borne in mind that this pop-
ulation is prone to wide variation in pulmonary function
depending on infective exacerbations and intercurrent treat-
ment, and this may render flawed small studies looking at
pulmonary function at a given postoperative time-point.

Benefit to lung-transplant patients

Patients with advanced lung damage who are candidates
for heart–lung transplantation have been recommended to

Figure 14.8 Endoscopic photograph showing both polyp and
release of pocket of Pseudomonas pus from infected ethmoid air
cell. See also Plate 14.8.
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undergo sinus surgery to reduce the likelihood of the
sinuses acting as reservoirs for Pseudomonas. One pre-
transplant protocol consists of FESS and wide antrostomy
with postoperative saline and tobramycin irrigation to
avoid pseudomonal and related pulmonary infection, with
reports of only rare recurrent polyposis, and success in pre-
venting pseudomonal pulmonary infection, although the
time frame is not described [84]. Another group reported a
significant decrease in the need for revision surgery with
the use of postsinus surgical tobramycin irrigation in non-
transplant CF patients [74]. Pseudomonas strain typing
suggested that the sinuses were likely to be acting as a reser-
voir for bacterial spread, indicating that disease eradication
or reduction in the sinuses might result in less secondary
pulmonary infection [85].

Complications

Cystic fibrosis patients with significant respiratory compro-
mise are not ideal candidates for protracted surgical proce-
dures under general anesthetic [76]. The potential for
disturbed clotting pathways secondary to vitamin K defi-
ciency, malabsorption and thrombocytopenia secondary to
hypersplenism is further cited as a risk factor for this sur-
gery. Despite this, a retrospective review of surgical experi-
ence over a 42-year period found no complications from
general anesthesia and no excessive bleeding or hypoxia
postoperatively [86]. Complications are reported as similar
in frequency and type to the non-CF population [87].

CONCLUSIONS

Cystic fibrosis is a complex multi-organ disease. The same
pathophysiological processes affect the upper and lower
airways alike. Chronic rhinosinusitis, with or without nasal
polyposis, is manifest in a high proportion of sufferers.
Developments in endoscopic and imaging techniques, and
improved understanding of disease mechanisms, have led
to improvements in diagnosis and treatment. Adequate
management of sinonasal disease results in improved over-
all well-being and reduction in upper airway symptoms,
and may have further impact in secondary benefit to lower
respiratory function.

There is reasonable evidence to support the role of sur-
gery to address symptomatic sinonasal disease in terms of
improvement in symptom scores. The impact on lower
respiratory function is less clear, but patients, in particular
transplant patients, may benefit from the removal of a
reservoir of infection in obstructed sinuses. However, the
disease must be considered an incurable sinopathy and
recurrence is inevitable. The time to recurrence appears to
be related to the extent of disease clearance achieved at sur-
gery. The extent of surgery undertaken should at least
restore the airway and allow the disease to be controlled
medically for prolonged periods.
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Gastrointestinal disease in cystic fibrosis

IAN GOODING AND DAVID WESTABY

INTRODUCTION

The gastrointestinal tract is a major source of morbidity in
cystic fibrosis (CF). Clinical entities such as distal intestinal
obstruction syndrome (DIOS) and fibrosing colonopathy
are essentially peculiar to CF, while other gastrointestinal
conditions are encountered more frequently or behave dif-
ferently in CF. In general, these conditions respond well to
good medical management or prompt surgical interven-
tion when indicated. The prevalence of various gastro-
intestinal entities relevant to CF is shown in Table 15.1.

MOLECULAR BIOLOGY

Cystic fibrosis transmembrane regulator (CFTR) is expressed
on the luminal membrane of enterocytes. The pathophysiol-
ogy of electrolyte and water movements across the intestinal

mucosa in CF is extensively discussed in a recent review [1].
Three separate mechanisms are affected. First, and proba-
bly most important, is the loss of Cl� secretion via CFTR in
response to stimulation (e.g. by acetylcholine and sero-
tonin). Normally, this Cl� flux creates a negative potential
on the luminal side of the epithelium which causes a Na�

flux into the lumen through tight junctions between the
cells, with water following osmotically. Second, the inhibi-
tion of electroneutral NaCl absorption from the lumen
into the enterocyte via a CFTR-independent mechanism is
impaired. Third, the co-transport of Na� with nutrients
such as glucose and alanine across the brush border is
increased. All three mechanisms act to reduce the flow of
water into the lumen (Fig. 15.1).

ABNORMAL FINDINGS IN CF

The following pathological and physiological abnormali-
ties have been demonstrated in CF. What contribution these
phenomena make to the clinical syndromes seen in CF is
unclear and the evolution of most of the entities discussed
in this chapter is poorly understood. This has to be seen in
the context or our limited understanding of the control of
gastrointestinal (GI) motility and secretion in normal
physiology. However, there seems no doubt that the
changes in the luminal milieu resulting from abnormalities
of pancreatic and intestinal secretion is a dominant factor.

Histopathology

Farber described the presence of inspissated mucus and
dilated mucosal glands in the duodenum and esophagus in
1944 [2]. Electron microscopy studies have shown abnor-
malities of goblet cells, tight junctions, mitochondria and
Golgi apparatus in enterocytes [3]. Brush border morphol-
ogy is normal.

Table 15.1 Prevalence of gastrointestinal entities relevant to CF.

Condition Prevalence

Malabsorption 85%
Gastro-esophageal reflux disease 26.5–80%
Rectal prolapse 20%
Distal intestinal obstruction syndrome 16%
Meconium ileus 6–20%
Appendicitis 1.5%
Intussusception 1%
Celiac disease 0.4%
Crohn’s disease 0.22%
Volvulus Case reports only
Peptic ulcer disease Rare
Fibrosing colonopathy Now rare
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Radiology

Contrast studies of the stomach and small intestine show
thickened mucosal folds, nodular filling defects and variable
dilatation in 80% [4]. Ultrasound studies have shown a
marked increase in small and large intestinal wall thickness
[5]. The histopathological changes behind these observed
visceral wall changes (whether dilated glands and mucus in
the crypts, fibrosis or edema) are not entirely clear. Pneu-
matosis intestinalis is also commonly seen, as in other chronic
respiratory diseases, and is clinically silent.

pH studies

Some studies show an increased gastric acid output in 
CF, although whether this indicates genuine hypersecretion
is unclear as acid secretion is usually expressed relative to
body weight. In any case, gastric pH is normal. Duodenal pH,
however, is reduced, especially post-prandially, and jejunal
pH is probably low too [6]. This is undoubtedly a conse-
quence of reduced pancreatic bicarbonate but duodenal
bicarbonate secretion is also reduced [1]. This may inhibit
both endogenous and exogenous pancreatic enzyme activity.

Motility

A number of parameters of gastrointestinal motility have
been investigated, to a varying extent. There is conflicting

evidence regarding esophageal motility and gastric emptying
(see later). Small bowel manometry has not been assessed.
Lactulose/hydrogen breath testing showed a marked delay in
oro–cecal transit in a number of studies [6], although this
test depends on luminal bacterial populations, which may
be disturbed in CF for a variety of reasons. There has been
limited assessment of colonic transit and motility.

Intestinal permeability

There is a 4- to 10-fold increase in small intestinal paracellular
permeability, with no change in transcellular permeability
in CF. The paracellular pathway leaks large, water-soluble
molecules through tight junctions, while the transcellular
route transfers small or lipid-soluble molecules through
membrane pores. This seems to be in keeping with the
electron microscopy findings. Proton pump inhibitor ther-
apy has been shown to partly correct abnormal intestinal
permeability [7].

Inflammation

A number of lines of evidence point to chronic inflamma-
tion in the CF gastrointestinal tract. Chronic inflammation
was demonstrated in duodenal biopsies [8]. High levels of
calprotectin (a non-specific marker of GI inflammation)
were found in fecal samples [8] and of cytokines in whole-
gut lavage fluid [9].

Cl�
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3Na�3Na�3Na�
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Figure 15.1 Electrolyte fluxes in the enterocyte affected in CF. The hatched circles represent the Na/K-ATPase pump. Flow of sodium,
chloride and water into the lumen via all three mechanisms is reduced in CF. CFTR is only directly involved in electrogenic chloride
secretion but may interact with other transport proteins to increase sodium influx into the cell via the other two mechanisms. 
Reproduced from [1] with permission from Karger AG, Basel.
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Gastrointestinal hormone levels

Elevated motilin, neurotensin, enteroglucagon and peptide
YY have been demonstrated in CF [6].

MALABSORPTION

The major factor causing malabsorption in CF is deficiency
of pancreatic lipolytic and proteolytic enzymes. The patho-
logical changes of the pancreas are described in Chapter
15b. Pancreatic insufficiency (PI) is present in 85% of CF
patients, but 99% of �F508 homozygotes. PI is most often
present from birth. In common with other causes of PI,
steatorrhea and azotorrhea generally do not appear until
lipase and trypsin levels are below 1–2% of normal. In
approximately 15% of CF individuals, pancreatic changes
are less severe and sufficient functional pancreatic exocrine
tissue remains to allow normal fat and protein digestion.
However, such pancreatic-sufficient (PS) individuals do
not as a group have normal pancreatic exocrine function.
Immunoreactive trypsinogen (IRT) levels tend to remain
elevated in CF patients who are PS [10]. Deficiencies of
pancreatic exocrine function can usually be demonstrated
if more sensitive tests such as studies of fluid and bicarbon-
ate secretion, total enzyme output or IRT response to pancre-
atic stimulation are performed [10–13]. The cholecystokinin
(CCK)–secretin test is also usually abnormal in PS patients
and this test can be helpful in making the diagnosis of CF
when sweat tests and DNA analysis have not resolved the
issue. Patients who are pancreatic-sufficient have been
reported to have better nutrition and an improved progno-
sis with regard to the development of respiratory disease
[12]. With increasing age, PS individuals may eventually
become PI, particularly if they have ‘severe’ mutations,
including F508del [14,15].

A number of luminal factors may also be relevant, espe-
cially to cases where pancreatic enzyme replacement alone
does not lead to resolution of steatorrhea. Small intestinal
acidity, secondary to reduced pancreatic bicarbonate pro-
duction, may impair absorption in three ways. First, lipase
activity is directly reduced in acidic conditions. Second, a
low pH causes the precipitation of bile acids so that bile
acid concentrations fall below the critical concentration for
formation of micelles, inhibiting emulsification of fats
which is essential for their digestion and absorption. Third,
the enteric coatings used in modern pancreatic enzyme
preparations are designed to release their contents as the
pH rises on passage from the stomach to the small intes-
tine. A low duodenal pH may impair this release and 
lead to treatment failure. Additionally, the cholestasis of
CF liver disease impairs the delivery of bile acids to the
duodenum, reducing small bowel bile acid concentrations
and fat absorption. Intestinal uptake of fatty acids after
enzymatic digestion may also be abnormal in some 
individuals [16].

Clinical presentation of pancreatic
insufficiency

The clinical triad of ravenous appetite, steatorrhea and
malnutrition or failure to thrive in an infant or young child
is highly suggestive of CF with pancreatic insufficiency.
A diagnostic sweat test is mandatory in such patients.
Abdominal pain, bloating, foul flatus and rectal prolapse are
also frequent and prominent symptoms. Additionally, PI can
lead to edema, caused by hypoalbuminemia, and hemolytic
anemia caused by vitamin E deficiency. Some CF infants
with PI may avoid overt malnutrition or failure to thrive 
by means of pre-duodenal (lingual or gastric) lipase and
lipases present in human breast milk [17]. These presymp-
tomatic PI infants may nonetheless have significant nutri-
tional deficiencies. In one study of such infants detected by
IRT screening, deficiencies of fat-soluble vitamins such as
D (35%), E (38%) and A (21%), were present by 3 months
of age [18].

The first prerequisite of pancreatic enzyme replacement
therapy in CF is to establish that such therapy is required.
This is most accurately determined by measurement of
72-hour fecal fat excretion but more simply by measure-
ment of human fecal elastase-1 on a small sample of stool.
Specific pancreatic function tests such as the CCK–secretin
test may be useful in this respect.

Therapy of pancreatic insufficiency

Therapy of pancreatic insufficiency in CF patients is based
on the oral replacement of pancreatic enzymes. Numerous
preparations are commercially available and important dif-
ferences exist between them. All currently available pre-
parations use enzymes of porcine origin. Enteric-coated
microspheres, microtablets or granules are the modern
preferred form of administration. The enteric coating pro-
tects the enzymes from denaturation by gastric acid. The
coating disintegrates at higher pH to deliver greater duode-
nal enzyme concentrations than the older powder prepara-
tions. The differing chemical nature of the various enteric
coatings may be of significance for the risk of fibrosing
colonopathy (see later). Another variable is particle size
which may influence the rate of passage through the
pylorus [19,20]. The resulting separation of the enzyme
dose from the meal may impair efficacy.

Once the requirement for pancreatic enzyme therapy is
established, for patients over 1 year of age, a standard
enteric-coated pancreatic enzyme preparation should be
started at a dose of 500 units of lipase per kilogram body
weight per meal, and half of this dose per snack. Enzymes
are required with each fat- or protein-containing meal,
snack or drink, but not for juices or fruit. It is often advised
that enzymes be administered both at the beginning and
during the meal to ensure thorough mixing of enzymes
and meal throughout its small intestinal passage. A simpler
alternative is to take enzymes at the start of the meal, as this
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is more readily remembered and convenient. There is also
evidence that enteric-coated preparations are more effec-
tive when given at the start of a meal [21]. There is evi-
dence of differential rates of gastric emptying for food and
microspheres in some children, necessitating the giving of
enzymes before and during the meal.

For young children who cannot yet swallow capsules,
these may be opened and given in a teaspoon of apple sauce
or similar medium. However, care must be taken to ensure
that the child does not chew and break the microspheres.
Enzyme-and-food mixtures should not be exposed to exces-
sive heat and should not be stored for more than 1 hour.

Once enzymes have been started, the dosage is then
gradually adjusted at 3- to 4-day intervals. The most prac-
tical tool for assessing adequacy of dose is the stool pattern.
Dosages are adjusted upwards to achieve normal or near-
normal stool pattern with formed, non-greasy stools of
normal odor and absence of abdominal pain or excessive
and malodorous flatus. Stool microscopy for fat globules
may be helpful in some cases to monitor efficacy of therapy
[22]. The maximum recommended dose is of 2500 units of
lipase/kg per meal or 10 000 units of lipase/kg each day.
These limits have been advised by the Committee on Safety
of Medicines on account of the risk of fibrosing colonopa-
thy. Higher dosages should only be considered after careful
investigation into compliance, exclusion of other pathol-
ogy and after trials of alternative enzyme preparations and
adjuvants. Three-day fecal fat collections should be done
to demonstrate that the increased dose is leading to an
improved absorption and close supervision is required.

Management of enzyme therapy in the newly diagnosed
CF infant requires special care. In this age group the num-
ber of feeds per day will change as the infant grows. Therefore
enzyme intake will require frequent adjustment not only to
cover increasing intake but also to accommodate changing
meal patterns. Enteric-coated preparations should always
be used – microspheres or microtablets should be emptied
from the capsule, divided equally and given in a small
amount of apple sauce immediately before each feed. The
same regimen can be used for breast-fed infants, since the
enteric coating protects the mother’s nipple. When an
infant’s next feed occurs within 1–2 hours of the previous
enzyme dose, it is generally not necessary to repeat the
dose. A suitable initial dose for a full-term infant is 1000–
2000 units of lipase per feed. This usually approximates to
250–500 units/kg body weight per feed. This initial dosage
will require revision at 3- to 4-day intervals until the stool-
ing pattern is normalized and normal growth is attained.
As the infant grows, the number of feeds per day will natu-
rally decrease. By one year of age, the infant is usually 
taking three meals and two snacks per day, and required
enzyme dosage is usually in the range 500–2000 units of
lipase/kg per meal and half that per snack.

CF patients receiving enteral tube feeding (via a naso-
gastric, gastrostomy or jejunostomy tube) present a prob-
lem as enteric-coated enzyme preparations can lead to tube
blockage. A solution is ‘Creon Micro’, an enteric-coated

formula that can go down nasogastric tubes. It is half the
strength of Creon 10 000 (5000 lipase units per scoop, as
opposed to 10 000), and needs significant volumes of flush
if the granules are to clear the tube.

Inadequate therapeutic response and 
adjuvant therapies

Despite appropriate titration of enzyme dosage, 10% or
more of CF patients continue to have significant fat malab-
sorption or poor growth [23]. This situation requires care-
ful investigation.

The most common cause is non-compliance. Often this
may be a sign that the patient or family has failed to come
to terms with the implications of having CF. If careful
explanation and discussion does not improve the situation,
such patients and families may require psychological or
psychiatric counselling.

The efficacy of the enzyme preparation should be con-
sidered and the way it is handled discussed with the patient
and family. Substandard potency and inadequate dissolu-
tion characteristics have been reported with some generic
or alternative-brand enzyme preparations [24]. Since pan-
creatic enzymes are biological products, faulty or pro-
longed storage may result in significant loss of activity. If
there is any question about potency or dissolution charac-
teristics of a product, these should either be assayed, or a
new supply obtained and response to its use assessed before
progressing to further investigation.

A stool sample should be taken for microscopy and cul-
ture. Giardiasis is a possible cause or treatment failure,
which is reported to be more common in CF (see below for
investigation and treatment).

If none of the above provides an explanation, the next
step is to try an adjuvant therapy to increase gastric pH,
such as antacids, H2-histamine receptor antagonists or
proton pump inhibitors. The administration of sodium
bicarbonate or other antacids with the oral enzyme prepa-
ration (such as aluminium hydroxide) is effective, but
magnesium- or calcium-based antacids should not be 
used as they have been reported to interact with glycine-
conjugated bile salts. Proton pump inhibitors have been
shown to decrease fecal fat loss and increase fat absorption
[25] with improvements in weight, height, fat mass and
bone mineral content [26].

Finally, it is appropriate to experiment with different
enzyme preparations, as they have different characteristics
as outlined above.

Adverse effects of enzyme therapy

A number of side-effects are associated with enzyme therapy.
Perioral and perianal irritation are common in infants.
Enteric-coated preparations and lower doses are less likely
to cause problems. Protective barrier creams are also 
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useful. Infants also have a propensity to develop watery
diarrhea and crampy abdominal pain or colic when
dosages are excessive. These may resemble the signs of PI
and can be mistaken for the consequences of inadequate
enzyme dose. Large doses have been associated with hype-
ruricemia and hyperuricosuria related to purine contami-
nation or the enzyme preparations [24]. For a discussion of
fibrosing colonopathy, see later.

MECONIUM ILEUS

Meconium ileus (MI) occurs in 6–20% of CF neonates.
With early detection and appropriate therapy, it is now
uncommon for infants to die of this complication and
long-term outcome equals that of other CF patients [27].

Pathophysiology

Small intestinal obstruction is caused by an accumulation
of abnormally viscid meconium, which becomes inspis-
sated within the lumen. Meconium ileus is also found 
in normal neonates, in conditions unrelated to CF (includ-
ing congenital pancreatic abnormalities) and in pancreatic-
sufficient CF. Nevertheless, most neonates with meconium
ileus have CF with pancreatic insufficiency and it appears 
to correlate with F508del, G242X and other mutations
which are severe with respect to pancreatic phenotype [14].
Within the CF population, the tendency to express the MI
phenotype may also be influenced by non-CFTR genes [1].

Clinical presentation and diagnosis

The usual clinical presentation is with bowel obstruction
within 48 hours of birth. History may reveal polyhydram-
nios, fetal hyperechogenic bowel and failure to pass meco-
nium, although small amounts may be passed. A perforation
and meconium peritonitis may be diagnosed antenatally.
There may be bile staining of vomit. Abdominal distension
and dilated bowel loops are usually apparent on inspection
and palpation, and there may be a right lower quadrant or
pelvic mass. Rectal examination produces only a small
amount of sticky meconium or a dry mucus plug. Abdom-
inal radiograph may demonstrate calcification in about 
a quarter of cases of CF and MI [28]. The classic right lower
quadrant speckled ‘ground-glass’ or ‘soap-bubble’ appear-
ance on x-ray is seen in about one-third to one-half of
patients. However, this appearance may also be seen in
Hirschsprung’s disease, small bowel atresia, meconium
plug syndrome, small left colon syndrome, imperforate
anus and obstruction due to a duplication cyst. Distended
bowel loops are typical, usually with no air–fluid levels
[29]. Contrast enema may show microcolon with meco-
nium pellets in the distal ileum.

About 40% of cases present with complicated MI. This
results when MI is accompanied by intestinal atresia, volvu-
lus or antenatal perforation with meconium peritonitis.
Small bowel ischemia due to volvulus or damage to the bowel
wall may lead to jejunal atresia, which usually appears in
the third trimester [30], and to calcification which is usu-
ally intramural. After an antenatal perforation, the bowel
may seal over before birth. Liberated meconium may be
contained as a pseudocyst or disseminated as meconium
peritonitis. This chemical peritonitis may lead to the rapid
development of serosal or scrotal calcification (although
the most common cause of meconium peritonitis is small
bowel atresia without CF) [29].

Meconium ileus in CF can often be detected in utero by
ultrasound from early in the second trimester [29]. The
finding of hyperechoic or dilated fetal bowel persisting after
20 weeks’ gestation is suggestive of CF and MI, but is not
specific and mandates a careful diagnostic evaluation for
which a useful algorithm has been published [30].

Therapy

Therapy of uncomplicated MI involves decompression and
relief of obstruction. This can often be accomplished by use
of a gastrografin enema [31]. The gastrografin enema may
need to be repeated for successful treatment. Neonates
with MI which fails to respond to gastrografin enema require
operative intervention. The surgical treatment of choice is
laparotomy with gastrografin or N-acetylcysteine irriga-
tion of the obstructed segment through the dilated ileum
or appendiceal stump [32]. Temporary ileostomy to allow
a microcolon time to enlarge may be useful measures in
this regard [33].

There has been concern that the use of hypertonic con-
trast agents such as gastrografin may irritate the neonatal
bowel mucosa, and deaths from necrotizing enterocolitis fol-
lowing use of gastrografin or renografin for MI have been
reported [29]. Non-ionic, less hyperosmolar contrast agents
or dilute ionic contrast agents mixed with N-acetylcysteine
may be safer.

Complicated MI requires surgical management, con-
sisting of bowel resection, irrigation anastomosis or cre-
ation of an enterostomy as appropriate [32]. Finally, since
MI is not pathognomonic of CF with PI, the diagnosis and
pancreatic status should always be confirmed with appro-
priate tests.

MECONIUM PLUG SYNDROME

Abnormal meconium occasionally produces colonic, rather
than distal ileal, obstruction. The meconium plug syndrome
may often be confused with MI, but is a separate and distinct
entity. Affected infants have mild abdominal distension and
fail to pass meconium at birth. Rectal examination reveals
a tight anal canal. Contrast enema shows a normal colonic
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caliber with distal colonic obstruction by meconium [29].
The meconium plug is often expelled, with relief of symp-
toms, after rectal examination or enema. Twenty-five per-
cent of infants with the meconium plug syndrome have
underlying CF [34].

GASTROESOPHAGEAL REFLUX DISEASE

Since the first description of an association between gastro-
esophageal reflux (GER) and CF in 1975 [35], there has
been an increased awareness of the importance of this asso-
ciation. GER is important for its effects on quality of life.
However, it may also adversely impact on respiratory func-
tion and nutritional status.

Prevalence

A number of studies now point to a strong association
between CF and gastroesophageal reflux. Heartburn was
reported in 26.5% and regurgitation in 20.6% of patients
(mean age 13 years), compared to 4.4% and 0%, respec-
tively, in a control group composed of siblings without CF
[36]. In adults, 80% admitted to heartburn and 52% to
regurgitation in an uncontrolled study [37]. The most objec-
tive method of assessing gastroesophageal reflux is ambula-
tory esophageal pH monitoring. No controlled studies
have been reported but the observational data paints a sim-
ilar picture. Studies in young children (under 5 years) have
demonstrated increased esophageal acid exposure in 76%
[38] and 80% [39] of patients. Similarly, in older children
abnormal results were found in 55% [40] and 66% [41].
Studies quoting the reflux index (percentage of time the
esophageal pH is below 4) give values of 12.6% [36] and
7.9% [42] compared to a published normal value of 1.5%.
Barrett’s esophagus, a condition that is thought to develop
as a consequence of extensive esophageal exposure to reflux-
ate over many years, has been reported in two CF patients,
aged 14 and 16 years, indicating the extent of acid exposure
that can occur early in life [43].

Pathogenesis

The mechanisms behind gastroesophageal reflux in CF are
not well understood. In general, GER has a multifactorial
pathogenesis. The condition results from impaired function
of the muscular barrier to reflux (the combination of the
lower esophageal sphincter and the crural diaphragm)
together with impaired esophageal clearance of refluxate and
delayed gastric emptying. The lower esophageal sphincter
is a 3- to 4-cm long segment of tonically contracted circular
smooth muscle at the distal end of the esophagus. The major-
ity of reflux episodes are caused by transient relaxations of
the sphincter (TLOSRs) which are a vagally-mediated phys-
iological reflex response to gastric distension, permitting

belching. A minority of patients have a hypotensive lower
esophageal sphincter (LOS). A hiatus hernia disrupts the
anatomical relationship of the crural diaphragm to the
LOS and may promote reflux during stress maneuvers such
as coughing. In addition, hiatus hernia impairs esophageal
clearance of refluxate.

It was initially postulated that GER in patients with CF
was as a consequence of respiratory disease. An elevated
prevalence of GER of comparable magnitude to that seen
in CF has been demonstrated in asthma, recurrent pneu-
monia, chronic obstructive pulmonary disease and idio-
pathic pulmonary fibrosis. Whether a causal link is operative
(in either direction) remains an unresolved question. A
depressed diaphragm may affect the anatomy of the lower
esophageal sphincter. Coughing and altered tidal volumes
may lead to a transient pressure gradient between the
abdomen and the thorax, which overcomes the LOS barrier.
However, in CF, the finding of GER in young children
together with evidence of declining prevalence with age (as
the pulmonary disease usually progresses) argue against this.

A number of studies have looked at esophageal mano-
metry to elucidate the basis of GER in CF. The most compre-
hensive of these used simultaneous ambulatory manometry
and pH monitoring in fourteen children aged 5 months to
16 years, finding that 53.3% of reflux events in CF were
attributable to TLOSRs with only 6.6% related to LOS
hypotension [44]. Importantly this pattern was also seen 
in non-CF children with GER whereas those with respira-
tory complications of GER were more likely to have LOS
hypotension. Other studies, using stationary manometry,
have found normal LOS resting pressure in children [36,41],
but LOS hypotension in six of ten adults [37]. These stud-
ies also looked for esophageal body dysmotility (which could
impair esophageal clearance of refluxate); this was absent
in children [41] but present in three of ten adults [37].
Malnutrition could theoretically contribute to GER by
causing muscular atrophy and weakening LOS, diaphrag-
matic and esophageal body function. Only the single small
adult study lends any objective weight to this hypothesis.

Gastric emptying has been assessed in CF in a number
of studies but no consistent picture has emerged. Tests per-
formed without administration of supplemental enzymes
found emptying to be rapid. This is not surprising and is in
keeping with results for patients with pancreatic insuffi-
ciency not due to CF. However, rapid gastric emptying of
liquids has been found, even with administration of pan-
creatic enzymes. Studies of solid-phase emptying in CF
have yielded conflicting results [45,46].

A controversial issue is whether postural drainage tech-
niques contribute to GER. In infants, fewer episodes of
reflux were found comparing techniques employing a 
30-degree head-up tilt with conventional physiotherapy
with a 30-degree head-down tilt. However, the reflux index,
which is likely to be more important, was unchanged [47].
In older children, physiotherapy conducted during ambula-
tory pH studies did not cause reflux, but it is not clear which
techniques were used [44].
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LOS pressure is reduced by a number of drugs used by 
CF patients such as �-agonists (others include theophylline, 
calcium antagonists, opioids and benzodiazepines). Dietary
fat causes both a post-prandial fall in LOS pressure and
delayed gastric emptying, but is a necessary part of a high-
calorie diet in many patients, especially those with dia-
betes. Alcohol also lowers LOS pressure.

In summary, physiological testing has failed to reveal a
consistent abnormality in CF which might be responsible
for GER. As with GER in the general population, most
reflux events seem to coincide with TLOSRs, but it is not
clear if TLOSRs are more common or if reflux is more
likely during TLOSR in CF patients.

Clinical presentation

The most common symptoms of GER are heartburn and
acid regurgitation (the effortless return of gastric or
esophageal contents to the pharynx and mouth without
nausea or retching). Odynophagia, chest pain, nausea and
dysphagia are less frequent manifestations. Asymptomatic
GER is common in CF [42].

GER may adversely affect respiratory function. Two
theories have been advanced. The reflux theory proposes
that this is mediated by aspiration of gastric contents into the
lung. Animal studies have shown that tracheal infusion of
miniscule amounts of acid is associated with profound
bronchoconstriction. Tracheal acidification was demon-
strated in 4 of 11 CF patients with GER symptoms, although
PEFR was largely unaffected [48]. The reflex theory pro-
poses that esophageal acidification causes bronchocon-
striction via stimulation of esophageal vagal afferents.

Only one study has looked at whether the severity of
GER correlates with the severity of respiratory disease in
CF. In 12 CF patients (median age 14.4 years), there was a
significant correlation between a score based on esophageal
physiology testing and reduced first-second forced expired
volume (FEV1) and increased volume of trapped gas,
although the correlation with a spirometry score fell short
of statistical significance [41]. Obviously, the direction of
causation is unclear in this correlation. Evidence that GER
may exacerbate respiratory disease may be inferred from
studies of treatment of GER in other respiratory condi-
tions. Andze and co-workers [49] reported on 500 infants
with a variety of respiratory problems (apnea, asthma,
recurrent pneumonia, recurrent bronchiolitis, and chronic
cough) who had had esophageal pH studies. They showed
high prevalence of GER in all the categories of respiratory
disease and high rates of response of the respiratory condi-
tion to medical or surgical treatment of the GER [49].
Treatment of GER results in symptomatic and objective
improvement of asthma in a minority of adult patients.

GER may impair nutritional status by inducing nausea or
by post-prandial worsening of GER leading to reduced
intake. Occasionally, esophageal strictures may cause dyspha-
gia which may be amenable to endoscopic treatment [50]. In

Gustafsson’s study, the esophageal physiology score showed a
significant correlation with reduced body weight (the same
qualifier about the direction of causation applies) [41].

Diagnosis

Generally speaking, it is reasonable to proceed to a trial of
medical therapy for GER on clinical grounds alone and
reserve invasive tests for those who fail to respond. Occult
GER should be considered in the differential diagnosis of
the patient with deteriorating pulmonary function, espe-
cially if the reasons are unclear.

Esophagogastroduodenoscopy (EGD) allows exclusion
of peptic ulceration, other causes of esophagitis and also
gastric outlet obstruction which may cause GER. If typical
findings of reflux esophagitis are found the diagnosis of
GER is confirmed (although EGD is commonly normal in
GER). The presence of complications such as esophageal
stricture and Barrett’s esophagus can be assessed. Respira-
tory function permitting, EGD should be performed in
patients with dysphagia, severe symptoms unresponsive to
medical therapy and if there is a clinical suspicion of peptic
ulceration. Barium swallow and meal is a less adequate
alternative for those who cannot tolerate EGD.

In selected cases, 24-hour ambulatory esophageal pH
monitoring, preceded by a stationary esophageal manom-
etry study, may confirm the presence of GER and exclude
forms of esophageal dysmotility such as achalasia. pH stud-
ies are useful in cases where there is doubt regarding whether
GER is the cause of symptoms. An example would be a
patient with symptoms that are typical for GER but which
have failed to respond to PPI therapy. pH studies should
also be conducted prior to surgery or endoscopic therapy. If
episodes of pulmonary aspiration are suspected then
esophageal physiological assessment may extend to imped-
ance studies. This technique assesses liquid volume regurgi-
tation which may occur in the absence of acid content [51].

Treatment

Standard non-pharmacological recommendations used
include elevation of the head of the bed, avoidance of tight-
fitting garments, restriction of alcohol intake and avoid-
ance of lying down after meals. In infants thickened feeds
can be used.

Drugs used fall into two groups, acid suppressants and
prokinetics. Proton pump inhibitors (PPIs) are established
as the highly efficacious agents for control of GER symp-
toms and healing of reflux esophagitis. Concerns about
their long-term safety have lessened over the past ten years
and certainly need not inhibit their use in CF. There have
been a number of studies of PPIs in CF examining their
effect on pancreatin efficacy, but none has assessed their
effect on GER. However, whilst PPIs raise the pH of the
refluxate, reflux (and the theoretical risk of aspiration)
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may continue. Prokinetic drugs that raise LOS tone and
enhance gastric emptying have shown promise in GER.
Cisapride has been used in two studies and produced
improvements in pH recordings and endoscopic appear-
ances [39,40]. In infants, cisapride also produced a growth
spurt and disappearance of wheeze and cough [39].
Unfortunately, cisapride has been withdrawn due to an
arrhythmogenic tendency. Domperidone and low-dose
erythromycin are logical alternatives which have not been
assessed in CF, but are likely to be less efficacious.

Surgical fundoplication is an option for patients who
fail to respond to medical therapy. It has been reported in
small numbers of CF patients [49,52,53]. However, chronic
lung disease is the leading risk factor for failure of antire-
flux procedures in children [54]. There is concern that this
applies to CF patients, perhaps with chronic cough causing
failure of the wrap. A variety of endoscopic procedures to
enhance the anatomical barrier to reflux has been introduced
and would be attractive in these patients. However, none
has yet shown sufficient efficacy to enter routine practice.

DISTAL INTESTINAL OBSTRUCTION
SYNDROME

In 1962, Jensen first used the term ‘meconium ileus equiv-
alent’ to describe intestinal obstruction due to inspissated
intestinal contents after the neonatal period [55]. The term
distal intestinal obstruction syndrome (DIOS) is now pre-
ferred, as the pathophysiology and treatment are distinct
from meconium ileus, though related.

Pathophysiology

The pathophysiology of DIOS is not fully understood. The
terminal ileum and/or right colon become obstructed by
putty-like fecal material (Fig. 15.2). The following factors
are likely to contribute:

● Pancreatic exocrine deficiency. Pancreatic insufficiency
was once thought to be a prerequisite for DIOS, but the
condition has been reported with normal pancreatic
function [56]. Nonetheless the overwhelming majority
of cases have pancreatic insufficiency [57]. It has been
reported that DIOS is commoner in CF patients receiv-
ing suboptimal pancreatic enzyme therapy, but this
finding is not uniform. However DIOS does not occur
in other forms of pancreatic insufficiency, so other
CF-related factors are necessary.

● Abnormal electrolyte and fluid transport across the intes-
tinal mucosa. CF enterocytes display abnormalities of
Cl� secretion [6,58], reducing the water content of
intestinal contents.

● Abnormal intestinal motility. A number of studies have
shown prolonged oro–cecal transit times in CF [6],
including one that demonstrated longer transit times in
those with DIOS than in those without the syndrome

[59]. This may promote DIOS by increasing the time
contents are in contact with intestinal mucosa and thus
water absorption from the lumen and also indicate a
defective ability of the intestinal smooth muscle to clear
viscous material from the lumen.

Episodes of dehydration can precipitate DIOS. One
study of dietary fiber found no evidence that deficient
intake contributes to DIOS [60]. There is also no evidence
that intestinal pH or bowel wall thickness affect the devel-
opment of DIOS [5,59].

Prevalence

DIOS may occur at any time after the neonatal period and
appears to be more common in adolescent and adult patients.
Estimates range from less than 2% of CF patients aged under
5 years to 27% of those over 30 years [61]. The most recent
study (a recall study in adults), gave an overall prevalence of
16%. In this study, 78% had a first episode after the age of 18,
and 52% had recurrent episodes. DIOS was associated with
pancreatic insufficiency, poor spirometry and more severe
genotypes. There was no association with a history of 
meconium ileus, gastroesophageal reflux, malnutrition or

lleum

Cecum

Rectum

Figure 15.2 Diagram showing the pathophysiology of distal
intestinal obstruction syndrome (DIOS), in which the distal 
small bowel and cecum become obstructed by putty-like fecal
material (grey).
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increased mortality [57]. Acute DIOS has been reported in the
postoperative period after lung transplantation [62,63] and
may be precipitated by other systemic insults. Occasionally
DIOS is the first presentation of CF [64].

CLINICAL FEATURES

A spectrum of clinical conditions results from partial or
complete obstruction of the bowel. The two extremes of
the spectrum are chronic recurring cramping abdominal
pain and acute obstruction with vomiting, abdominal
distension and pain.

One of the major clinical difficulties is distinguishing
DIOS from a wide differential diagnosis: ‘simple’ constipa-
tion, appendicitis, intussusception, fibrosing colonopathy,
volvulus, adhesions from previous abdominal surgery,
inflammatory bowel disease, pancreatitis, biliary tract dis-
ease and pathology of the female reproductive tract. This
distinction is critically important because DIOS can almost
always be managed medically whereas some of the alterna-
tive diagnoses require prompt surgical intervention. In
DIOS, a firm irregular mass or masses can often be pal-
pated in the right iliac fossa. The mass is usually mobile
and non-tender. This is a clinically useful sign, but one
must also be aware that this sign may represent a distended
appendix or intussusception [65].

No investigation will specifically confirm DIOS. A plain
abdominal radiograph may show a granular, bubbly appear-
ance extending from the terminal ileum with or without
dilatation of proximal small bowel loops (Fig. 15.3) [32].
In the acute setting the main issue is to exclude a mechan-
ical obstruction of the bowel before proceeding to specific
therapy for DIOS. For this purpose contrast enema and
abdominal CT are useful in selected cases [29].

THERAPY

The occurrence of DIOS may be reduced by attention to
hydration in patients at risk. This is particularly the case in
patients presenting with acute exacerbations of pulmonary
infection during which fluid losses and relative dehydration

is common. Circulatory underfilling in the period after
lung transplant has also been recognized as a risk factor and
should be avoided.

Uncomplicated DIOS, once a surgical problem, now
usually responds to medical management. In some cases,
rehydration and adjustment of pancreatic enzyme dosage
and dietary fiber may be sufficient. A stepwise approach is
then employed:

● Stool softeners – such as lactulose (15–30 mL up to three
times daily).

● Oral N-acetylcysteine. This is thought to work by reduc-
ing the viscosity of mucoprotein solutions by cleaving
disulphide bonds. It can be given as 10 mL or more of a
20% solution three times daily in juice as the taste is
unpleasant [66].

● Gastrografin (sodium meglumine diatrizoate). This is a
hyperosmolar contrast medium that contains a small
amount of detergent. Presumably the hypertonic fluid
draws water into the lumen, softening the contents and
may also stimulate peristalsis. It can be given orally as
100 mL in 400 mL of water or juice (for adults) or 50 mL
in 200 mL (for children under 8 years). Gastrografin
100 mL enemas twice daily are also effective [67].

● Intestinal lavage. Balanced electrolyte solutions, such as
Picolax or KleenPrep, are administered either orally or
via nasogastric tube at a rate of 0.75–1.0 L/h to a total
volume of 4–7 L [56,68].

● Colonoscopy with instillation of gastrografin. This has
been described at our center for refractory DIOS in
patients with significant cardiorespiratory comorbidity.
The procedure was well tolerated with opiate and ben-
zodiazepine sedation. Gastrografin 500 mL of 50% was
instilled into the lumen at the limit of the examination.
This was successful in 14 of 16 episodes [69].

● Laparotomy. With modern management this is required
only occasionally. It is usually sufficient to milk the ileal
contents distally. It should be noted that mortality from
surgery is considerable [70].

Successful use of intravenous neostigmine has been
reported in a single case [71]. There is the theoretical risk

Figure 15.3 Plain abdominal radiographs of
a patient with DIOS. Left radiograph shows an
impacted fecal mass (IFM) and an air fluid
level (arrow). Both radiographs show dilated
small bowel.



218 Gastrointestinal disease in cystic fibrosis

of perforation and more data are required before this can
be recommended.

Management of more chronic presentations and pre-
vention of recurrence of acute obstruction should start
with avoidance of dehydration and reassessment of ade-
quacy of pancreatic enzyme replacement (although the use
of ever-increasing doses must nowadays be avoided). Oral
NAC and/or lactulose should be used as maintenance ther-
apy. Cisapride was also effective but has been withdrawn
[72]. No other prokinetic has been trialled. In one case a
modified anterograde continence enema procedure was
performed with a good result [73]. This operation involves
fashioning a stoma from the terminal ileum or appendix
for the purpose of irrigation of the colon with saline or tap
water and may be a useful treatment for difficult cases.

CONSTIPATION

Simple constipation, without obstruction or sufficient pain
to warrant a diagnosis of DIOS, is also common in CF. The
requirement for an energy-dense diet often leads to a low
fiber intake [74]. Management involves attention to diet,
fluid intake and enzyme dosage with use of laxatives as
necessary. Constipation should not be confused with fat
malabsorption, and treated with ever-increasing doses of
pancreatic enzymes.

INTUSSUSCEPTION

Intussusception is an important complication of CF. In
1971, Holsclaw and co-workers [75] reported a series of 22
episodes in 19 individuals from a center with 2200 patients.
The lifetime incidence is today likely to be higher than this
survey indicated due to the increased CF life expectancy.
The pathogenesis is different from idiopathic intussuscep-
tion, which usually affects infants aged under 2 years.
Thickened bowel contents tend to adhere to the bowel wall
and serve as a lead point for the intussusception. A chron-
ically distended appendix may also act as the lead point
[76]. Asymptomatic intussusception is likely to be a com-
mon occurrence in CF patients, and indeed this was found
in 5 of 90 patients in an ultrasound survey [5].

In the Holsclaw series, the mean age was 9.8 years.
Compared to idiopathic intussusception, there was a ten-
dency to a more chronic presentation (5 of 22) and hema-
tochezia was seen in only 23%. Most intussusceptions were
ileocolic or cecocolic [75]. A right iliac fossa mass may be
palpable, but this sign is also present in DIOS, appendiceal
disease and Crohn’s disease. Plain abdominal radiography
may demonstrate a soft tissue mass in 50–60%, and 25%
have signs of small bowel obstruction. If the condition is
suspected, a contrast enema should be performed and this
may show an obstructing lobulated soft tissue mass with the
coiled spring appearance of approximated mucosal folds.
The intussusceptum may be reduced under fluoroscopic

guidance by performing a hydrostatic or pneumatic enema
[29]. CT guidance may be helpful in difficult cases.
Ultrasound can also be used to make the diagnosis. Most
cases require operative intervention. Generally, manual
reduction is relatively easy, but failing this a resection is car-
ried out.

APPENDICEAL DISEASE

Characteristic changes of CF occur in the appendix.
Increased numbers of goblet cells distended with mucus
line dilated crypts. Eosinophilic casts of these crypts are
extruded into the lumen of the appendix. The diagnosis of
CF may be suspected on the basis of the histological
appearance of the appendix.

However, acute appendicitis is apparently less common
in patients with CF than in the general population, occur-
ring in 1.5% of patients in one survey [76]. It has been sug-
gested that the appendix may be protected to some degree
from acute appendicitis by inspissated mucus. Most CF
patients with acute appendicitis present in classical fash-
ion, although they often do so late. Surveys suggest a higher
rate of perforation [76] and of abscess formation [77],
which is probably a consequence of delayed diagnosis and
treatment. The only consistent radiological finding is an
extrinsic compression of the cecum on contrast enema, the
classic finding of a non-filling appendix being unreliable in
CF patients [29]. CT and ultrasound have not proved reli-
able [32]. Acute appendicitis requires appendicectomy. If
an abscess has developed, intravenous antibiotic treat-
ment, with or without drainage, followed by an interval
appendicectomy in one or two months may be appropriate
management.

A second problem that can afflict the appendix in CF is
mucoid distension, sometimes described as a ‘sausage’
appendix. This was found in 19 of 255 autopsies in one
series [76], but not all autopsy series report this finding.
The distended appendix can cause a syndrome of chronic
intermittent pain and tenderness in the right lower quad-
rant which is relieved by appendicectomy. At histological
examination, the appendix is distended with inspissated
mucus but there are no features of appendicitis. Preoperative
differentiation of this entity from DIOS is clearly difficult,
but a contrast enema may show a cecal defect. Seven such
patients (aged 10–24 years) were reported from a center
with 1220 CF patients. A further four patients in this report
had intussusception with a distended appendix acting as
the lead point and three had a clinically silent distended
appendix resected at cholecystectomy [76].

VOLVULUS

In the CF fetus or neonate, volvulus may complicate meco-
nium ileus and lead to perforation and meconium peri-
tonitis. This may be detectable in utero by ultrasound, or

www.ebook3000.com

http://www.ebook3000.org


Enteric infections 219

postnatally during investigation for neonatal bowel
obstruction. Surgical relief is required.

In later life, small bowel volvulus – an uncommon con-
dition in the general population – has been reported.
However, no survey has assessed whether the condition is
more common in CF. Large bowel volvulus (typically of sig-
moid or cecum) can usually be detected on plain abdomi-
nal radiograph, and a contrast enema or CT will resolve
doubt. For sigmoid volvulus, if there is no evidence of gan-
grenous bowel, decompression can be attempted with a
flatus tube or colonoscope (although consideration will
have to be given to fixation of the volvulus after the patient
has recovered). Failures and other volvuli should then
proceed to laparotomy.

FIBROSING COLONOPATHY

In 1994, Smyth and co-workers [78] published a series of
four CF children who had been thought to have DIOS but
had failed medical management and were found to have
long segment strictures of the ascending colon at laparo-
tomy. Resections were carried out and histology showed
submucosal thickening by fibrous connective tissue, caus-
ing luminal narrowing without reduction in the external
diameter of the colon. The epithelium was generally intact
with very little inflammatory change.

A recent change from conventional-strength to high-
strength pancreatic enzymes was the only common factor.
High-strength preparations had been marketed in 1991.
Further case reports appeared and two subsequent case–
control studies confirmed a strong association between
high-strength preparations (typically 
24 000 units of
lipase/kg body weight daily) and the new disease, named
fibrosing colonopathy. It is unclear whether it is the pan-
creatic enzymes or the Eudragit L coating of some prepara-
tions (Nutrizym 22, Pancrease HL and Panzytrat 25 000)
that are the injurious agent. Two case–control studies were
conducted [79,80]. The UK study found no link with
Creon 25 000, a high-strength preparation without
Eudragit L. The US study found no significant difference
between coatings, but Creon 25 000 was used by relatively
few patients (just 4% of fibrosing colonopathy cases). Most
cases occurred 7–15 months after commencing high-
strength preparations. The great majority of cases have
been children (mean age 5 years [80]), but adult cases have
been described [81]. An adult patient without CF, but on
high-dose Nutrizym 22, has been reported [82]. The pic-
ture is slightly clouded by two neonatal cases with no his-
tory of pancreatic enzyme supplementation [83,84]. The
Committee on the Safety of Medicines recommended
restrictions on dose to 10 000 units of lipase/kg daily and
avoidance of Eudragit L coatings [85]; it was stated in 2001
that no cases in children associated with high-strength
pancreatic enzymes had been reported since 1995.

Most patients have presented with abdominal pain, 
distension, vomiting and constipation, either acutely or

insidiously. There have been cases of a colitic presentation
with diarrhea and also ascites, occasionally chylous. Inves-
tigation is with contrast enema. Typical findings are mucosal
irregularity and spiculation with loss of haustral folds,
shortening of the colon and long-segment narrowing from
mild stenosis to complete occlusion [29]. In most cases,
involvement is limited to the right colon but the whole
colon can be affected. Alternatively, an abdominal radio-
graph plus ultrasound can be obtained and contrast enema
reserved for patients with a bowel wall thickness of more
than 2 mm, reduced peristalsis or free fluid. Patients who
are symptomatic should undergo laparotomy with resec-
tion of the strictured bowel. In most cases a right hemi-
colectomy is indicated. Those with total colonic disease
require subtotal colectomy and ileostomy with a later pro-
cedure to restore continuity [32].

RECTAL PROLAPSE

Rectal prolapse occurs in as many as 20% of untreated CF
patients under 5 years of age [86]. Approximately 11% of
all pediatric patients with rectal prolapse have CF and sweat
testing should be performed in any patient presenting with
this complaint [87]. In most cases, prolapse resolves after
initiation of adequate pancreatic enzyme therapy, high-fiber
diet and improved nutrition.

ENTERIC INFECTIONS

It has long been speculated that the frequency of the CF
gene in Caucasians reflects a heterozygote advantage due to
resistance to certain enteric infections or enterotoxins.
Jejunal mucosa from CF patients has been shown to be
unresponsive to various enterotoxins in vitro [88]. This
may well be a manifestation of CFTR-related abnormalities
of electrolyte transport across the intestinal epithelium.
This is not to say that enteric infections are unimportant in
CF homozygotes. Clostridium difficile and Giardia duode-
nalis, in particular, are worthy of particular attention.

Clostridium difficile

Clostridium difficile is the cause of almost all pseudomem-
branous colitis and some cases of non-pseudomembranous
antibiotic-associated diarrhea. It causes disease via elabo-
ration of two toxins (A and B) and bacterial invasion of the
mucosa does not occur. The disease is occasionally fulmi-
nant, with development of toxic megacolon and a high
mortality rate.

A number of studies have shown carriage rates of C.
difficile in feces from CF patients in the range 22–32% [89].
This is undoubtedly due to the high exposure of these indi-
viduals to antibiotics and hospitals. However, the great
majority of patients carrying C. difficile are asymptomatic
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[90] with negative toxin assays of cultures [89]. It is pos-
sible that CF confers some protection against C. difficile,
either by exposure early in life promoting immunity or due
to CFTR-related unresponsiveness [91]. However, reports
of fulminant and fatal cases [92] counsel against compla-
cency and a patient developing diarrhea with a recent in-
patient stay and exposure to antibiotics should be tested.
The initial test should be an assay for toxin in stool but this
is falsely negative in approximately 21% [93]. Flexible sig-
moidoscopy shows the very characteristic appearances of
pseudomembranous colitis and this should be carried 
out in all patients with a negative toxin assay as C. difficile
culture involves a delay and is not offered by many micro-
biology laboratories. Treatment involves discontinuation of
antibiotics if possible, plus a 10-day course of oral metron-
idazole (400 mg three times daily) or oral vancomycin
(125 mg four times daily). Relapse occurs in about 30% 
and a further course of the above antibiotics is given in the
first instance.

Giardia duodenalis

A single study in Louisiana in 1988 found an increased car-
riage rate of G. duodenalis in CF patients versus controls from
the same household (28% vs 6.3%) [94]. This was true
especially for the older age groups. It is possible that altered
bile composition in CF promotes G. duodenalis infection.
There have been no further surveys and carriage rates show
a marked geographical variability. Symptomatic giardiasis
is likely to be missed in CF as the typical symptoms are
diarrhea, steatorrhea, cramping abdominal pains and mal-
absorption. Stool microscopy for cysts has a sensitivity of
only 50% although counter-immunoelectrophoresis for 
G. duodenalis antigens raises this to 95%. It is common
gastroenterological practice to prescribe tinidazole 2 g as a
single dose on clinical suspicion alone (a 2-day course of
metronidazole is an alternative).

COMMON GASTROENTEROLOGICAL
CONDITIONS IN CF

Peptic ulceration

Gastric and duodenal ulceration are reported to be fre-
quent in CF autopsy series [95,96]. However, general clin-
ical experience is that this condition is rare. The autopsy
series may be misleading in so far as ‘stress’ ulceration is
common in terminal disease. In addition the frequent use
of protein pump inhibitor medication for GER and pan-
creatic enzyme therapy will provide protection.

In patients with persistent epigastric pain it is prudent
to carry out a C13 urea breath test for Helicobacter pylori
infection, as this is the dominant agent in causing peptic
ulceration. Endoscopic examination can be reserved for
those who are H. pylori negative or whose symptoms
persist after H. pylori eradication.

Inflammatory bowel disease

Crohn’s disease is associated with CF. A survey of 11 321
CF patients found a prevalence of 0.22%, which is 17-fold
higher than published prevalence figures for comparable
age groups [97]. The same survey found no evidence of an
association with ulcerative colitis, which argues against this
being an ascertainment bias.

Symptoms such as diarrhea, pain, weight loss or failure
to thrive, and features of obstruction are again difficult to
differentiate from manifestations of CF. A diagnosis of
Crohn’s disease should be sought in three groups of CF
patients: (a) those with features suggestive of Crohn’s such
as perianal disease (abscess, fistula or skin tags), fistulation
elsewhere or oral aphthous ulcers, (b) those with extrain-
testinal features suggestive of Crohn’s (anterior uveitis,
arthritis, erythema nodosum, pyoderma gangrenosum)
and appropriate GI symptoms, and (c) after therapeutic
failure of CF management. Contrast studies of the colon
and small bowel are useful diagnostic tools. Endoscopy has
the advantage of obtaining histological specimens which
are essential for a firm diagnosis. This is not the place for 
a discussion of the management of this complex and diffi-
cult condition, in which a gastroenterologist should be
involved. Attention to nutritional aspects of management is
a high priority.

Celiac disease

Celiac disease is a lifelong disorder due to sensitivity to
dietary gluten that can cause a wide spectrum of clinical
manifestations, not all confined to the gastrointestinal
tract, and many indistinguishable from CF. This is hardly
surprising, since celiac disease and CF both emerged from
the now archaic ‘celiac syndrome’. Whereas CF was sepa-
rated from the celiac syndrome in 1938 through the work
of Dorothy Andersen, the true cause of celiac disease was
not elucidated until the 1950s.

Velletta and co-workers [98] found celiac disease in five
patients from a CF population of 1100 in the 1980s. These
were overt cases and one would expect the rate to be some-
what higher if a CF population were to be screened with
serology. The possibility of celiac disease should be consid-
ered in any CF patient with diarrhea or persistent loose
stools, weight loss or failure to thrive despite enzyme
replacement. A family history of the condition should also
raise suspicion. Serum testing for anti-endomysial anti-
bodies or tissue transglutaminase (tTG) has a sensitivity of
86–98%. EGD with distal duodenal biopsy is required to
confirm diagnosis.

Treatment involves strict and lifelong adherence to a
gluten-free diet. This involves avoidance of all wheat, barley
and rye; the status of oats remains unclear. It is important
that the high nutrient needs of the CF patient be recog-
nized in dietary planning for the patient with both CF and
celiac disease.
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Lactose intolerance

Early studies suggested a link between hypolactasia and CF.
A large study found no hypolactasia under age 5 years and
a normal prevalence of hypolactasia in CF children older
than 5 years [99]. Intestinal lactase levels normally fall dra-
matically after weaning but lactase persists throughout life,
at lower levels in non-Caucasians. Hypolactasia can also be
secondary to a range of small bowel diseases. If symptoms
of diarrhea, bloating and pain are suspected to be related to
lactose intake, a 2-week trial of a lactose-free diet, looking
for symptomatic improvement, is the most practical mea-
sure. Lactose/hydrogen breath testing is an alternative, but
would seem to offer few advantages.

GASTROINTESTINAL MALIGNANCY

A prospective study of the 28 858 patients registered by the
US Cystic Fibrosis Foundation from 1990 to 1999 has estab-
lished that the overall risk of malignancy in CF is similar to
that in the non-CF population. However, there is an
increased risk for cancers of the digestive tract [100]. The
standardized incidence ratio (SIR) for digestive cancers
overall is 5.1, among which cancers of the small bowel
(SIR � 24.8), colon (7.4) and gallbladder and bile duct
(39.0) are significantly more common. However, bearing in
mind the young age of the population these are still rare
tumors, the absolute excess risk (AER) attributable to CF for
all digestive cancers being 9.1 per 100 000 patients per year.
There is no association between digestive cancer and 
prior gastrointestinal conditions such as acute bleeding, cir-
rhosis or other liver disease, DIOS, fibrosing colonopathy,
gallbladder surgery, pancreatitis, peptic ulcer or rectal 
prolapse.

Various possibilities have been advanced as explana-
tions for the observed increase in malignancy of the digestive
tract in CF. Cancer of the small bowel is also seen in other
conditions which cause chronic malabsorption or intes-
tinal stasis (e.g. celiac disease). Colonic cancer is associated
with conditions that cause chronic inflammation (e.g.
inflammatory bowel disease) for which there is also evi-
dence in CF [9]. Cystic fibrosis patients ingest less dietary
fiber and this has been shown to be a risk for colon carci-
noma [74]. There may be a linkage between the CFTR gene
and an oncogene. As the longevity of CF patients increases,
malignant disease may assume a greater significance.
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Liver, biliary and pancreatic disease

VICKY DONDOS AND DAVID WESTABY

INTRODUCTION

Liver involvement is well recognized in cystic fibrosis (CF)
and may occasionally be a dominant manifestation. The
reported prevalence and risk factors of CF-associated liver
disease (CFALD) vary widely. There is a scarcity of long-term
longitudinal studies; until recently populations studied have
been small, and the lack of distinct sensitive and specific
markers for diagnosis hinders comparison of studies, which
have often used different diagnostic criteria. While early
estimates from postmortems suggested that in excess of 70%
of adults in the third decade of life had some evidence of
focal biliary cirrhosis (the pathognomonic lesion of CF
liver disease) [101], recent prospective studies report that
approximately 20–25% of patients with CF will develop
liver disease; 6–8% will have evidence of cirrhosis; and
2–3% will progress to liver decompensation.

Liver disease is a relatively early complication: the major-
ity of patients will present in childhood or their early teens
[102,103]. In the vast majority, liver disease appears to have
a very limited impact on the clinical manifestations of CF
until the most advanced stages. However, the rate of pro-
gression is extremely variable and occasionally rapid. Patient
characteristics that may predict a higher risk of decompen-
sation (as well as the initial development of liver disease) are
as yet inadequately defined. The vast majority of cases are
detected on routine clinical screening, but there is a very
small group of patients who present with clinically overt
liver disease, that progresses to decompensation.

There has been speculation that as a more elderly adult
population of patients with CF evolved, an increasing pro-
portion would develop liver disease. However, this has not
been substantiated. Despite progressive improvements in
life expectancy, great advances in the care of pulmonary
complications of CF, as well as the availability of lung trans-
plantation, prevalence of CFALD appears to decline in the
third decade [104,105]. The possibility of premature mor-
tality due to an occult adverse influence of liver disease

remains a controversial issue (discussed further in the section
on clinical features).

PATHOGENESIS OF CHRONIC LIVER DISEASE

See Fig. 15.4. The characteristic hepatic lesion in cystic
fibrosis is a focal biliary cirrhosis consistent with that seen
in partial biliary obstruction (Fig. 15.5).

Bile duct plugging

The plugging of intrahepatic bile ducts due to the
enhanced viscosity of bile has been compared to that seen
in the pancreatic ducts of CF patients [106]; i.e. it is a direct
expression of the basic underlying gene defect [107]. The
transmembrane conductance regulator (CFTR) has been
localized to the apical membrane of the intrahepatic bile
ducts [108]. Enhanced bile viscosity is likely to be due to
the abnormalities of chloride transport inhibiting the
hydration and alkalinization of the canalicular-produced
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Figure 15.4 Pathogenesis of chronic liver disease in CF.



226 Liver, biliary and pancreatic disease

bile as well as the excessive production by intrahepatic bil-
iary epithelial cells of mucus composed of proteoglycans
[109]. Patchy plugging of the intrahepatic ducts with this
high-viscosity bile results in an initial focal distribution of
cirrhotic changes. With increasing ductular involvement
over a variable time span the process becomes much more
diffuse, producing a fully established biliary cirrhosis with
extensive liver involvement.

Bile acid-related toxicity

Whether biliary duct obstruction alone is sufficient to account
for this process remains controversial. A light and electron
microscopic study of CF liver disease demonstrated features
more in-keeping with a destructive bile duct lesion than a
purely obstructive phenomenon [110]. Similar findings have
been reported from a murine model of CF [111]. A bile-
related toxin has been suggested as the most likely explana-
tion for these findings. Initial analyses showed no significant
difference in the serum bile acid profile between those with
and without evidence of liver disease. However, given the
significantly lower volume and thus higher concentration
of bile produced in the presence of the CFTR gene defect
[112,113], it could be speculated that bile reflux and reten-
tion caused by the partial or complete obstruction of ducts
seen in CFALD dramatically increases the exposure of hepa-
tocytes to potentially hepatotoxic lipophilic bile acids. A
recent study has revisited the relationship between the bile
acid profile and the presence of CFALD in children [114].
These authors identified an inverse correlation between the
level of endogenous serum ursodeoxycholic acid (UDCA)
and CFALD and suggested that this might represent a

protective factor against liver injury. Why higher levels of
endogenous UDCA levels are found in some patients has
not been explained.

Risk factors

Although the above provides a possible etiological basis for
chronic CFALD, it does not account for the absence of liver
involvement in such a large proportion of patients and the
wide spectrum of severity in those in whom liver disease
does occur. A number of possible contributing or associated
factors have been reported.

GENETIC INFLUENCES

Attempts to match a specific CF genotype with expression
of liver disease have failed to show any significant correlation
[115]. However, there is evidence that the presence of a
severe genotype (class I, II and III mutations), associated
with complete loss of CFTR function, has an independent
association with the development of CFALD [105,116,117].
A relationship between HLA status has been reported with
a significant increased prevalence of DQ6 in those with
CFALD [118]. There is now accumulating evidence that
other genetic factors may be extremely important in the
pathogenesis of liver disease. Modifier genes are inherited
independently of the CFTR mutation but may attenuate or
exacerbate the CF phenotype by their influence on such
factors as host defense and the inflammatory response.
Polymorphisms in the �1-antitrypsin and mannose-binding
lectin genes have been identified as independent risk factors
for CF liver disease [119]. There is also recent evidence that
liver disease is associated with glutathione S-transferase P1
polymorphism [119,120].

MECONIUM ILEUS (MI)

A history of MI has been identified as a risk factor for
CFALD in a number of reports [103,105]. A study reporting
autopsy findings suggested that viscous mucus might accu-
mulate simultaneously in the intestine, gallbladder and bil-
iary tree leading to chronic damage [121]. Other studies have
failed to confirm an association with MI [116,122], and as
only a small proportion of patients who develop CFALD
have a history of MI this should only be considered a possible
contributory factor.

MALE GENDER

A male preponderance among CFALD patients has been
reported in several studies [104,105]. There is further evi-
dence that in female patients liver disease occurred only
before puberty, while male patients presented up to the age
of 18 years [105]. This male predominance may in part
reflect the possible survival benefit of males in CF [123].

Figure 15.5 Postmortem specimen showing the typical
multifocal nodularity of CF-related cirrhosis.
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However, a role for estrogens and their receptors in modu-
lating the development of CFALD should be considered.

COMMON BILE DUCT OBSTRUCTION

Distal common bile duct compression by pancreatic fibro-
sis is a well recognized cause of obstructive biliary injury in
patients with chronic pancreatitis and has been postulated
as a factor in the development of liver disease in CF [124].
However, imaging of the extrahepatic biliary tree in CFALD
has shown this to be an unusual phenomenon and at best a
contributory factor in a small proportion of cases [125].

ADDITIONAL CONTRIBUTING FACTORS

The presence of a sub population of lymphocytes, cyto-
toxic to hepatocytes and directed towards the liver-specific
lipoprotein, suggests that immune mechanisms might also
be involved in the pathogenesis of CF liver disease [126].
Factors that may exacerbate existing liver injury include poor
nutritional status (total parenteral nutrition may accelerate
disease progression), drug toxicity, sepsis, medical treatment
or compliance and recent abdominal surgery [102,107].

CLINICAL FEATURES OF LIVER DISEASE

Deep cholestasis secondary to common bile duct obstruc-
tion with inspissated bile may be the earliest manifestation
of CF [127,128]. This condition rarely results in clinically
significant liver disease, typically resolving spontaneously
during the first months of life.

Fatty infiltration of the liver may sometimes produce
massive hepatomegaly and abdominal distension, compli-
cated by hypoglycemia [129,130]. It is the most frequent
hepatic lesion associated with CF but does not seem to be
caused directly by the CF secretory defect, being rather a
consequence of the disease process outside the liver (e.g.
conditions associated with insulin resistance [131]) and the
effect of circulating cytokines resulting from chronic infec-
tion by respiratory pathogens [132]. Malnutrition has also
been implicated in its pathogenesis; deficiencies in carnitine,
fatty acids, trace elements and minerals may be associated
[130]. A risk of progression to cirrhosis has not been specif-
ically identified in CF but is recognized in children with other
etiological causes of fatty liver [133].

Evidence of underlying cirrhosis may occur at any time,
but new diagnoses are most frequently made during the
first two decades of life (see above) and usually as part of
routine follow-up in patients with an established diagnosis
of CF. Clinical hepatosplenomegaly is perhaps the common-
est presentation. Abnormal liver function tests are common
in CF but may be of no significance. Many large centers
have established routine surveillance including sequential
ultrasound scanning (see later). This approach has identi-
fied a small proportion of patients with no other clinical 
or laboratory evidence of liver disease. Variceal bleeding

may be the presenting feature of established portal hyper-
tension and may occur in the absence of any other signs 
of decompensation. As in other types of biliary cirrhosis,
portal hypertension may occur in a pre-cirrhotic phase
because of the pre-sinusoidal component to portal vascular
resistance. Decompensated biliary cirrhosis – including jaun-
dice, ascites or encephalopathy – are very unusual presenting
features.

Overall, the clinical picture is one of a very slowly pro-
gressive liver disease, the natural history of which is usually
interrupted by premature mortality related to pulmonary
disease. The long natural history of cirrhosis in CF is not dis-
similar to that seen in other biliary cirrhotic disease such as
primary biliary cirrhosis or primary sclerosing cholangitis
[134,135].

Controversy remains as to whether the adverse effect of
liver disease in CF is restricted to the 2–3% of patients who
have overt liver decompensation and a further 1–2% who
experience variceal bleeding. There is some evidence that
liver disease may have an adverse effect on the prognosis
in CF independent of specific complications. A large time-
dependent multiple regression analysis of survival risk factors
in cystic fibrosis reported liver disease as an independent
predictor of premature mortality, in addition to pulmonary
function and nutrition [136]. As is typical in liver diseases
characterized by initial involvement of bile ducts and later
impairment of hepatocyte function, the systemic and pul-
monary hemodynamic abnormalities of cirrhosis are often
earlier and more prominent manifestations than features
of liver failure per se [137,138]. Low peripheral vascular
resistance, high cardiac output and increased pulmonary
shunting might be expected to adversely affect patients with
advanced pulmonary disease. However, recent studies pro-
vide evidence that impact on clinical course (with regard to
pulmonary and nutritional complications) is not significant
until the most advanced stages of liver disease are reached
[105,139].

INVESTIGATIONS FOR LIVER DISEASE

LIVER FUNCTION TESTS

Standard laboratory liver-related tests have reasonable sen-
sitivity but poor specificity as predictive factors for CF liver
disease. This is not surprising as many potential factors might
influence these tests (especially serum aminotransferase),
including infection, hypoxemia and medications. Markers
of a biliary component such as the alkaline phosphatase
and gamma glutamine transpeptidase may be more helpful
particularly when levels are elevated by a factor of 3–4 and
this is sustained over a period of months [140]. A small
proportion of patients with established cirrhosis will have
entirely normal liver function tests [104,140]. The most
important role for these standard liver function tests is to
initiate a search for possible underlying liver disease through
imaging.
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IMAGING

The availability of high-quality transabdominal ultrasound
scanning has provided a cheap and widely available means
of detecting underlying chronic liver disease. In experienced
hands ultrasound imaging provides diagnostic information
with respect to a diffuse cirrhotic process as well as detecting
earlier focal abnormalities [141]. Splenomegaly, a dilated
portal vein and the presence of collateral vessels are all
important markers of portal hypertension [141].

Parenchymal irregularity, periportal fibrosis and irregu-
larity of the liver edge (Fig. 15.6) are factors incorporated
in an ultrasound scoring system deemed effective in docu-
menting established cirrhosis in adults (Table 15.2) [138].

The use of Doppler studies allows the detection of portal
or splenic vein thrombosis with increased prevalence in CF,
usually as a consequence of associated chronic pancreatitis.
Transabdominal ultrasound has been widely adopted for the
routine screening of CF populations [140].

Radionuclide imaging using derivatives of iminodiacetic
acid (IDA) labeled with technetium-99m provides an alter-
native means of assessing the biliary tree [142]. IDA when
injected systemically is taken up by hepatocytes and then
cleared rapidly into bile. In established cirrhosis there is doc-
umented delay in hepatocyte uptake. Delay of excretion at
the level of both the intra- and extrahepatic biliary tree has
also been identified and may be one of the earliest abnormal-
ities seen in those susceptible to the development of biliary

cirrhosis [143]. The introduction of quantitative IDA imaging
raises the possibility of an objective means of monitoring
the degree of both hepatocyte and biliary impairment as
well as monitoring response to therapy [144].

Magnetic resonance imaging (MRI) and in particular
magnetic resonance cholangiopancreatography (MRCP)
techniques [145] produce excellent definition of the cirrhotic
liver and the collateral circulation associated with portal
hypertension. (Fig. 15.7) The MRCP technique is extremely
effective in the detection and management of common bile
duct stones and with improving resolution it may also define
the intrahepatic biliary tree and the caliber abnormalities
characteristic of CF-related liver disease [146].

ENDOSCOPIC RETROGRADE CHOLANGIOGRAPHY (ERCP)

The characteristic intraductular caliber irregularities asso-
ciated with established CF cirrhosis (Fig. 15.8) are similar
to the pattern of stricturing and dilatation described in pri-
mary sclerosing cholangitis [125]. This appearance was first
visualized by trans-gallbladder and endoscopic contrast
cholangiography [125,143] and found to be highly specific
for established chronic liver disease, only being seen in
patients with evidence of cirrhosis on ultrasound [125]. While
endoscopic retrograde cholangiography still has a role in
the management of common bile duct stones and in the
small proportion of patients in whom there is evidence of
common bile duct obstruction at the level of the head of
pancreas (see above), it is no longer considered an appro-
priate investigation technique for evaluating CFALD. With
the increasing resolution of MRI/MRCP there is every expec-
tation that intrahepatic ductular changes will be adequately
delineated by this non-invasive technique.

HISTOLOGY

Histological assessment forms a fundamental basis for most
aspects of hepatology. Studies of CFALD and in particular

Figure 15.6 Hepatic ultrasound scan showing the surface
nodularity of established cirrhosis (arrowed).

Table 15.2 The ultrasound scoring system.

Score

1 2 3

Hepatic parenchyma Normal Coarse Irregular
Liver edge Smooth – Nodular
Periportal fibrosis None Moderate Severe

Figure 15.7 Abdominal MRI scan showing the surface nodularity
of cirrhosis. There is splenomegaly and portal venous collateral
vessels.
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the response to therapy (see later) have been limited by an
absence of a histological ‘gold standard’. However, in CF
liver disease the initial focal nature of the changes may
result in considerable sampling error, even with the use of
ultrasound guidance. Furthermore, the potential severity
of a pneumothorax in CF (a well-recognized procedural
risk) has rendered liver biopsy acceptable only as part of
controlled studies of therapy or in a very small proportion
of patients in whom other causes of liver damage need to
be excluded. Liver biopsy is not useful in the routine clinic
management of CFALD.

MANAGEMENT OF LIVER DISEASE

Bile acid therapy

Ursodeoxycholic acid (UDCA) is a hydrophilic bile acid that
has been used extensively in cholestatic disorders [147]. It is
normally present in human bile, albeit representing just 3%
of the total bile acid pool. Proposed mechanisms of action
are multifactorial and include the following.

● Protection of cholangiocytes against the cytotoxic influ-
ence of hydrophobic bile acid. In a mouse model of
suppurative cholangitis, oral intake of UDCA reduced

cholangiocellular injury, portal inflammation and duct-
ular proliferation [148]. Reduced inflammatory reaction
around the intrahepatic ducts has been demonstrated in
patients with primary biliary cirrhosis and primary scle-
rosing cholangitis managed with oral UCDA [149,150].

● Stimulation of biliary secretion through increasing the
number and activity of carrier proteins in the apical
membrane [151].

● Protection of hepatocytes against hydrophobic bile-acid
induced apoptosis [152].

● An immunoregulatory effect in particular with respect
to reversal of aberrant expression of HLA class-1 mole-
cules on hepatocytes [153].

The optimum dose of UDCA appears to be between 15
and 20 mg/kg [154,155]. Attention has also been paid to the
need for taurine supplementation as part of UDCA therapy;
it has shown no additional effect upon liver function, but
there may be a nutritional benefit [156]. Despite extensive
use of UCDA in patients with CFALD, data from objective
studies are sparse.

● Early uncontrolled data suggested both biochemical and
clinical improvement with the use of UDCA in CF liver
disease [156,157].

● A small unblinded controlled trial was the first to report
both benefits in liver biochemistry as well as improve-
ment in biliary excretion of IDA derivatives in those
taking UDCA [143]. A further placebo-based controlled
trial has also confirmed improvement in liver biochem-
istry as well as benefits with respect to a general illness
score [158]. However, neither of these two trials has been
of sufficient power or duration to comment on important
end-points such as the development of decompensated
liver disease, need for liver transplantation or associated
mortality.

● A small study has evaluated the response of liver histology
to UDCA therapy [139]. Liver biopsy was performed
before and after one or two years of therapy. A scoring sys-
tem reflecting bile duct proliferation, fibrosis and inspis-
sation of bile as well as inflammatory changes was used. 
A significant histological benefit was confirmed [139].

The accumulated evidence with UDCA is insufficient to
lay down clear guidelines for management [159]. It is highly
unlikely that this drug is capable of reversing advanced
liver disease, so there is considerable justification for focusing
further studies on the introduction of this drug in patients
with early imaging evidence of liver disease [140]. More
objective therapy may evolve as risk factors predicting the
development liver disease are identified (see above). In the
meantime it is likely that this less than objective use of
UDCA in patients with CF liver disease will continue based
on the evidence that is available and in the setting of a drug
that is well tolerated and has very few associated adverse
effects.

Figure 15.8 Endoscopic retrograde cholangiogram showing the
irregularity of caliber of the intrahepatic ducts.
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Liver transplantation

Liver transplantation in advanced chronic liver disease has
yielded survival rates in excess of 80% at 1 year and as high
as 60% at 10 years. Criteria for inclusion of patients with
CFALD are gradually expanding [160,161].

Fears that underlying pulmonary disease precluded 
isolated liver transplants in the large majority of patients
with CF should be greatly allayed by the beneficial results
reported in several small series of patients who have under-
gone this procedure. In appropriately selected patients, 
survival rates in the short and medium term (i.e. up to 
5 years) appear to be similar as in other types of cirrhosis
[162,163]. Perhaps more strikingly, despite the predicted
increased risk of overwhelming pulmonary sepsis due to
the immunosuppression required, there has been an
observed improvement in pulmonary function after liver-
only transplant. Potential explanations for this include the 
following:

● resolution of portal hypertension and the associated
splenomegaly which may itself impair diaphragmatic
function (resolution of chronic ascites may have a similar
effect);

● improvement in intrapulmonary shunting secondary to
the cirrhosis;

● a potential direct benefit of immunosuppression itself
on CF lung disease.

Contraindications to liver transplantation remain:

● severely compromised lung function or frequent exac-
erbations of pulmonary infection;

● chronic infection with organisms such as some mem-
bers of the Burkholderia cepacia family, or other multi-
resistant organisms;

● a persistently raised arterial PCO2 indicating underlying
ventilatory failure as well as severe pulmonary hyper-
tension.

The importance of portal hypertension and variceal
bleeding as an indicator for liver transplantation is contro-
versial. There are a number of liver transplant groups who
have used the presence of portal hypertension and the his-
tory of variceal bleeding as specific risk factors incorpo-
rated in a scoring system identifying those suitable for
isolated liver transplantation [160]. However, in our own
published experience we observed long-term survival fol-
lowing presentation with variceal bleeding which was com-
parable to the general CF population (Fig. 15.9) [164].

This outcome appears to reflect the success of the new
endoscopic techniques for managing variceal bleeding (see
later) and the failure of the underlying liver disease to man-
ifest other serious complications such as persistent ascites
and encephalopathy. In the absence of such features of liver
decompensation we would not consider portal hypertension

and variceal bleeding to be an indication for isolated liver
transplantation.

There remains a small but important group of patients
in whom there is evidence of advanced liver disease as 
well as pulmonary disease of such severity that liver 
transplantation alone would not be feasible. There are a
number of reports of heart, lung, liver or lung–liver trans-
plantation in such cases [162,165,166]. With a shortage 
of donated organs there has been considerable reluctance
to use those available in such a high-risk undertaking.
However, there are small series reporting as high as a 70%
1-year survival in such cases although medium- and long-
term data are not available [165].

INFLUENCE OF LIVER DISEASE ON ORGAN
TRANSPLANTATION

For those patients in whom there is evidence of liver dis-
ease but not fully established cirrhosis, there should be no
contraindication to lung transplantation. There is now evi-
dence from small series that patients with well-compensated
cirrhosis tolerate lung transplantation without difficulty
and have not presented problems with decompensation.
Furthermore there is no evidence that variceal bleeding has
been precipitated [167]. In our own series, five patients with
established cirrhosis and portal hypertension have under-
gone heart–lung or lung-only transplantation without spe-
cific liver-related complications.

Molecular biological therapy

Most emphasis on gene therapy has been directed towards
pulmonary disease (see Chapter 33a). However, recombinant
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Figure 15.9 A Kaplan–Meier survival analysis for patients from
the time of first variceal bleed compared to a cohort without
evidence of liver disease [165].
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adenoviruses expressing the human CFTR gene have 
been infused into the biliary tree of a rat model [168].
Recombinant gene expression was achieved in virtually all
the cholangiocytes and expression persisted for the duration
of the 21 days over which the study was carried out. It
remains to be seen whether this will offer a viable therapy
for CF-related liver disease.

MANAGEMENT OF COMPLICATIONS OF
LIVER DISEASE

The majority of patients with CFALD never develop specific
complications associated with chronic liver disease. With
the exception of UDCA no other liver-related therapy 
needs to be considered. However, some care should be
taken with respect to nutritional requirements as there is
evidence that patients with established cirrhosis have an
increased resting energy expenditure [137]. There may also
be established deficiencies of specific macronutrients, fat-
soluble vitamins and clotting factors [169]. Such nutri-
tional deficiencies may become much more prominent in
patients with liver decompensation, particularly in the pres-
ence of persisting jaundice, ascites and following major
variceal bleeding. Difficulties in maintaining nutrition are
compounded by the contraindication to placing gastros-
tomy tubes in patients with established portal hypertension
and particularly in the presence of ascites. It is essential that
specific individualized attention be directed towards the
nutritional management of CF patients with decompen-
sated cirrhosis.

Jaundice

Outside the context of infantile bile duct obstruction (that
typically resolves spontaneously), jaundice in established
cirrhosis is an unusual event that must be considered a
poor prognostic feature. In one published series only 20%
of patients with CFALD had a history of jaundice [125].
Documentation of jaundice or a rising bilirubin level requires
detailed investigation to exclude other possible treatable
causes. Transabdominal ultrasound scanning is an essen-
tial to exclude bile duct obstruction, due either to bile duct
stones or less frequently a distal common bile duct stricture
(see above). Other possible etiological factors for jaundice
in the absence of advanced cirrhosis include sepsis, drug
toxicity or hemolysis. UDCA has been shown to improve
liver function and may lead to at least transient resolution
of the jaundice (see above).

Variceal bleeding

Variceal bleeding is the most common serious complica-
tion of CF liver disease, with a prevalence of less than 2% 
of the total CF population (20% of those with established

cirrhosis). This compares to a 30% risk of variceal bleeding
consistently reported for cirrhotic populations of other 
etiologies. This lower risk of a first variceal bleed is likely 
to reflect the well-maintained liver function seen in most
cases of CFALD throughout life. Premature mortality 
secondary to pulmonary complications may also limit the
timescale over which the risk of variceal bleeding may
occur.

Management follows the same principles as in any 
other group of cirrhotic patients [169], initial priorities
being basic resuscitation, replacement of blood loss, cor-
rection of any coagulopathy, prevention of sepsis with 
prophylactic antibiotics and attention to airway clearance
[170].

Fiberoptic endoscopy is the basis of diagnosis and 
the optimal interventional technique for control of active
bleeding. Success rates of 85–90% have been reported, with
very low complication rates in experienced hands [171].

● Banding ligation has now replaced injecting sclerotherapy
as the most effective therapeutic technique (Fig. 15.10)
[171,172]. Anesthetic expertise should always be available
but intubation and general anesthesia is not a prerequi-
site. There is an approximate 30% risk of early rebleeding;
obliteration of the varices with repeated sessions of band-
ing ligation between 1 and 3 weekly intervals (a total of
three sessions are usually required) reducing this risk. In
addition, the use of proton pump inhibitors [173] and
sucralfate suspension – to prevent the mucosal ulceration
associated with endoscopic therapy [174] – are of proven
benefit in averting early recurrence.

● There is accumulating evidence of the benefit of banding
ligation to prevent the first bleed in high-risk patients
[175]. However, given the lower incidence of variceal
hemorrhage in CF liver disease versus other cirrhotic con-
ditions, the potential complications may well outweigh
the benefits of such intervention.

Pharmacological agents are also widely used in the
management of variceal bleeding.

● Vasopressin and somatostatin (and their respective ana-
logues glypressin and octreotide) modulate portal blood
flow and pressure by reducing splanchnic inflow and in
the case of somatostatin by a direct effect on the portal
circulation itself. These agents have been widely used for
the management of an episode of variceal bleeding. The
emphasis is on temporary reduction or control of bleed-
ing prior to the early introduction of endoscopic ther-
apy. Comparative studies suggest that glypressin has a
greater a survival benefit in active bleeding than somato-
statin or octreotide [176]; it is easy to administer as an
intravenous bolus and has fewer cardiovascular side-
effects than its predecessor vasopressin. There is also
some evidence that continuing these agents for 4–5 days
after endoscopic therapy reduces the risk of early
rebleeding [177].
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● While non-selective beta-adrenoreceptor blockers have
been shown to be effective in both reducing the risk of
first bleed and preventing an early rebleed in patients
with esophageal varices, the risk of precipitating bron-
choconstriction in the presence of pulmonary compli-
cations in CF precludes their use.

RESCUE TECHNIQUES FOR VARICEAL BLEEDING

Endoscopic management will arrest bleeding in 85–90% of
cases. However, it is essential to establish a strategy for those
who continue to bleed or have early recurrence. A further
endoscopic procedure is justified but should be carried out
by the most experienced operator and with alternative res-
cue techniques available if this further attempt should fail.

In the presence of life-threatening large-volume variceal
bleeding, balloon tamponade using one of the commercially
available balloon tubes has been shown to be effective at
obtaining temporary hemostasis and allowing a short time
window to carry out either endoscopic therapy or other res-
cue techniques [178]. Balloon tamponade is at best a very
uncomfortable and unpleasant experience for the patient
but in the presence of significant pulmonary disease may
be poorly tolerated and associated with a high risk of com-
plications (particularly pulmonary aspiration).

Historically the most commonly used rescue procedure
was to create a portal systemic shunt. Initial experience
dating back to the 1960s involved the surgical creation of
such shunts. These were highly effective for the control of
variceal bleeding and preventing recurrence but at the
expense of a marked reduction in liver blood flow. A high

morbidity and mortality rate ensued from associated liver
failure. Despite this, portal systemic shunt surgery was quite
commonly used in CF [179]. Over the last decade it has
been possible to create a portal systemic shunt by a radio-
logical technique termed a ‘transjugular intrahepatic por-
tosystemic shunt’ (TIPS). Because this is a much less invasive
procedure operative morbidity and mortality is small and
the benefits with respect to arresting bleeding and preventing
re-bleeding have been maintained [180]. However, hopes
that this intrahepatic shunt might maintain a higher level
of blood flow to the liver as compared to shunt surgery have
not been realized. Post-procedural liver decompensation,
specifically encephalopathy, is a major drawback to this
approach. There is, however, a small but important rescue
role for this approach in patients in whom there has been 
a failure to control bleeding following the endoscopic 
technique, and this has been successfully applied in CF 
patients [181].

Ascites

The accumulation of a transudate within the peritoneal
cavity is a well-recognized complication of cirrhosis and
associated portal hypertension. The development of ascites
in chronic liver disease is a poor prognostic factor, being a
feature of advanced disease and decompensation (which
may not be the case for variceal bleeding ). Occasionally
transient small-volume ascites may develop following a
significant variceal hemorrhage or when there has been
intravenous overload with sodium and water. If this resolves

Figure 15.10 Diagrammatic representation
of the technique of banding ligation of
esophageal varices.
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promptly without recurrence the prognostic implications
may not be so profound. Management is that applied in any
case of underlying cirrhosis [182].

Encephalopathy

Hepatic encephalopathy is an extremely infrequent com-
plication in patients with very advanced CFALD. Where
there is a clearly defined precipitating factor (such as venti-
latory failure, sepsis, gastrointestinal hemorrhage or per-
sistent constipation), the disturbed cerebration may revert
promptly with resolution of the acute event. Prolonged
encephalopathy in the absence of a specific precipitant is
an extremely poor prognostic factor. Again, management
is not different from that used more widely in the hepato-
logical field [183].

Splenomegaly and hypersplenism

Splenomegaly is a very common observation in patients with
CFALD. In most circumstances the degree of splenomegaly
has no clinical significance. There are, however, a small
proportion of patients who have associated morbidity which
raises the question as to whether splenectomy is indicated.
In patients with CF any abdominal surgery is a major under-
taking and indications and risks need to be carefully assessed.

Pain alone is a very unusual indication for splenectomy.
Occasionally splenomegaly may be gross with intractable
pain particularly if accompanied by splenic infarction.

Significant impairment of diaphragmatic function may
be considered an indication for splenectomy. In patients
with decompensated liver disease, liver transplantation has
led to a resolution of such ventilatory impairment and
improvement in pulmonary function (see above).

Splenectomy (or partial splenectomy) may also be con-
sidered in the rare event of spontaneous bleeding in the con-
text of low platelet counts due to hypersplenism [184,185].
An alternative approach is splenic artery embolization to
reduce splenic size. TIPS has also been used as a means of
reducing portal hypertension in this setting.

EXTRAHEPATIC BILIARY DISEASE

Pathology and pathophysiology

Structural abnormalities of the extrahepatic biliary system
are commonly observed in cystic fibrosis. The failure to
identify the gallbladder is a common finding in fetuses with
documented CF [186]. Imaging studies of patients with CF
have shown a wide spectrum of biliary abnormalities
[141,145,167,187]. An undetectable or micro-gallbladder
has been documented in up to 30% of cases. Stenosis or
atresia of the cystic duct is also a common finding. These
abnormalities account for the high proportion of patients

in whom the gallbladder is not functioning. Gallstones have
been identified in 20–25% of cases, the prevalence increas-
ing with age and representing a 4- to 5-fold elevation over
aged-matched non-CF controls. Most stones are radio-
translucent and were believed to be of cholesterol compo-
sition. The bile salt deficiency identified in some cases of CF
would represent a risk factor for such stones. However, this
concept has been challenged by a study analyzing bile and
gallstone composition in CF which showed calcium biliru-
binate to be the major component [167]. Furthermore, there
was no evidence of cholesterol saturation of bile. Calcium
bilirubinate (pigment) stones are seen in conditions associ-
ated with hyperbilirubinbilia such as the hemolytic anemias.
In CF there is experimental evidence that chronic bile salt
loss from the small intestine might predispose to reabsorp-
tion of unconjugated bilirubin from the colon [188]. The
resulting enterohepatic cycling of bilirubin increases the
secretion of conjugated bilirubin into bile and enhances
the risk of precipitation with calcium. There is recent evi-
dence that in CF the co-inheritance of at least one Gilbert
syndrome allele (UGT1A1) further enhances the risk of
hyperbilirubinbilia and pigment stone formation [189]. It
is likely that the development of gallstone disease is a multi-
factorial process encompassing the chemical compositon
of bile, anatomical abnormalities as well as the impairment
of bile flow.

Management of gallstone disease

Complications of gallstones have been reported in approx-
imately 4% of CF patients [190] and encompass the full
spectrum of pathologies (Table 15.3).

Management strategies do not differ from those applied
to non-CF patients. Laparoscopic cholecystectomy is well
tolerated even in patients with advanced pulmonary dis-
ease. It is not an unusual scenario to be managing patients
with symptomatic gallstone disease in the period while
they are waiting for lung transplantation. Stone-related
bile duct obstruction is managed by standard endoscopic
techniques. A small proportion of patients develop intra-
hepatic stones and may require repeated endoscopic inter-
vention to clear them (Fig. 15.11). Management of stone
disease requires close cooperation between CF and hepato-
biliary (HPB) units. UDCA has proved ineffective as a
pharmacological therapy for gallstones in CF (almost cer-
tainly reflecting the unfavorable chemical composition of
the stones [191].

Table15.3 Complications of gallstone disease.

Biliary colic(cystic duct or bile duct stone)
Acute cholecystitis
Empyema of the gall bladder
Bile duct obstruction
Cholangitis(obstruction with infection)
Gallstone pancreatitis
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PANCREATIC DISEASE

The investigation and management of malabsorption is
discussed in Chapter 15a.

Pathophysiology of pancreatic disease

In the majority of patients with CF, pancreatic insufficiency
(PI) is evident from the neonatal period. Indeed, pancreatic
insufficiency was an integral part of the early descriptions of
CF. Only when sweat electrolytes were established as a
diagnostic tool did it become apparent that approximately
10–15% of CF patients remained pancreatic-sufficient (PS).
High concentrations of CFTR are present on pancreatic duct
epithelium and produce a high-volume bicarbonate-rich
secretion responsible for maintaining the solubility of acinar-
derived enzymes and flushing these into the duodenum. In
the presence of impaired CFTR function the volume of
fluid and bicarbonate secreted is reduced, resulting in the
increased viscosity of the secretion. There is considerable
evidence from postmortem studies [192] and a murine
model of CF [111] to suggest that the injury to the pancreas
is secondary to ductular plugging by this viscous secretion.
In most cases of PI it is likely that pancreatic injury com-
mences in utero [192]. The initial ductular obstruction

results in progressive acinar replacement with fat and
fibrosis. Endocrine tissue is almost always preserved into
infancy and islets of Langerhans can be identified embed-
ded into the areas replaced by the fat and fibrotic stroma.

There is debate as to the possible importance of other
factors that might influence the evolution of pancreatic
injury in CF. The role of an inflammatory response has been
investigated in animal models of CF [193]. There is evidence
that the failure of duodenal bicarbonate secretion initiates
a pancreatic acinar stress response which is associated with
activation of cellular inflammatory pathways. Such an inflam-
matory component to pancreatic damage might explain late
progression from PS to PI in some cases.

Genotype–phenotype relationships

The pancreatic phenotype in CF has the closest correlation
of all clinical manifestations with the underlying genotype.
Early reports confirmed the very close relationship between
PI and homozygosity for F508del [194]. These studies also
identified certain compound heterozygotes (such as R117H/
F508) in which PS was commonly identified. An increased
understanding of the functional capacity of CFTR in rela-
tionship to specific mutant alleles has allowed a more accu-
rate prediction of PI/PS.

Mutations belonging to classes I–III are predicted to
have a severe effect upon CFTR function whereas those of
classes 1V and V are associated with some residual function.
Homozygosity or compound heterozygosity for class I, II
or III mutations strongly correlates with PI whereas com-
pound heterozygosity for class IV and V mutation is predic-
tive of PS status [195]. The combination of a mild (class IV,
V) and severe (class I, II, III) mutation is usually associated
with PS status.

Symptomatic pancreatitis in CF

Symptomatic (pain associated) pancreatitis is a rare but
well-recognized complication of CF [196]. In a recent mul-
ticenter study, episodes of symptomatic pancreatitis were
reported in 125 (1.24%) of 10 071 patients [197]. This may
underestimate the true incidence of symptoms associated
with pancreatitis, as the study required significant elevations
of serum amylase levels to define an episode. It is our 
experience that the majority of patients with pancreatitis-
related pain have established chronic pancreatitis and
episodes of pain may occur without such elevation. Most
patients who experience symptomatic pancreatitis are PS
at presentation and are compound heterozygous for class IV
and V mutations (see above). However, a small subgroup
experience episodes of pancreatitis despite having established
PI [197,198]. The mean age of presentation is in the late
teens and for almost 30% of those with symptomatic pan-
creatitis this is the presenting feature leading to the diagno-
sis of CF [197,198].

Figure 15.11 Endoscopic retrograde cholangiogram showing
multiple gallstones in the gallbladder (GB), common hepatic duct
(CHD) and left intrahepatic duct (IHD).
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In the majority of cases of symptomatic pancreatitis the
process is one of chronicity with recurrent episodes of pain.
Possible trigger mechanisms such as alcohol excess and
gallstone disease are rarely identified. Specific complications
such as pseudocyst formation and common bile duct obstruc-
tion appear to be uncommon, and few cases of associated
mortality are reported. Progression from PS to PI is well
documented as part of the process of symptomatic pancre-
atitis and may be associated with resolution of pain [197].

In most cases a diagnosis of symptomatic pancreatitis is
readily established based on typical pain, elevated amylase
(or lipase) levels supplemented by imaging confirming an
inflammatory process. This may be less apparent in cases
with atypical pain or in whom the amylase levels do not
rise (see above). High-quality transabdominal ultrasound
and cross-sectional imaging are an essential aid to diagno-
sis in such cases. A high index of suspicion of this diagno-
sis should be attached to CF patients who are PS. Possible
etiological factors such as common bile duct stones should
be sought.

Management is usually restricted to pain control for
individual episodes. For long-term management, acid sup-
pression using proton pump inhibitors may be of benefit 
by reducing pancreatic stimulation. Pancreatic supple-
ments have also been used to reduce pancreatic stimulation
in other etiological types of pancreatitis and a trial of ther-
apy is justified.

Endoscopic intervention for the management of pain in
chronic pancreatitis is well established for other etiologies
particularly in the presence of pancreatic stricture (and duct
dilatation), pancreatic stones and pseudocyst formation
[199]. We have intervened successfully in three cases of CF
in whom poorly controlled pain was associated with a 

pancreatic stricture and intraductal stones. Endoscopic
pancreatic sphincterotomy and temporary stenting was
combined with shockwave lithotripsy to re-establish duct
drainage (personal communication). Endoscopic biliary
stenting is the first-line approach in the rare cases of com-
mon bile duct obstruction secondary to chronic pancreatitis
(Fig. 15.12). Surgical management for symptomatic pan-
creatitis in CF is rarely indicated but should be considered
for those with intractable pain who have failed endoscopic
intervention. The optimum care of these rare complications
of CF requires very close cooperation between CF and HPB
centers.

CFTR mutations and idiopathic pancreatitis

It has been recognized for some time that there is an
increased frequency of gene mutations encoding for CFTR
in patients with recurrent acute and idiopathic chronic
pancreatitis [108,200]. The most recent studies which have
screened for the entire coding sequence for CFTR have
suggested a frequency as high as 25% [201,202]. In most
cases a single CFTR mutation could be identified (heterozy-
gous) but a small proportion of patients were compound
heterozygous (i.e. had CF with the presence of two different
CFTR mutations). In this latter group are the patients in
whom pancreatitis is the presenting feature of CF subse-
quently confirmed by sweat chloride. The same studies also
identified cases of chronic pancreatitis who were trans-
heterozygous for CFTR mutations and a mutation in the
SPINK-1 (serine protease inhibitor, Kazal type 1) or PRSS1
(cationic trypsinogen) genes, both the latter being associ-
ated with inherited pancreatitis. CFTR mutations have also
been identified with increased frequency in cases of pan-
creatitis seen in patients with alcohol abuse [100] and the
congenital ductular abnormality pancreas divisum [203].

These data form the basis of an evolving theory of a multi-
hit pathogenesis of recurrent acute and chronic pancreatitis,
a theory in which CFTR mutations have a major role.

HEPATOBILIARY AND PANCREATIC
MALIGNANCY

It is now well recognized that patients with CF have an
increased risk of gut-related cancer [204], including malig-
nancies of hepatobiliary and pancreatic origin. While reports
of such malignancies are rare in the CF population, their
occurrence in young adults is markedly increased as com-
pared to age-matched cohorts. There have recently been two
case reports of hepatocellular carcinoma in patients with CF-
related cirrhosis [205,206].

Despite this documented increased risk of hepatobiliary
and pancreatic malignancy, the overall risk of these occur-
ring is low and does not justify the instigation of routine
screening programs.

Figure 15.12 A workstation-constructed 3-D MRCP scan
showing stricturing of both the distal pancreatic duct and common
bile duct in a patient with established symptomatic chronic
pancreatitis. Both strictures were managed by endoscopic stenting.
See also Plate 15.12.
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Insulin deficiency and diabetes related to 
cystic fibrosis

CHRISTOPHER D. SHELDON AND LEE DOBSON

INTRODUCTION

The improved survival of cystic fibrosis (CF) patients has
resulted in the emergence of cystic-fibrosis-related dia-
betes (CFRD) as a significant complication. Substantial
evidence now confirms the negative clinical impact of
CFRD. Loss of pancreatic function is usually first related to
exocrine function followed by deteriorating endocrine
function some years later. Acute-on-chronic infection con-
tributes to variable resistance to the effects of insulin. The
combination of gradual onset of insulin deficiency com-
bined with variable insulin resistance is characteristic of
CFRD. The deteriorating clinical status seen before the
diagnosis of CFRD has directed attention away from the
direct effects of blood glucose towards the potentially more
important and widespread effects of insulin deficiency, the
fundamental pathophysiological process underlying CFRD.

The recognition that clinical decline precedes frank dia-
betes has prompted a re-evaluation of diagnostic methods
and the timing or choice of therapeutic interventions. In
CFRD there appears to be a spectrum of impaired glucose
metabolism varying from entirely normal to fasting hyper-
glycemia and persistently elevated blood glucose (Fig. 16.1).
Due to increased survival patients are now developing the

microvascular complications of chronic hyperglycemia
previously seen only in the non-CF population.

INCIDENCE AND PREVALENCE

The reported prevalence of CFRD has been increasing
since the first case report of its association in 1955 (Table
16.1) [1]. Though this is most likely a result of improve-
ments in life expectancy, the increasing awareness of
CFRD, the associated rise in screening for CFRD and the
variation in patient populations or diagnostic criteria may
also be contributing to this increase.

Lanng and co-workers [2] reported that a national
cohort of 210 Danish patients, median age 14 years, had a
prevalence of glucose intolerance of 26% (11% with CFRD,
15% with impaired glucose tolerance) and confirmed that
this prevalence increased with age. Studies from the UK
have reported similar results. Yung and co-workers [3]
reported a diagnosis of CFRD in 74 (14.3%) out of the 518
CF subjects attending the Royal Brompton Hospital.

The most recent studies have come from large epidemio-
logical surveys both in Europe [4] and the United States [5].
The European study reported levels of diabetes of 5% and

Impaired glucose tolerance

Insulin
production

CFRD

Pre-diabetic phase

Age

Figure 16.1 Visual representation of the
progressively deteriorating beta-cell function
(insulin deficiency) that precedes the diagnosis
of CF-related diabetes (CFRD).
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12.6% in the respective age groups 10–14 and 15–19 years.
The US study reported data on 8247 patients. They con-
firmed that CFRD was associated with increased age (14.3%
of patients aged over 13 years, 21.7% of those over 35 years)
but also with female gender (17% females, 12% males).

The only estimate of incidence comes from a 5-year
prospective study in 191 Danish CF patients with annual
oral glucose tolerance testing (OGTT) from the age of 2
years showing an average annual incidence of 3.8% [6].
Incidence rates increased with age, with patients aged over
10 years and over 20 years having annual rates of 5.0% and
9.3%, respectively.

Importantly these studies underline the presence of a
spectrum of glucose tolerance within the CF population,
with a gradual transition from normal glucose tolerance to
impaired glucose tolerance progressing finally to diabetes
mellitus.

ETIOLOGY

The etiology of CFRD is complex and incompletely under-
stood. The gradual development of insulinopenia is believed
to be the result of functioning beta cell loss. However, the
imbalance in the prevalence of CFRD compared to that of
exocrine pancreatic insufficiency (which is present in the
majority of CF patients) would suggest that another process
is occurring in the pathogenesis of the disease.

Genetic susceptibility

The two most recent large epidemiological studies have
provided some insight into this area. The Epidemiologic

Survey of Cystic Fibrosis reported that F508del homozy-
gotes had a higher prevalence of CFRD when compared
with the compound heterozygotes and other genotype
groups [5]. They also noted that the prevalence of CFRD in
the F508del homozygotes increased in each successive age
group. This would be compatible with our current under-
standing that the genotype in CF is highly predictive of
pancreatic status and the homozygous F508del genotype is
known to be associated with pancreatic insufficiency in
nearly all patients.

Cystic fibrosis transmembrane regulator mutations
occur in six main classes and CFRD mainly occurs in 
people with severe class I–III mutations with background
exocrine pancreatic deficiency [7]. The European Epidemi-
ologic Registry of CF (ERCF) reported that 20% of patients
carrying class I, II or III gene mutations developed CFRD
in contrast to only 1.5% of patients carrying class IV and V
mutations [4].

No link has been found with HLA alleles DR3, DR4,
DR3/4, HDR2 which are associated with type 1 diabetes in
the general population [8].

Autoimmune process

Autoantibodies to pancreatic islet cells and glutamic acid
decarboxylase are present in people with type 1 diabetes and
reflect the cell-mediated immune destruction that occurs.
Researchers have looked for these markers in CFRD but
they have rarely been found and their contribution to cel-
lular injury remains unclear [9].

PATHOPHYSIOLOGY

CFRD results directly from mutations in the CFTR gene, so
it is not just coincidental that type 1 or type 2 diabetes have
a very different pathophysiology from CFRD (Table 16.2).
A number of processes are believed to be involved in the
pathophysiology of CFRD, including impaired beta-cell
function, impaired alpha/pancreatic polypeptide cell func-
tion, reduced insulin sensitivity and altered insulin clearance.

Impaired beta-cell function

CFRD is primarily an insulinopenic condition character-
ized by impaired and delayed insulin secretion, as a conse-
quence of beta-cell failure [10,11,12]. There is still
decreased insulin secretion compared to normal subjects
in CF patients with normal glucose tolerance [11]. Studies
have also shown that this impairment worsens with deteri-
orating glucose tolerance [11,13,14]. This would suggest
that there is a progressive deterioration in beta-cell func-
tion that precedes the diagnosis of diabetes and continues
after diagnosis. Other factors are likely to be contributing

Table 16.1 Incidence and prevalence of CF-related diabetes.

Authors n Criteria Prevalence/
incidence

Prevalence
Rosan (1962) 1300 — �1%
Lanng (1991) 210 OGTT 11%
CFF (1996) 18 627 Use of insulin 5.1%

or OHA
Moran (1998) 408 OGTT 11% (5–9 years: 9%;


30 years: 43%)
Koch (2001) — 5% (10–14 years);

12.6% (15–19 years)
Marshall 8247 Use of insulin 14.3% (
35 years:
(2005) or OHA 21.7%)

Incidence
Lanng (1995) 191 OGTT Annual incidence 3.8%

(
10 years: 5.0%; 
20
years: 9.3%)

OGTT, oral glucose tolerance test; CFF, Cystic Fibrosis Foundation (USA);
OHA, oral hypoglycemic agent.
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to the abnormal glycemic status seen in CFRD and support
the concept of a clinically important pre-diabetic period.

Impaired function of alpha cells and
pancreatic polypeptide cells

Alpha-cell function can be assessed either by measuring the
suppressibility of glucagon production following a glucose
load, or by the expected stimulation in glucagon produc-
tion associated with the infusion of arginine. Studies imple-
menting the latter method have shown the response to be
normal [15] or decreased [10] in CF subjects with normal
glucose tolerance, and decreased in subjects with CFRD
[10]. The suppressibility of glucagon production after a
glucose load has been shown to be normal [15] or impaired
[11] in CF subjects with impaired glucose tolerance. Further
studies are needed to clarify this finding as it would suggest
the presence of a signaling defect rather than islet destruc-
tion leading to alpha-cell failure.

Both basal and stimulated pancreatic polypeptide levels
have been shown to be reduced in CF subjects independent
of the presence of diabetes [11,16].

In conjunction with the reduction in insulin secretion,
these findings suggest the destruction of entire islets rather
than a beta-cell specific defect. Postmortem studies have
supported this by documenting fibrosis and fatty infiltra-
tion of the pancreas with a reduction in the absolute num-
ber of pancreatic islets [17,18]. However, there is a poor
correlation between the number of islets lost and the degree
of pancreatic fibrosis [19,20], implying that CFRD is not
explained simply by the degree of islet obliteration [21]. 
As glucagon elevates blood glucose the reduced glucagon

response may also explain why in the setting of quite marked
insulinopenia CF patients may not be diabetic.

Insulin resistance

In the general population the commonest cause of resistance
to the peripheral actions of insulin is obesity, which is a major
risk factor for type 2 diabetes. In CF, obesity is very uncom-
mon but infections and corticosteroid administration can
both result in insulin resistance (reduced insulin sensitivity).
The contribution of insulin resistance to the etiology of
CFRD is unclear. Results of studies have been conflicting
with reports of increased [15], normal [22,23] and reduced
insulin sensitivity [24,25]. Its reduction in some studies
may simply be a reflection of chronic hyperglycemia as seen
in type 1 diabetes, but predominantly the discrepancies are
due to differences in the methodologies employed and the
lack of uniformity between the cohorts of subjects studied.

It is unlikely that reduced insulin sensitivity is an
important cause of CFRD, although the decreased insulin
sensitivity probably contributes to the worsening glucose
tolerance in acute infections.

Hepatic glucose production (HGP) is an important reg-
ulator of glycemic control. Insulin is a potent inhibitor of
this pathway but the suppression of HGP by insulin has
been shown to be reduced in non-CF diabetes. This condi-
tion has been termed ‘hepatic insulin resistance’ (HIR).
HGP has been shown to be raised in CF subjects [24–26],
and HIR has also been noted [27]. However, the exact 
contribution of hepatic insulin resistance is unclear and
deserves further investigation.

Insulin clearance rate

Studies of insulin kinetics have shown that the insulin clear-
ance rate is increased by 30–40% in CF patients whether or
not they have CFRD [23,28]. Increased clearance combined
with reduced insulin secretion could contribute to the
observed insulinopenia. The relative contribution of
increased insulin clearance to the pathophysiology of CFRD
remains unclear.

Increased glucose uptake from the gut

Two studies have studied glucose absorption and both
have reported an increased glucose uptake in CF when
compared to non-CF controls [29,30]. Unfortunately the
studies were small, and it is likely that the contribution to
the pathophysiology of CFRD is small.

Summary

The abnormal pattern of glycemia in CFRD has many con-
tributory factors. It is principally characterized by delayed

Table 16.2 Comparison of CF-related diabetes with type 2
diabetes.

Type 2 Type 1 CF-related 
diabetes diabetes diabetes

Age of onset (years) 
40 �20 18–21
Prevalence (%) 5–7 1 5–10
Body habitus Obese Normal Thin
Symptoms Common Common Uncommon

Insulin secretion p ppp pp

Insulin resistance ��� � �

Autoimmune etiology No Yes No
Microvascular complications Yes Yes Yes

Macrovascular complications Yes Yes No

Diet Calorie Variable Calorie high
restrictive

Treatment OHAs, Insulin Insulin
insulin

OHA, oral hypoglycemic agent.
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and impaired insulin secretion but with some contribution
from reduced insulin sensitivity and reduced glucagon
response.

CLINICAL FEATURES

Due to the insidious nature of this condition the classic
features of diabetes are present in only about one-third of
patients at diagnosis, and many of the symptoms that are
recognized may be due solely to the CF condition alone [6].
Ketoacidosis, a common presentation in type 1 diabetes, is
unlikely to occur and there has only been one case reported
in the literature [31].

The average age of onset of CFRD is 18–21 years [4,32,33],
and there appears to be growing data to support a female to
male preponderance (17.1% vs 12%; [5]), with its onset at
a younger age [6].

Mortality and CFRD

The impact of diabetes mellitus on the prognosis of patients
with CF has been the subject of much debate. This has been
due to difficulties in interpreting survival data in epidemi-
ological studies. Often there are variations between centers
with respect to the age ranges of the cohorts studied, and
the criteria used for diagnosis. In addition studies that have
looked at survival from birth have introduced an element
of bias due to the inclusion of patients in the non-CFRD
group who died young but may have gone on to develop
CFRD had they lived long enough.

Despite this, and in contradiction to original studies
that reported that survival was unaffected [34], there now
appears to be substantial evidence that there is excess mor-
tality associated with CFRD [4,35].

Finkelstein and co-workers [32] reported that there was
only a 25% survival in patients with CFRD by the age of 30
years, whereas survival was 60% in the non-CFRD group.
The CF Patient Registry in the United States revealed that
the mortality rate was 6-fold greater in patients with CFRD
[36]. Recent prospective data found that patients with
CFRD have a median survival of 24 years as compared with
34 years in non-diabetic controls [4]. There also appears to
be a difference between the sexes, with median survival for
females being over 15 years shorter than for males [35].

Morbidity and CFRD

The impact of improved longevity in CF patients has not
only been an increased prevalence of CFRD, but also an
increased duration with the condition and potentially a
greater clinical impact. Consequently there are two aspects
that need to be considered. First, can patients with CFRD
develop the late diabetic complications recognized in 
the non-CF population? Second, does CFRD lead to a

decline in clinical status independent of diabetes-related
complications?

Despite the lack of clarity in a few studies regarding
whether universally accepted definitions of retinopathy,
nephropathy and neuropathy have been applied, there is
growing evidence that diabetes mellitus in the CF popula-
tion can produce the recognized late complications of
microvascular disease [37–44] (Table 16.3). Patients with
CFRD should be screened routinely for complications but
with some caution when deciding which screening mea-
sures to adopt from the non-CF population as few studies
have been carried out to assess their application to CF
patients. One such measure is microalbuminuria. This
simple urine test is well established as a sensitive indicator
of progression to diabetic nephropathy in non-CF dia-
betes, but confounding factors, such as increased urinary
albumin excretion due to chronic sepsis and reduced uri-
nary creatinine excretion due to a low muscle mass, may
reduce its specificity in CF subjects [45].

Macrovascular disease, a common finding in the 
non-CF population, does not at present appear to be a com-
plication of CFRD but this probably reflects the reduced life
expectancy. There has been only one report of a CF patient
with longstanding diabetes who at postmortem was noted to
have diffuse atherosclerosis; however, the cause of death was
respiratory in origin [46]. With the advent of improved
treatments macrovascular disease may become more of a
problem.

Initial studies reported no clinical decline with the onset
of CFRD [34,41]. Consensus opinion, however, now seems
more strongly to suggest the association of CFRD with
deterioration in health status [4,5,13,44].

Milla and co-workers [13] followed 152 patients with
CF for 4 years after a baseline OGTT was performed. They
showed that the rates of decline in FEV1 and FVC corre-
lated with the degree of glucose intolerance. Rosenecker
and co-workers [44], in a prospective multicenter study,
followed 56 CF patients (28 with CFRD and 28 without
CFRD) for 5 years; FEV1 and FVC declined significantly
over the study period in the group with diabetes, whereas
patients without diabetes did not show a significant decline.
The ESCF reported that patients with CFRD had more

Table 16.3 Microvascular complications of CF-related diabetes.

Authors CFRD patients Results
studied

Chazan (1970) 62 36% abnormal retinal vessels
Rodman (1986) 24 8% retinopathy
Sullivan (1989) 19 16% retinopathy, 16%

nephropathy, 21% neuropathy
Lanng (1994) 40 5% retinopathy, 5%

nephropathy, 5% neuropathy
Rosenecker 28 11% retinopathy, 7%
(2001) nephropathy, 7% neuropathy
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severe pulmonary disease, more frequent pulmonary exac-
erbations and poorer nutritional status compared to those
without diabetes [5]. As with mortality there is some data
to suggest that gender differences may again be present,
with females having a 20% lower percentage predicted
FEV1 compared with control subjects [47].

Impact of pre-diabetes

The overall clinical status of CF patients gradually declines
with age regardless of the presence or absence of diabetes.
However, it is now becoming clearer that the pre-diabetic
period accentuates this decline with CF subjects showing
evidence of deteriorating health status years prior to a diag-
nosis of CFRD [32,48]. Finkelstein and co-workers [32], in
their report on 448 CF patients, described clinical deterio-
ration in National Institutes of Health scores for up to 2
years prior to the diagnosis of CFRD. Lanng and colleagues
[48] reported decreases in weight, BMI, FEV1 and FVC up
to 4.5 years prior to the diagnosis of CFRD. Further sup-
port has come from trials assessing the impact of insulin
therapy, reporting clinical decline prior to the introduction
of insulin [49–52].

Analysis of this pre-diabetic phase has revealed declin-
ing insulin levels prior to the OGTT becoming diagnostic
for diabetes [11,13]. Previous studies have shown that
patients with CF have chronically elevated rates of protein
catabolism [53]. Insulin is a key factor in fat and protein
synthesis and storage as well as carbohydrate metabolism.
It is therefore logical to assume that insulin deficiency is
partly responsible for this catabolic state. Traditionally the
OGTT has been used as the reference point for the intro-
duction of insulin therapy, but it is possible that the ana-
bolic roles in protein and lipid metabolism that are deficient
with declining insulin levels may be more clinically rele-
vant than glycemic control.

DIAGNOSIS AND SCREENING

Diagnostic criteria

The reversible and/or preventable clinical decline in the
pre-diabetic and subsequent diabetic period reinforces the
importance of accurate screening and diagnostic tools for
CFRD. In the non-CF population the diagnosis is based on
the widely accepted World Health Organization criteria
(Table 16.4). The glycemic thresholds in a 75-g oral glu-
cose tolerance test, that define diabetes, were derived from
the glucose concentrations associated with glucose-specific
complications (such as diabetic retinopathy) in epidemio-
logical studies. Despite the lack of equivalent studies in CF,
the same glycemic thresholds have been adopted as the
standard for the diagnosis of CFRD. Whether these glycemic
thresholds should apply is unclear and still the matter of
some debate. The increased recognition of the clinically

relevant consequences of insulin deficiency other than the
effects on glucose metabolism has cast further doubt. In
the future, methods of defining insulin deficiency other than
the degree of hyperglycemia may be more appropriate.

Strategies for testing for CFRD

Features unique to CF may make the diagnosis of CFRD
difficult in that clinical status or treatment may alter the
glycemic status of an individual. This may mean that
glycemic status may be abnormal on one occasion (e.g. dur-
ing an infective exacerbation) and normal on another [54].

Centers have adopted different strategies for testing
patients for CFRD. These have included: random and fast-
ing plasma glucose, post-prandial glucose testing, urine
glucose testing, glycosylated hemoglobin (HbA1c), and the
oral glucose tolerance test (OGTT). A survey of physicians
in the United States found that the two most popular
methods were the measurement of HbA1c and random
plasma glucose [55]. The UK CF Trust currently suggests
an oral OGTT annually after the age of 12 years [56]. Many
UK centers use a series of post-prandial blood sugar mea-
surements to detect hyperglycemia in the diabetic range
(
11.1 mmol/L) . Clinical observations suggest that many
CF patients may have their most significant hyperglycemia
following their evening meal, and 1- to 2-hour post-pran-
dial evening blood glucose estimations can be diagnostic.

Glycosylated hemoglobin (HbA1c)

HbA1c levels provide a retrospective measure of glycemia
and are not recommended by the WHO as a diagnostic
tool for non-CF diabetes mellitus. Early reports had sup-
ported its use in detecting CFRD [57]; however, subsequent
studies have revealed its poor sensitivity when compared to
the OGTT [3,6,12,14,58]. It has been suggested that this is
due to the red blood cell turnover time being shorter than
3 months in CF subjects resulting in low HbA1c levels for
the same degree of glycemia [59]. An alternative reason

Table 16.4 World Health Organization (WHO) diagnostic
criteria for diabetes mellitus (1999).

In the presence of diabetes symptoms
Random venous plasma glucose 
11.1 mmol/L
OR
Fasting plasma glucose 
7.0 mmol/L
OR
2-hour glucose 
11.1 mmol/L following an OGTT

No symptoms
At least one elevated glucose test greater than the concentrations 
above, with a second elevated glucose on another day

OGTT, oral glucose tolerance test (oral load of 75 g of anhydrous glucose
in patients over 43 kg and a dose of 1.75 g/kg below this value).
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may be that early in the development of CFRD transient
excursions of blood glucose into the diabetic range are
insufficiently prolonged to cause a rise in HbA1c.

The role of HbA1c in monitoring glycemic control once
CFRD is diagnosed requires further validation. Theoretically
the effects on red-cell turnover might lead to an underesti-
mation of glycemic control and hence the requirement for
lower targets than in non-CF subjects; however, recent work
would suggest that it still retains good predictive value [60].

Random blood glucose

Random blood glucose (RBG) testing has been reported as
being insufficiently sensitive in the diagnosis of CFRD [3],
although a value greater than 7.0 mmol/L (126 mg/dL) has
been adopted as a starting point for the investigation of
CFRD in the American Consensus Conference screening
protocol [36]. One criticism of previous studies that have
analyzed the value of RBGs is the reliance on single mea-
surements, when in fact the development of an RBG profile
over a period of time may be more informative [49].

Urine glucose testing

The accuracy of urine glucose testing has not been fully
evaluated in CF subjects. However, any benefit is unlikely
as it is not sensitive in the diagnosis of type 2 diabetes in
non-CF subjects.

Fasting blood glucose

Within the non-CF population, fasting blood glucose (FBG)
is one of the accepted diagnostic approaches for diabetes
mellitus [61], and a recent North American Consensus
Statement has included its use in the diagnosis of CFRD [36].
There are, however, a number of drawbacks with its use. A
genuine fasting status cannot always be guaranteed and the
potential for false positive results is recognized within the
non-CF population [62]. More importantly there are likely
to be a considerable number of false negative results in a
screening strategy based on fasting values. In studies in which
CF subjects have been classified on the basis of the 2-hour
glucose (in an OGTT), FBG will miss a significant proportion
of subjects with CFRD [6,57]. More recently a further review
of this method in light of the recent changes in the American
Diabetes Association (ADA) criteria for impaired fasting glu-
cose has revealed that it remains an unsuitable test for the
early identification of patients with CFRD [63].

Oral glucose tolerance test

The OGTT remains the accepted gold standard and its 
use is widely advocated [3,36]. The test is laborious and

time-consuming for both staff and patients and recent 
evidence suggests that it may be missing clinically relevant
episodes of hyperglycemia in some subjects [64]. In addi-
tion, results may vary within an individual depending on
the clinical status or treatment [54]. Various attempts to
rationalize the use of OGTTs by combining the presence of
symptoms with a variety of conventional measures have
been described with some success [3]. It is important to
remember that screening for non-CF diabetes, unlike in
CFRD, is commonly guided by the presence of clinical fea-
tures of hyperglycemia such as polyuria, polydipsia and
weight loss. A reliance on these symptoms in the CF popu-
lation would miss many cases of CFRD, as documented in
a Danish study where diabetes mellitus was suspected 
on clinical grounds in only 33% of patients at the time of
diagnosis [6].

Continuous glucose monitoring

The recent introduction of devices that provide a continu-
ous glucose profile has revealed clinically relevant excur-
sions in glycemia previously missed by conventional
measures. These devices have been shown to be reliable
and accurate and are widely used in the non-CF popula-
tion [65,66]. We have shown that the correlations of a sub-
cutaneous continuous glucose monitoring system (CGMS)
with plasma glucose are similar to those in the non-dia-
betic population. This device has been shown to be well
tolerated and able to provide a reliable glucose profile
within CF subjects [64,67,68]. It may therefore be useful in
assessing glucose tolerance in CF although its precise role
in diagnosis remains unclear.

Summary

In conclusion, the use of urine glucose testing, HbA1c and
FBG are not reliable in detecting CFRD. The consensus of
opinion would suggest that the OGTT still remains the
gold standard, but its limitations should be recognized.
Random evening post-prandial blood glucose estimations
may alert clinicians to significant episodes of hyperglycemia.
Further studies are required to evaluate the current diag-
nostic criteria and methods and to determine whether new
techniques, such as glucose profiles and continuous glu-
cose monitors, will be of increased value.

TREATMENT OF CFRD

Although the etiology of CFRD is complex, the principal
problem is absolute or relative insulin deficiency associated
with varying insulin resistance. The logical treatment is
additional insulin although there is debate regarding the
initial use of oral hypoglycemic agents, especially in chil-
dren. Regrettably there are few trial data available on which
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to decide best treatment for CFRD. Patients with CF have
complex regimens of diet and medical treatment so a prag-
matic treatment schedule which maintains quality of life by
the relief of symptoms, minimizes the metabolic effects of
insulin deficiency, reduces the risk of long-term vascular
complications and does not jeopardize other components
of treatment is essential. Detailed guidance on the manage-
ment of CFRD has recently been published by the UK
Cystic Fibrosis Trust [56].

Diet

Nutrition is usually impaired more by CF than by diabetes,
so the nutritional strategy is to concentrate on good CF
nutrition rather than dietary regulation for diabetic control.
Dietary restriction to maintain euglycemia is not appropri-
ate in cystic fibrosis. Appropriate nutrition is critical in
those with CF to maintain body mass and lung function.
Blood glucose should be controlled by adjusting insulin
doses to the requirements of adequate food intake and not
by calorie restriction. Cystic fibrosis patients generally
require 120–150% of the estimated average requirement for
energy, requirements rising with deteriorating clinical con-
dition [69,70]. The aim is to encourage a diet providing
35–40% as fat, 20% as protein and 40–45% as carbohy-
drates, but this is often difficult to achieve [71]. To achieve
this intake and reduce post-prandial blood glucose peaks,
three main meals and at least three snacks are recom-
mended, together with appropriate pancreatic enzyme sup-
plements. Dietetic advice from a dietician experienced in the
particular problems of CF and diabetes is essential. It is usu-
ally unnecessary to alter dramatically the eating patterns of
patients already on good, established CF diets, but smaller
meals taken more often may help limit hypo- or hyper-
glycemia and special diabetic foods are seldom appropriate.

Alcohol reduces gluconeogenesis so may cause hypo-
glycemia. In patients taking insulin, alcohol may cause
severe hypoglycemia resulting in death or brain damage;
coexisting liver disease in CF may exacerbate this. Patients
should understand the effect of alcohol on their diabetes 
as there may be an initial rise in blood sugar due to the car-
bohydrate content of the drink or mixer followed by a
rapid fall.

Oral agents

Sulphonylureas enhance insulin secretion by acting on a
specific islet beta-cell receptor. Early in the course of CFRD
some patients may have euglycemia with oral agents alone.
A number of small studies have found some success using
sulphonylureas [72], tolbutamide [73] or glipizide [74].
Repaglinide is a member of a class of oral hypoglycemic
agents, the glitinides, which increase insulin secretion but
have a more rapid onset and shorter duration of action than
sulphonylureas. A study of repaglinide in North American

CF patients is currently under way after an initial study
showed some benefit [75]. It is unknown whether sulpho-
nylureas or early insulin therapy are preferable in the early
treatment of CFRD, but sulphonylureas may provide a short
period of sufficient insulin secretion before starting insulin
therapy.

The thiazolidinediones (glitazones) antagonize the per-
oxisome proliferator-activated receptor (PPAR antago-
nists) and improve insulin sensitivity by acting on adipose
tissue, liver and skeletal muscle. They are generally recom-
mended for second- or third-line use in type 2 diabetes and
there are no studies in CFRD. They are not currently rec-
ommended in CFRD.

Metformin improves hepatic insulin sensitivity. There
are no studies of its use in CFRD but it is contraindicated
where tissue hypoxia is likely due to a risk of lactic acidosis
or with coexisting liver disease. Metformin is not recom-
mended for use in CFRD.

Insulin

Insulin replacement is the recommended and most widely
used method of treatment. Once frank diabetes is estab-
lished with fasting hyperglycemia, post-prandial hyper-
glycemia or elevated HbA1c then insulin is essential. There
are no double-blind placebo-controlled trials of insulin
regimens in cystic fibrosis [76]. Initially, small doses of
insulin may can be surprisingly effective in improving lung
function and weight [49]. A small study with relatively low
doses of glargine have been effective in improving lung
function and reducing the frequency of exacerbations [77].
Continuous insulin infusions have been used in small
uncontrolled studies and may have some value when com-
pliance is poor [78,79].

Transient diabetes during infections is common as
insulin production declines and although this is often
treated with insulin during an admission it is unknown
whether continuing low-dose insulin in these patients in
the absence of fasting hyperglycemia or elevated HbA1c is
beneficial. Given the underlying pancreatic pathology and
declining production of insulin, a low threshold for intro-
ducing insulin seems logical but the optimum time to start
long-term insulin treatment is unknown. In considering
whether to start insulin it may be helpful to review recent
trends in lung function, weight or frequency of hospital
admissions, as decline in any of these features may indicate
clinically significant insulin deficiency.

Tailoring the timing and dosage of insulin to individual
patients is essential, and ideally this would match the nor-
mal pattern of insulin secretion with a basal level of insulin
supplemented by short-acting insulin after meals. Optimal
control is often not achievable due to poor compliance and
complex treatment regimens. In patients with a normal
fasting blood glucose and CFRD short-acting insulin with
meals shown to cause hyperglycemia on home testing is
probably sufficient, titrated to keep the post-meal reading
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under 7.0 mmol/L or the post-meal reading 0–2 mmol/L
higher than the pre-meal reading. Those patients with
CFRD and raised fasting glucose require both basal insulin
and extra mealtime insulin. The dosage of insulin will fre-
quently need to be significantly increased during infections
or treatment with steroids.

Advice on appropriate insulin regimens is best sought
from an experienced diabetologist. A joint clinic with close
working together with a diabetic team interested in the spe-
cial problems of CFRD is ideal for managing patients with
CFRD, particularly to avoid conflicting advice from team
members, ensure appropriate dietetic advice, detect com-
plications and improve compliance.

Annual review

The annual review has become an established feature of CF
care and an opportunity to review diabetic care at least
annually is essential. The ever-increasing number of param-
eters to be checked and the desirability of a joint CF/diabetes
team approach may mean that a separate annual diabetic
review is more appropriate. The annual checklist should
include the following, based on the NICE guidelines for the
management of type 1 diabetes in adults [80]:

CF diabetic annual review

● History – clinical course including admissions, alcohol,
smoking, infections, sexual dysfunction, exercise, episodes
of distal intestinal obstruction syndrome (DIOS)

● Dietetic review
● Weight – a vital assessment of CF progress
● Review of current control – recording of hypoglycemia
● Treatment and understanding of regimen
● HbA1c – aiming for under 7%
● Kidney function – the value of urine testing for albumin

creatinine ratio to assess microalbuminuria is unclear as
urinary albumin secretion is increased in CF (probably
due to infection) and there is reduced creatinine due to
low muscle mass

● Blood pressure – aiming for 140/80 mmHg or less
● Lipids – a total cholesterol of 5.0 mmol/L or less and

fasting triglycerides of under 2.0 mmol are accepted as
national targets

● Legs and feet – to assess skin, circulation and presence of
any neuropathy

● Fundoscopy – each patient should be part of the local
retinal screening program

● Injection sites.

Transplantation

The presence of insulin-dependent diabetes is not a con-
traindication to transplantation in adults. Diabetes does
not appear to be associated with a poorer survival follow-
ing lung transplantation [81,82]. Postoperative diabetes

may develop due to sepsis or steroid use and should be
treated with insulin. In one study, 22 of 77 patients (29%)
were diabetic before transplantation and 49% of this
cohort were diabetic after a median follow-up of 3.3 years
from transplant [83]. Two patients have been reported
whose preoperative diabetes was corrected after a simulta-
neous liver and pancreatic transplant for pre-existing cir-
rhosis, malabsorption and diabetes [84].

Diabetes and pregnancy

In non-CF individuals, pregnancy has a major impact on
glucose tolerance. Insulin requirements are stable or
reduced in the first trimester, rise in the second trimester
and peak in the third trimester. Insulin requirements at the
end of the third trimester may be 200–300% of pre-
conception levels. Raised blood glucose levels in the first
trimester are associated with an increased risk of teratoge-
nesis and raised levels in the second and third trimester are
associated with increased risks to both mother and fetus.

As survival improves, more CF patients will wish to
become pregnant but many of these will be people with
established CFRD or impending insulin deficiency. Close
liaison between the CF team, specialist diabetes team and
obstetric team is essential for all patients with CFRD or even
transiently raised post-prandial blood glucose levels, ideally
3 months prior to a planned pregnancy. Complications are
more common in women with CFRD or gestational dia-
betes. In one study of 33 successful pregnancies in 23
Scandinavia women, 43% were found to have established or
gestational diabetes [85]. Preterm delivery was the com-
monest complication, and these women were more likely to
have other CF complications including diabetes, asthma or
liver disease.

Exercise

Exercise is a valuable form of therapy in CF for numerous
reasons including airway clearance, muscular develop-
ment, prevention of osteoporosis and general well-being.
Patients should not be discouraged from taking appropri-
ate exercise due to diabetes, but a reduction in insulin or
increase in carbohydrate intake may be required for those
increasing their exercise patterns above normal for them.
Easily absorbed carbohydrate snacks should be available
during and after exercise. Delayed hypoglycemia can occur
24–36 hours after exercise. Injection sites should be away
from areas used during exercise when possible. Hydration
and foot care are especially important.

Driving

The same rules apply to patients with CFRD as all other
diabetics. In the UK all diabetics receiving treatment with
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insulin or tablets should inform the Driver and Vehicle
Licensing Agency (DVLA). Regulations concerning all dia-
betics in the UK are updated on the DVLA website.

Patients should not drive if they do not recognize the
symptoms of hypoglycemia or fail to reach required visual
standards. Patients on insulin are barred from driving
HGVs or passenger carrying vehicles (PCVs).

CONCLUSION

Cystic fibrosis related to diabetes is a complex disorder
characterized by progressive insulin deficiency and varying
insulin resistance. At times patients may clearly fulfil the
conventional accepted diagnostic criteria for diabetes mel-
litus only to revert to apparently normal glucose metabo-
lism at a later date when they are free of infection or in
better health. Rather than attempt to fit CF patients into
diagnostic categories designed for the non-CF population,
a more helpful approach may be to consider whether the
CF patient has sufficient insulin for his or her current
metabolic requirements. Factors suggesting insulin defi-
ciency include a decline in lung function, body weight and,
at a later stage in some patients, transient and then persist-
ently disordered glucose metabolism. The ideal treatment
of early insulin deficiency in CF is unknown and current
interventions are largely based on the benefits of insulin
therapy in the non-CF diabetic population rather than ran-
domized controlled trials in CF patients.
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Growth and puberty

NICOLA BRIDGES

INTRODUCTION

The improvements that have occurred in the management
of cystic fibrosis (CF) over the last few decades, as well as
reducing morbidity and increasing long-term survival,
have reduced the impact the disease has on growth and
pubertal development. However, longer survival makes
problems with growth and puberty more significant.
Cystic fibrosis may be originally diagnosed because of poor
growth in infancy or early childhood, and then later have
an adverse impact on prepubertal growth, cause delay in
the onset of puberty and can reduce the amount of pubertal
growth. Most individuals with CF have some loss of their
adult height potential.

PREPUBERTAL GROWTH IN CF

Birth weight and length are reduced in CF [1]. There is a
deficit in height for infants known to have a diagnosis of CF
in the first year of life, probably related to poor nutrition and
increased infection rates. The deficit seen in infancy is greater
than that later in childhood. This suggests there is catching
up in growth after diagnosis, at least until adolescence, when
nutritional status may fall off again, as the disease progresses.
Although most children with CF are diagnosed before 12
months of age, those with milder CF are more likely to be
diagnosed after that age and may contribute to the relative
increase in height compared to the normal population [2].
Height and weight for prepubertal children with CF are
reduced by about 0.2–0.5 standard deviations compared with
standards for healthy children, and this difference increases
with age [2,3]. The increased height deficit in later childhood
is partly explained by the delay in puberty in CF compared to
the normal population [4]. Height, weight and lung function
are closely linked [5]; poor lung function in early childhood
is correlated with reduced height later on [6,7]. The assess-
ment of changes of growth patterns in CF with time is

complicated by the fact that the population being observed
has changed, as more patients survive. An Australian study
showed that the relative height position compared with the
normal population for children with CF in one center deteri-
orated between 1986 and 1996. The difference was explained
by an increase in the survival of children with very poor lung
function in the more recently studied cohort. Those with the
worst FEV1 were shortest and because more children with
poorer lung function survived they contributed to apparent
worsening of average height position [8].

PUBERTAL TIMING AND GROWTH IN CF

Pubertal development is delayed in CF as is the case in most
other chronic diseases. The mechanism for pubertal delay in
chronic disease is poorly understood. In the general popula-
tion, changes in nutritional status and reduction in child-
hood diseases are the most likely cause for the reduction in
the age at onset of puberty which has occurred over time. In
CF there is no evidence that the CF mutation of itself is
responsible for changes in pubertal timing, and delay is likely
to be related to nutritional defects and increased infections.
This is supported by the fact that those with the most severe
lung disease have the most marked pubertal delay, although
delay is seen even in individuals with milder CF [9].

Age at peak height velocity in puberty is delayed for both
sexes, with age at menarche for girls more significantly
delayed than age at peak height velocity, suggesting that the
speed of pubertal development is also slowed [4]. Pubertal
delay is seen even in well-nourished girls with CF [9]. Once
again, the fact that the population being studied has
changed must be taken into account in interpreting trends
in pubertal growth. Laursen examined pubertal growth
from the 1950s to the 1990s in Danish CF patients, and
found that average peak height velocity during puberty was
greater in 1950 than in 1970, but increased again after this.
The age at peak height velocity was delayed compared with
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the unaffected population and did not change over time.
Individuals who survived to puberty in the 1950s mostly
had milder CF mutations, and the later cohorts contained
more severely affected individuals [10].

The fact that puberty in individuals with CF is delayed
compared to the normal population is a factor when com-
parisons of growth are made during this phase. Cystic fibro-
sis individuals become relatively shorter after 10 years of age
compared to the unaffected population, because fewer of
them will have had their pubertal growth spurt. At this stage
CF individuals will also have delayed bone maturation
compared to the normal population. Their relative position
will improve when they have their delayed pubertal growth
spurt. In normal growth, peak height velocity in puberty is
lower if the pubertal spurt is later, and this partly explains
the fact that peak height velocity in puberty is reduced in CF
compared with unaffected individuals [4,10]. Adult height
is for most individuals within the normal range and within
parental target heights [11], but the mean height of adults
with CF is reduced compared with the unaffected popula-
tion [2]. In females with CF there is an increased incidence
of menstrual irregularity after menarche [12]. Males usually
reach a normal adult testicular volume although most have
obstructive azoospermia.

FACTORS AFFECTING GROWTH AND 
PUBERTY IN CF

There is no evidence of a defect in the hypothalamo–pituitary
axis in CF and the control of growth hormone (GH) secre-
tion is normal [13]. The growth and anabolic actions of GH
are mediated by insulin-like growth factor 1 (IGF-1). GH
binding to GH receptors on the cell membrane stimulates the
secretion of IGF-1, and IGF-1 then acts through the IGF-1
receptor on the cell membrane. GH is the main regulator of
IGF-1 levels but there are other factors, for example nutrition
[14]. IGF-1 is secreted and acts as a paracrine (local) hor-
mone (for example at the epiphyseal growth plate) and also
acts in an endocrine fashion with circulating levels mainly
generated in the liver. The action of IGF-1 is modulated by
at least six IGF binding proteins (IGFBPs). IGFBP-3 is the
most significant of these and is positively correlated with GH
levels. IGFBP-1 is negatively correlated with insulin concen-
trations. Studies have shown that IGF-1 and IGFBP-3 con-
centrations correlate with height velocity in the pediatric
population, but this complex system of regulation means
that circulating levels have limited value as a measure of GH
bioactivity in individuals.

In CF there is evidence of a relative resistance to GH, with
IGF-1 and IGFBP-3 levels reduced despite normal GH
secretion. Poor nutrition, insulin deficiency, infection and
inflammation, steroid treatment and liver impairment are
all potential factors influencing the secretion and action of
IGF-1. IGF-1 and IGFBP-3 concentrations in CF correlate
with height [3], but IGF-1 and IGFBP-3 concentrations, and
IGF-1 bioactivity, are all reduced compared to controls [15].

Intensive nutritional input increases IGF-1 and IGFBP-3 [16].
Insulin concentrations may be one of the routes by which
nutrition influences IGF-1 action. Insulin regulates hepatic
GH receptors [17], as well as influencing IGFBP-1 concentra-
tions. Individuals with type 1 diabetes develop GH resistance,
with elevated circulating GH but reduced IGF-1 [17,18],
probably because of reduced insulin levels in the hepatic cir-
culation. Insulin levels decline with age in CF – abnormalities
are detected in many children before 10 years, and by adoles-
cence approximately 50% of individuals have abnormal glu-
cose tolerance [19]. Insulin secretion is often reduced in CF
even if glucose tolerance is normal on oral glucose tolerance
test (OGTT) [20]. In adolescents with CF, there is a relation-
ship between reduced fasting insulin levels, and reduced IGF-
1 and IGFBP-3 levels, and IGF-1 bioactivity [15]. Insulin
secretion in adolescents with CF, measured as area under the
curve after OGTT, correlates with height velocity [21].

The negative effect of developing CF-related diabetes
(CFRD) on body mass index (BMI) and lung function has
been demonstrated in adults [22]. The decline starts years
before the development of overt diabetes and improves with
insulin treatment [22]. In adolescence, the decline in insulin
secretion with age could have a negative impact on growth
before the development of overt diabetes, but there are cur-
rently no studies demonstrating this. The trend towards bet-
ter and earlier management of CFRD in adolescence is
suggested as a factor in improved growth over time [13].
Insulin deficiency and diabetes are discussed in more detail
in Chapter 16.

Studies in adolescents with disorders characterized by
chronic inflammation such as inflammatory bowel disease
(and also studies in animals with experimental inflamma-
tion or overexpression of cytokines) have demonstrated an
interaction of inflammatory cytokines with growth factors.
Adolescents with Crohn’s disease and rats with induced
colitis have normal stimulated GH secretion, but reduced
IGF-1 concentrations [23]. Reduced sensitivity to GH in
inflammation appears to be mediated by inflammatory
cytokines like interleukin 6 (IL-6), interleukin 1� (IL-1�),
and tumor necrosis factor � (TNF�), all of which are over-
expressed in CF lung disease. In humans with inflamma-
tory bowel disease, IL-6 and IL-1� correlated with reduced
IGF-1 levels [24]. Transgenic mice which over-express IL-
6 have growth retardation with reduced IGF-1 [25], and
elevated levels of IL-6 in rats with experimental colitis cor-
relate with growth failure and reduced IGF-1 levels [23].
IL-1� and TNF� inhibit the GH-stimulated secretion of
IGF-1 from cultured rat liver cells [26]. There are no data
relating cytokines and growth factors in CF, but TNF� and
IL-6 concentrations are increased in CF [27,28] and it is
likely that inflammation acts in the same manner to pro-
duce GH resistance and reduced IGF-1 levels. TNF� may
also have an adverse effect on growth by increasing insulin
resistance in CF. A trial of GH treatment in children with
CF, which demonstrated in an increase in growth velocity
and IGF-1 concentrations with treatment, found that GH
reduced TNF� concentrations [29].
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Many children and adolescents with CF receive short-
or long-term courses of corticosteroids, or are on inhaled
steroids. Steroid treatment acts by a number of different
mechanisms to suppress linear growth. At the level of the
hypothalamus and pituitary, steroids increase somato-
statin tone (somatostatin suppresses GH secretion) and
decrease responsiveness to GH-releasing hormone [30]. In
Cushing’s disease in adolescence, elevated circulating glu-
cocorticoids result in reduced GH secretion and impaired
growth [31]. Glucocorticoids still inhibit growth when
used on alternate days [32]. Inhaled steroids can have sig-
nificant bioavailability due to swallowing and lung absorp-
tion, and can act in the same way to inhibit growth [33].
Bone maturity, measured as bone age, is retarded in chil-
dren treated with glucocorticoids [34].

INTERVENTIONS TO IMPROVE GROWTH IN CF

Poor growth velocity and reduced adult height seen in CF is
related to a complex combination of factors. For an individ-
ual with CF there is rarely a single cause for poor growth, and
the different influences can change with time. Changes in
therapy and clinical condition (e.g. glucocorticoid therapy)
can result in a pattern of growth showing fluctuations in
growth velocity. In some individuals growth can stop entirely
during severe illnesses or high-dose steroid treatment.

Obviously, the most important intervention for growth
for children and adolescents with CF is the optimization of
their treatment – managing infections, keeping steroid
doses to a minimum and assessing whether insulin treat-
ment is needed. Increasing insulin deficiency with the
development of abnormal glucose tolerance is likely to
contribute to the poor pubertal growth seen in CF and evi-
dence in the adult population suggests that early interven-
tion [35] improves nutritional status. Most clinicians avoid
systemic steroid treatment if possible because of the effect
on growth, but the short-term adverse effect may be bal-
anced if the overall clinical state of the individual is
improved (reduced inflammation or improved nutrition).

A number of agents have been examined as growth-
promoting agents in CF.

Growth hormone

As discussed, the endocrinology of growth failure in CF is
complex and not simply related to a reduction in GH
secretion. GH has been used since the 1960s as a replace-
ment therapy in children with GH deficiency, but the avail-
ability of recombinant GH has led to trials of its use in
growth disorders where there is no GH deficiency.
Children with true GH deficiency get the greatest benefit in
terms of final height for the smallest doses. Where trials in
non-GH-deficient short stature have demonstrated bene-
fit, increments in adult height have been considerably
smaller and the doses required larger than those needed for

‘replacement’ therapy. Studies to final height have demon-
strated final height increments of 6–8 cm in girls with
Turner syndrome, 4–6 cm in children who were small for
gestational age, and slightly less in children with idiopathic
short stature. GH is a potent anabolic agent and treatment
results in increases in muscle bulk and reduced lean body
mass. The anabolic effects of GH treatment have been
studied in disorders characterized by wasting, such as HIV.

There have been a number of small trials of GH treat-
ment in CF, which have looked at potential benefits in
terms of height, and the value of GH as an anabolic agent.
The results are summarized in Table 17.1. Short-term use
of GH increases height velocity in CF. The study of GH in
a wide range of potential clinical indications has confirmed
that almost all children get an increase in height velocity
with short-term GH treatment, but this does not necessar-
ily correlate with increase in adult height. The anabolic
effects of GH may be of value in CF independent of the
effect on height. There appears to be a positive effect on
weight gain, lean body mass and bone mineral density dur-
ing treatment, but the effect on lung function is less clear.

Some children and adolescents with CF grow poorly
because of long-term glucocorticoid treatment. There have
been no studies in CF but the role of GH in reversing steroid-
induced growth suppression has been examined in other 
disorders. GH can increase height velocity in glucocorticoid-
treated children but there are no data as to final height.
Response is negatively correlated with the steroid dose [36].

The value of GH simply as an agent to increase final height
in CF is uncertain. Most individuals with CF attain an adult
height in the normal range, and those who have a signifi-
cantly reduced height potential are also most likely to have
medical conditions, which will reduce the potential effect of
treatment. GH treatment increases insulin resistance, and
there must be concerns about the impact of treatment on
glucose metabolism in CF children and adolescents with
reduced insulin secretion. There have not been any reports of
diabetes developing during GH treatment in CF. In one
study fasting glucose was monitored during treatment and
was unchanged [37]. GH treatment is delivered by daily sub-
cutaneous injections, adding to the burden of treatment for
children with CF, and the financial cost of treatment at the
doses currently studied is approximately US$20 000–30 000
(£10–15 000) per year. There have been no studies compar-
ing its use to other anabolic agents such as sex steroids.

Sex steroids to induce puberty

In normal children, mean growth velocity declines during
childhood and continues to decline until the onset of
puberty, whenever that occurs. A child with delay of puberty
will continue to grow at a slowing height velocity until the
onset of puberty. The more delayed the onset of pubertal
growth, the smaller the pubertal height increment [38]. This
means that although individuals with pubertal delay grow
until they are older, there is no adult height gain from
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Table 17.1 Studies of growth hormone treatment in CF.

Reference Number Age range Duration of Effect on height, weight and Effect on lung Other 
treated (years) treatment body composition function measurements

Hardin et al. 10 (9 7–12 12 months Increased height and weight Increased FVC Reduced 
[28] controls) velocity hospitalizations

Increased lean body mass Reduced protein 
catabolism

Hutler et al. 10 9–14 6 months Increased height and weight No significant Increased exercise 
[49] velocity change capacity

Increased lean body mass
Schibler et al. 10 (9 10–23 12 months No significant change in No significant Increased exercise 
[50] controls) weight change capacity
Darmaun et al. 9 7–13 4 weeks Increased lean body mass Not measured Given in combination  
[51] with glutamine
Hardin et al. 25 13–16 12 months Increased height and weight Increased FVC and Increased bone  
[52] (n � 12) FEV1 mineral density

24 months Reduced hospital 
(n � 13) admissions

Hardin et al. 18 Mean age 12 months Increased height and weight No significant Increased bone 
[53] 11.6 years (n � 9) velocity change mineral density

24 months Reduced hospital 
(n � 9) admissions

delayed puberty [39]. The difference in the size of the puber-
tal growth increment compensates for the age of onset of
puberty over a very wide range [40]. Puberty is delayed in
males and females with CF. The psychological impact of
delay of puberty in healthy individuals is well recognized,
and there is evidence of the positive effects of treatment
[41,42]. Adolescents with CF have difficulties in self-esteem
and body image related to their chronic disease, and puber-
tal delay plays a significant part in this [43,44]. Pubertal lev-
els of sex steroids are important in achieving normal peak
bone density. Normal individuals with delay of puberty
achieve adult bone density in the normal range at the end of
their development [45]. There is an increased incidence of
reduced bone density in adults with CF (discussed in more
detail in Chapter 18), and sex steroid deficiency may be a
factor in this as well as nutritional deficiencies, and treat-
ments such as corticosteroids [46]. The need to optimize
bone density may be a reason to treat delay of puberty, in
addition to psychological factors.

PRACTICAL ISSUES IN GROWTH AND PUBERTY

The growth of children with CF is much more carefully fol-
lowed than in the general population, and all children should
be regularly plotted on a centile chart. Ensuring consistent
and accurate measurement is important in monitoring
growth. The Harpenden stadiometer is a robust wall-
mounted height measure that can maintain accuracy with
constant use in an outpatient clinic. There are simpler

alternatives such as the Minimeter, Magnameter and the
Leicester height measure (which can be folded into a case),
which are accurate but slightly less robust. With care, accu-
rate measurements can be made on very basic equipment –
careful positioning of the child, proper installation, checking
regularly to make sure the measure remains accurate, and
ensuring consistency among the members of staff doing the
measurement are the most important factors. The child’s
head should be supported by gently holding under the mas-
toid processes, and brought to the correct position with the
lower margin of the eye socket on the same level as the exter-
nal auditory meatus (called the Frankfurt plane). The child
should be asked to relax the shoulders and the measuring
arm brought firmly on to the head.

Parental ‘target height’ is a way of assessing the genetic
contribution to height, calculated as:

(father’s height � mother’s height)/2,

adding 7 cm for boys and subtracting 7 cm for girls.
There are limitations to the values of target height calcula-

tions – obviously the effect of CF on growth but also erratic
estimates of parental height, and factors that may have
affected parental height attainment. Assessment and record-
ing puberty using Tanner pubertal stages is important in
monitoring pubertal delay. Centiles for pubertal develop-
ment are available and included in UK growth charts. When
assessing male puberty, a Prader orchidometer (Fig. 17.1)
should be used to measure testicular volumes.

In girls the first sign of puberty is usually breast devel-
opment. The female pubertal growth spurt starts early in
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puberty (at Tanner breast stage 2 to 3) and menarche does
not occur until late in puberty (Tanner breast stage 4 to 5).
Approximately 4–5 cm of growth normally occurs after
menarche. In boys the first sign of puberty is testicular
enlargement (4 mL volume) and the pubertal growth spurt
does not start until mid puberty (10–12 mL testicular vol-
ume), with growth slowing at the end of puberty (15–20 mL
testicular volume). The pace of development in puberty
varies, with most children completing growth and devel-
opment in 18–24 months from the onset of puberty.

Bone age is an estimate of growth potential from the
development of the bones in the hand and wrist. Two
methods are in use in the UK, Tanner Whitehouse 2 and
Greulich and Pyle; both are operator-dependent. Bone age
remains in the prepubertal range until the start of puberty
whenever this occurs, and during puberty the bone age will
often advance at more than 1 bone-age ‘year’ per chronolog-
ical year [47]. Children with chronic diseases like CF usually
have bone age delay [46]; periods of poor growth related to
illness or steroid treatment may increase this. Bone age
delay indicates that there is some potential for catch-up
growth at a later stage, usually during puberty. Both bone
age techniques allow for prediction of adult height. The
prediction methods are based on the growth patterns of
normal children, and become much less accurate for those
with growth disorders or abnormal patterns of growth.
The calculations assume normal pubertal growth and are
therefore likely to be over-optimistic in children with CF
who may have impaired growth at this stage. The reasons
for poor growth in a child with CF are often obvious, and
as discussed above there are usually several factors. It may
be helpful to exclude other causes, such as thyroid disease,
celiac disease, or Turner syndrome in girls. Growth hor-
mone deficiency should be considered if growth velocity is
consistently poor.

TREATMENT OF PUBERTAL DELAY

In the general population, children referred with pubertal
delay are almost always male. Puberty is delayed in both sexes
in CF but there is still a predominance of males who seek
treatment. Height centile charts are an average for the popu-
lation including early and late developers, so an adolescent
with pubertal delay will fall in their position on the centiles
over time, although their pattern of growth may be normal
for their prepubertal state. Adolescents with pubertal delay
usually complain of feeling relatively shorter compared to
their peers. Lack of physical maturity is often a concern but
adolescents may be reluctant to discuss this. Some adoles-
cents will not raise the issue of their pubertal delay unless
treatment options are offered, and some will deny there is
any concern but then take the option of treatment enthusias-
tically. Sex steroid treatment to induce puberty has been
widely used in adolescents with ‘constitutional’ delay of
puberty and there have been a number of reports of treat-
ment in CF [48].

The option for treatment should be discussed with any-
one who is significantly delayed. Ninety-eight percent of
normal girls have started pubertal development (reached
Tanner breast stage 2) by 13.7 years, and 98% of boys have
started development (increased testicular volume) by 14.2
years. It is sometimes appropriate to offer treatment to indi-
viduals slightly younger than this, and given in conventional
doses (Table 17.2) this will not have an adverse effect on
adult height. The decision to have treatment for those with
moderate delay is largely on psychological grounds – how
left behind the individual feels in terms of height and physi-
cal development. Individuals who are very delayed should
probably be encouraged to have treatment even if they are
not particularly concerned. If growth and development in
puberty takes about 2 years to complete, someone who does
not find their delay a problem at 16 is likely to experience
difficulties if they still look very young at 18 or 19 years.

To induce puberty, sex steroids are given in low dose and
gradually increased in an attempt to mimic the gradual
increase in sex steroids seen in spontaneous puberty (see
Table 17.2). Treatment can sometimes stimulate the onset of
endogenous puberty; and it may become clear that the devel-
opment exceeds what is expected for the dose being given.
Liver function should be regularly monitored if there is liver
impairment, and starting doses should be lower with slower
increases, although liver impairment has not been reported
with sex steroids at the doses used for pubertal induction. If
endogenous puberty does not start, treatment is usually con-
tinued until nearly adult height is attained. Development
should be monitored after stopping treatment, to check that
endogenous puberty starts. If not, the patient may need fur-
ther investigations and maintenance sex steroids. For boys
who are already in early puberty, but have not yet had their
pubertal growth spurt, oxandrolone is an alternative treat-
ment option. This is an anabolic steroid given orally, 2.5 mg
daily for 3 months. This will give acceleration in growth rate
but will not have much effect on physical development.

Figure 17.1 Prader orchidometer. The numbers are 
volume in milliliters, with a testicular volume of 4 mL or 
over marking the onset of puberty. Assessment of testicular
volume is helpful in monitoring pubertal progress in boys. 
See also Plate 17.1.
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CONCLUSIONS

Short stature in childhood, delay of puberty and reduced
adult height are features of CF, which have assumed increas-
ing importance as long-term survival has improved. Nutri-
tion, chronic inflammation, insulin deficiency and the use of
steroids are factors in poor growth, and management strate-
gies that improve lung function and clinical condition will
also improve growth and improve final height. The early use
of insulin to manage CF-related diabetes and impaired glu-
cose tolerance may be of benefit. Exogenous growth hor-
mone has been studied as a growth and anabolic agent in CF
but the value of this treatment is unclear. There have been
few reports of sex steroid treatment to induce puberty in
CF but this is a widely used and relatively simple treatment,
which can be of considerable psychological benefit.
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Plate 4.1 Ion and mucus transport in CF and non-CF airway epithelia. (A) Non-CF airway epithelia can exhibit both absorptive and
secretory modes to regulate airway surface liquid (ASL) height. In the presence of an excess of liquid on airway surfaces, the dominant
mode is Na�-dependent volume absorption (active transcellular Na� transport with apical ingress via ENaC channels and passive
paracellular Cl� transport). In contrast, when ASL is depleted, ENaC is inhibited and a more negative membrane potential favors apical
secretion of Cl� via CFTR or the CaCC. (B) Schema illustrating optimal hydration of non-CF airway surfaces. Note that the adequate
periciliary liquid (PCL) layer allows cilia to stretch upward and touch the underside of the mucus blanket, which floats above. (C) This
optimal situation allows for rotational mucus transportation on primary cultures of non-CF airway epithelium (the image represents time
lapse photograph of fluorescent beads within an aggregation of rotating mucus upon the polarized culture surface). (D) Mucus layer in
fixed specimen of a primary culture preparation of non-CF airway epithelia. (E) Electron microscopic imaging demonstrating normal PCL
height and ciliary orientation in a primary cultured airway epithelial preparation grown at an air–liquid interface. (F) Schema illustrating
ion-transport pathways in CF airway epithelial cells. Note that Na� absorption, via ENaC, is augmented and unopposed by Cl� secretion
via CFTR, although the CaCC pathway remains intact. This results in adherence of mucus plaques to apical cell surfaces (G), absent
rotational mucus transport on cultured airway epithelial cells (H) and adherence and stagnation of mucus plaques on CF airway surfaces 
in vitro (I) and flattening and abnormal ciliary orientation in CF culture preparations (J). Adapted from [124] and [125].

Plate 14.1 Photograph demonstrating nasal polyposis with
complete occlusion of left nasal airway and broadening of nasal
dorsum secondary to extensive anterior ethmoid polyposis.

Plate 14.2 Endoscopic view of nasal polyposis, shrunken
following application of vasonstricting agent.
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Plate 14.6 Area of polypoid mucosa showing sub-surface
oedema with chronic inflammatory cells (few eosinophils). 
H&E � 200.

Plate 14.7 Nasal polyp on delivery.

Plate 14.8 Endoscopic photograph showing both polyp and
release of pocket of Pseudomonas pus from infected ethmoid 
air cell.

Plate 15.12 A workstation-constructed 3-D MRCP scan showing
stricturing of both the distal pancreatic duct and common bile duct
in a patient with established symptomatic chronic pancreatitis.
Both strictures were managed by endoscopic stenting.



Plate 17.1 Prader orchidometer. The numbers are 
volume in milliliters, with a testicular volume of 4 mL or 
over marking the onset of puberty. Assessment of testicular
volume is helpful in monitoring pubertal progress in boys.

Plate 18.2 Toluidine blue-stained sections of iliac crest bone biopsy from adult patients with cystic fibrosis demonstrating decreased
connectivity and bone area.
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Plate 19.1 CF patient with recurrent vasculitic rash of the
lower limbs.

Plate 33.5 Efficient Sendai virus (SeV)-mediated transfection 
of airway epithelial cells in an animal model. Ferrets were
transduced with SeV carrying a �-galactosidase reporter gene,
which turn transduced cells blue. Insert shows untransduced
control for comparison.
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Cystic-fibrosis-related low bone mineral density

SARAH L. ELKIN AND CHARLES S. HAWORTH

INTRODUCTION

Low bone mineral density was first recognized to occur in
patients with cystic fibrosis (CF) in the late 1970s. Since the
first reports by Mischler and Hahn [1,2] much research has
been performed investigating the prevalence, natural history,
prevention and treatment of CF-related low bone mineral
density (BMD). Prevention and recognition of low BMD is
important as the clinical consequence of fragility fracture
can impact adversely on the health of individuals by causing
pain and interfering with chest physiotherapy. Furthermore,
it is becoming increasingly common for patients to be
refused transplantation if they have low BMD. Healthcare
professionals now require an understanding of bone health
issues to provide optimal care to their patients.

Definitions

Osteoporosis is a systemic skeletal disease characterized by low
bone mass and microarchitectural deterioration of bone tis-
sue with a consequent increase in bone fragility and suscepti-
bility to fracture [3]. Osteomalacia is a disorder where there is
an increase in the proportion of non-mineralized bone, in

contrast to osteoporosis where there is a reduction in bone
mass in the absence of a change in the ratio of mineralized to
non-mineralized bone. Patients with CF are at risk of devel-
oping both osteoporosis and osteomalacia as a result of vari-
ous risk factors (Table 18.1), including pancreatic
insufficiency and the consequent malabsorption of the fat-
soluble vitamins D and K.

BONE PHYSIOLOGY

Bone is a living tissue that undergoes constant remodelling
throughout life. This process serves to maintain the mechan-
ical integrity of the skeleton and provides a means by which
calcium homeostasis may be maintained. Bone remodelling
occurs at discrete sites called bone remodelling units and
consists of the removal of a quantum of bone by osteoclasts
followed by the formation of a similar amount of new bone
by the osteoblasts [4]. Under normal circumstances this is a
balanced process, but bone loss may occur as a result of
remodelling imbalance. This occurs when the amount of
bone formed is less than that resorbed. During normal
growth, bone formation exceeds resorption up to the time 
of peak bone mass, which is reached at between 25 and 30
years of age. There is then a period of stabilization before
age-related bone loss occurs in both sexes, at which time
bone resorption exceeds formation (Fig. 18.1). Around the
menopause, women sustain a phase of accelerated loss.

MEASUREMENT OF BONE MINERAL DENSITY

Several techniques are available to assess bone mass includ-
ing dual energy x-ray absorptiometry (DXA), quantitative
computed tomography (QCT) and broadband ultrasound
attenuation. DXA is most commonly used because it is
non-invasive, quick, highly reproducible and delivers an
extremely low dose of radiation.

Table 18.1 Risk factors for the development of low BMD in
patients with cystic fibrosis.

Delayed puberty
Low body mass index
Moderate/severe lung disease – increased cytokines
Decreased physical activity
Systemic glucocorticoid use
Malabsorption – vitamins D and K and calcium
Hypogonadism
CF-related diabetes
Drugs – e.g. depot medroxyprogesterone acetate (DepoProvera),
Heparin
Transplantation
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The purpose of performing bone densitometry is to iden-
tify individuals at risk of developing a fragility fracture, as
fracture risk appears to be inversely related to the standard
deviation (SD) score in postmenopausal populations. Bone
mineral density values are usually expressed in relation to
reference data as standard deviation scores. A Z score repre-
sents the number of standard deviations above or below the
age- and sex-matched mean reference value. A T score is
similarly expressed in relation to reference values for young
adults at peak bone mass. Peak bone mass is normally
achieved during the third decade of life, at which time Z and
T scores are similar.

The WHO working definition of osteoporosis based on
bone densitometry T scores is shown in Table 18.2. This
system is validated in postmenopausal women but the rela-
tionship between BMD and fracture risk has not been
established in other groups. How accurately this assessment
of fracture risk translates into people with cystic fibrosis is
therefore unknown. However, it is likely that the fracture
risk for each SD reduction in BMD will be less in a young
adult population than in an aging postmenopausal popula-
tion. Due to these uncertainties within the CF population,
the authors recommend that BMD values should be

expressed as Z scores in premenopausal females and males
aged under 50 years, and as T scores thereafter. The term
‘osteoporosis’ should be confined to those with a history of
fragility fracture and the term ‘low BMD’ applied to chil-
dren or adults with a BMD Z score below �2.

It is also important to appreciate the potential limita-
tions of DXA measurements within the CF population.

● DXA is a two-dimensional rather than three-dimensional
measurement, which can lead to erroneous assessments 
of depth of bone and result in falsely low BMD readings 
in patients with small bones. This must be considered 
when interpreting BMD data in patients with a small body
habitus.

● There is a paucity of robust normative BMD data for
children and so Z scores should be interpreted in the
light of the best available pediatric reference data and the
reference database should be cited in the report. Serial
BMD scans and analysis of the raw data (bone mineral
content in grams) may be more informative than single
scans. Serial scans should ideally be performed on the
same scanner and by the same technician to optimize
precision.

● Both osteomalacia and osteoporosis cause low BMD and
so the two conditions must be distinguished as their treat-
ments are quite different.

PREVALENCE OF LOW BONE MINERAL
DENSITY

Some reports suggest that well-nourished children with nor-
mal lung function have normal BMD [5,6]. However, low
BMD has been reported in children in a number of studies.
For example, there was a 10% lower bone density in 57
patients (mean age 12 years) when compared to local con-
trols using quantitative computed tomography [7]. This
finding was confirmed in a DXA study of 62 patients with
mean age of 10.7 years [8]; the authors reported mean BMD
Z scores of �1.03 at the lumbar spine and �0.71 at the
femoral neck. Both studies found that BMD values corre-
lated with disease severity.

Numerous studies have reported low BMD in adults with
CF [6,9–13]. Earlier studies tended to investigate small
numbers or concentrate on patients with end-stage pul-
monary disease. One study found mean BMD Z scores of
�1.7 at the lumbar spine and �1.9 at the femoral neck in 49
CF patients with a mean age of 20.6 years (range 8.4–48.5
years, 43% younger than 18) [14]. Another group studied 60
adult CF patients whom had been referred for lung trans-
plantation; they found mean BMD Z scores of �2.17 at the
lumbar spine and �2.02 at the femoral neck [15].

Three larger prevalence studies have been performed in
the UK. The Royal Brompton Hospital reported 38% of
107 patients to have Z scores of under �1, with 13% hav-
ing Z scores of under �2 in the lumbar spine or proximal
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Figure 18.1 Age-related changes in bone mass.

Table 18.2 World health Organization (WHO) working
definition of osteoporosis.

Normal BMD not 
1 SD below the mean 
value for young adults

Low bone mass BMD 1–2.5 SD below the young 
adult mean

Osteoporosis BMD 
 2.5 SD below the young 
adult mean

Established osteoporosis Osteoporosis with fragility fractures 
and BMD 
 2.5 SD below young 
adult mean

BMD, bone mineral density; SD, standard deviation.
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femur [12]. The Manchester group reported a higher preva-
lence with 34% (48 of 143) of adults having a BMD Z score
of under �2 in the lumbar spine, proximal femur or distal
forearm [10]. The Leeds group reported 66% of 114 patients
to have T scores of under �1.5, with 27% having T scores
below �2.5 [11]. In a cross-sectional study involving 153
subjects aged 5–56 years with CF and 149 local healthy con-
trols, there was a significant reduction in axial and total body
BMD in adults, normal axial BMD (after correction for
height) in adolescents, and normal BMD in children and
adolescents [6]. This study suggests that the BMD loss in
occurs during late adolescence and early adulthood.

In summary, it appears that approximately 25% of CF
adults have reduced BMD and this figure increases to 75%
in some series.

CHANGE IN BMD WITH AGE

There are limited data available from longitudinal studies.
In a prospective study of 41 patients over one year the Z
scores of younger patients with CF reduced over 18 months
[16]. These data indicate failure to gain bone mineral den-
sity at the expected rate. The authors also found adult males
(n � 6) to show a reduction of 1.2% at the femoral neck.
The latter finding was corroborated in another prospective
study that measured the BMD of 114 CF adults; there was
an annual loss of approximately 2% in the proximal femur,
but BMD in the lumbar spine did not change significantly
[17]. More recently, similar findings have been reported in 
a retrospective review of BMD measurements over a 3- to 
4-year period [18].

BONE HISTOMORPHOMETRY

Bone histomorphometry has helped to characterize the bone
disease in CF and has found adult patients with low BMD
measured by DXA to have significantly lower cancellous
bone area, confirming that the low BMD identified by den-
sitometry is real (Fig. 18.2). An in-depth analysis of iliac
crest bone biopsies revealed a reduction in bone formation
rate, wall width and mineral apposition rate when com-
pared to controls, indicating that a reduction in bone for-
mation to be the predominant cause of measured low BMD
[19]. A study of autopsy bone samples reported a reduction
in osteoblastic activity, increased osteoclastic activity and
increased resorption [20]. This was not a significant finding
in the Elkin et al. study, but there was heterogeneity in the
size of the resorption cavities. It is likely, therefore, that
increased bone resorption occurs in some patients during
periods of ill-health or secondary hyperparathyroidism and
this is supported by bone turnover data [21,22].

CLINICAL RELEVANCE OF LOW BMD

The increased prevalence of low BMD in children and adults
with CF is likely to predispose to fracture, in view of the
inverse relationship between BMD and fracture risk demon-
strated in population-based studies. However, the preva-
lence of fragility fracture in children and adults with cystic
fibrosis remains unclear. It was reported that females with
CF aged between 6 and 16 years had higher fractures rates
than controls or male CF patients [23]. It is unclear if this
increase was statistically significant. In 70 patients awaiting

Figure 18.2 Toluidine blue-stained sections of iliac crest bone biopsy from adult patients with cystic fibrosis demonstrating decreased
connectivity and bone area. See also Plate 18.2.
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lung transplantation, a 2-fold increase was reported in frac-
tures in females aged 16–34 and in males aged 25–45. Rib
and vertebral fractures were reported as being respectively
10- and 100-fold more common than in a general US popu-
lation [9]. In this series the majority of the vertebral wedge
fractures were relatively mild with 60% of the fractures
showing anterior height loss of 10–25%, but 6% of fractures
showed anterior height loss of over 40%. Elkin and co-work-
ers [12] reported that 35% of adults had a history of fracture,
9% of which were rib fractures; 17% of patients had evi-
dence of vertebral deformity (
20% reduction in height).
Although this prevalence is lower than that of Aris et al., it is
still higher than would be expected, considering the preva-
lence of vertebral fracture in 50- to 79-year-old Europeans 
is 12% [24]. More recently, vertebral deformities have been
reported in 26.7% of 191 adult CF patients, with a slightly
higher prevalence in males (32%) than in females (21%;
p � 0.058) [25].

Transplant physicians are increasingly wary of listing
patients with low BMD as lung transplantation may fur-
ther increase bone loss and fracture risk in these patients
[26]. It is therefore important to optimize BMD prior to
transplant referral [26,27].

ETIOLOGY AND RISK FACTORS

Disease severity

There is little doubt that low BMD is associated with the
severity of CF disease with many studies demonstrating a
relationship between BMD and forced expiratory volume in
one second (FEV1), body mass index, intravenous antibiotic
days and activity. It also appears that well-nourished patients
with near-normal weight and lung function have normal
BMD [5] while those listed for transplantation invariably
have low BMD or osteoporosis [15]. Elevated levels of pro-
inflammatory cytokines as a consequence of pulmonary sep-
sis probably adversely effect bone metabolism, thereby
explaining the link between CF disease severity and BMD in
this patient population [28,29].

Vitamin D

The majority of patients with CF are pancreatic-insufficient
and malabsorb fat-soluble vitamins (D, E, A, K). Vitamin D
deficiency can lead to osteomalacia while subclinical defi-
ciency can lead to secondary hyperparathyroidism and con-
sequently osteoporosis by increasing bone turnover.
Although 1,25-dihydroxyvitamin D is the active form, 
25-hydroxyvitamin D (25-OHD) gives a better measure 
of vitamin D stores having a longer half-life of 3–4 weeks.
Most textbooks quote optimum serum levels as being in the
range 20–60 ng/mL (50–150 nmol/L) and this wide refer-
ence range is due to differences in latitude and season.
Hypovitaminosis D has been reported as a common occur-
rence in patients with CF despite vitamin supplementation
of 600–800 IU/day (Table 18.3) [10,12,30–32]. A study in
Washington, USA, found average values of 18.9 ng/L with
63% of the 87 patients having levels below 20 ng/L [33].
There have also been reports from areas with higher sun
exposure such as North Carolina [9] with 20% of patients
having subnormal 25 OHD levels (mean 20.9 ng/L). More
recently, a significant BMD deficit in the presence of vita-
min D sufficiency was reported in a large Australian cohort
suggesting that low BMD in CF can occur independently of
vitamin D insufficiency [34]. Despite the later report, it is
likely that low vitamin levels are contributing to the decreased
bone mass found in some populations by increasing bone
turnover.

Vitamin D absorption appears to vary considerably
among individuals with cystic fibrosis. CF adults absorbed
less than one-half of the amount of oral vitamin D2 given as
a one-off dose in comparison to non-CF controls [35]. The
25-OHD levels in the CF group as a whole did not rise in
response to the vitamin D2, contrary to the control group
who showed a doubling of serum levels. However, there was
a wide variability in the individual absorption curves of the
CF subjects, with three subjects actually exceeding the aver-
age of the controls. This observation has been confirmed
more recently; it was reported that only 8% of patients with
serum 25-OHD levels �30 ng/mL increased the serum level
with high-dose ergocalciferol (50 000 IU/week for 8 weeks)

Table 18.3 Vitamin D levels in patients with cystic fibrosis.

Reference No. Hypovitaminosis Age (years) Location Serum 25-OHD Hypovitaminosis 
% ng/mL (ng/mL � SD) % ng/mL

[6] 141 5.3–55.8 Australia 24 25 �20
[11] 98 18–29 Leeds 18 40 �15
[12] 104 18–60 London 15 	 11 83 �20
[10] 151 15–52 Manchester 19 	 11.1 38 �15
[32] 71 18–57 Seattle 19 	 10 63 �20
[14] 49 8–48 California 52 �18
[26] 11 
18 NewYork 17 	 13 36 �10
[30] 31 17–52 London 10 	 6 26 �15
[29] 20 14–25 Dublin 10 75 �13

OHD, hydroxy vitamin D.
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[36]. It therefore appears that a subpopulation of patients
with CF have difficulty in absorbing adequate vitamin D and
it may be that increasing exposure to sunlight in these 
individuals would be a better therapeutic approach.

Calcium

Cystic fibrosis patients are at risk of a negative calcium bal-
ance from gastrointestinal malabsorption, low vitamin D
levels and increased gastrointestinal excretion. In one study,
CF subjects absorbed less calcium that controls; this
appeared to improve but was not completely reversed by
pancreatic supplements [37]. Low serum calcium could lead
to low BMD, especially if intake is insufficient during per-
iods of bone acquisition, for example during the pubertal
growth spurt [38]. It is recommended that healthy adoles-
cents and young adults should consume between 1200 and
1500 mg of calcium/day, so CF patients should receive this
as a minimum [39].

Vitamin K

Vitamin K malabsorption may be a significant contributor
in the multifactorial etiology of CF-related low BMD.
Osteocalcin (OC), the major non-collagenous protein of
the bone matrix, undergoes a vitamin K-dependent, post-
transcriptional �-carboxylation of the glutamic acid residues,
which results in a higher mineral binding coefficient with the
calcium ions in the new bone-forming matrix. It is therefore
feasible that vitamin K deficiency may in part be causing the
abnormal bone formation reported in histomorphometry
studies. There is evidence suggesting that many patients with
CF have inadequate levels of vitamin K. A prospective study
investigating 98 patients and 62 healthy controls reported
that 78% of pancreatic-insufficient patients and all those
with CF liver disease had raised PIVKA-II levels (proteins
formed in vitamin K absence) [40].

A cause–effect relationship between vitamin K deficiency
and low BMD has not been proven, although authors spec-
ulate that, through its role in the carboxylation of OC, vita-
min K deficiency might be associated with an uncoupling of
the balance between bone resorption and bone formation
[41,42].

Physical activity

At present it is unknown whether weight-bearing exercise
can lead to increases in peak bone mass, help preserve BMD,
or improve bone mass in CF patients found to have low
BMD. However, it is known that total immobilization leads
to bone loss in the general population due to increased
resorption and decreased formation, and that bone health
can be maintained with weight-bearing exercise. Therefore
it seems sensible to encourage weight-bearing activity (with

varying strains) in the CF population to improve bone and
muscle mass.

Delayed puberty and hypogonadism

It is known that adolescents with CF can enter puberty late
and this is usually linked to malnutrition. However, recent
longitudinal data from Australia involving 85 children and
adolescents with CF and 100 age- and sex-matched controls
showed normal pubertal progression as indicated by clini-
cal pubertal staging and age of menarche [43]. Testosterone
replacement therapy can be given to males with delayed
puberty, but it should not be given too early as it can encour-
age epiphyseal closure and thus prevent further bone growth.
Estrogen therapy can be considered in women with delayed
puberty.

Hypogonadism is likely to be detrimental to bone health
as androgens have a protective effect on the skeleton.
Hypogonadism can occur in adults with CF and is probably
under-recognized. In males, low serum testosterone levels
have been reported to occur with normal gonadotrophins
[12]; this is in keeping with suppression of the hypothalamic–
pituitary–testicular axis (central hypogonadism). Many
studies have found testosterone levels to be normal [10,11],
but Elkin and co-workers [12] found 31 of 58 males to have
low total serum testosterone, with 18% having low free 
values. The latter correlated with total body BMD. A recent
study investigated 191 adults (100 males) and found serum
estradiol levels to be below the normal range in 27% of males
and 23% of females [25]. Levels were significantly related to
femur BMD in both sexes. Interestingly, significantly lower
free testosterone levels were observed in males with vertebral
fractures.

Glucocorticoid therapy

Glucocorticoids decrease bone formation and increase bone
resorption by decreasing calcium absorption, increasing
renal calcium excretion, increasing parathyroid hormone
concentrations, depressing gonadal function, decreasing
osteoblast number and increasing osteoclastic activity. In
the general population, glucocorticoids are the commonest
cause of secondary osteoporosis. Most of the larger cross-
sectional studies have detected an association between oral
glucocorticoid usage and low BMD. The cumulative dose of
steroids was reported to be a predictor of BMD in patients
awaiting transplantation [15], and there was a negative cor-
relation between usage and femoral neck BMD [12]. In
another study, steroid use was reported to be inversely
related to change in BMD over a 1-year period [17]. These
data have recently been corroborated; it was reported that
steroid use was a significant predictor of bone loss at the
femoral neck over 3 years [18]. It therefore appears that oral
glucocorticoid use contributes to bone loss in patients 
with CF.



266 Cystic-fibrosis-related low bone mineral density

Influence of mutant CFTR

It is most likely that bone health deteriorates due to the sec-
ondary complications of cystic fibrosis transmembrane con-
ductor regulator (CFTR) dysfunction rather than a direct
effect on bone cells. There are, however, some data suggest-
ing that mutant CFTR may play a direct role on bone.
CFTR-mutant mice had reduced cortical bone in the absence
of obvious nutritional differences [44], and the analysis of
dynamic parameters showed a reduction in bone formation.
King et al. reported lower BMD in patients with the F508del
genotype [13] and Haworth et al. reported high levels of
bone turnover in F508del homozygotes compared to non-
homozygotes [10]. To date, it is not known whether CFTR is
expressed in osteoblasts or osteoclasts or other organs where
mutant CFTR could potentially affect bone metabolism.

SCREENING

The optimal age for commencing DXA screening is not
known. Some authorities suggest performing DXA from 
8 years of age if risk factors for low BMD have been identi-
fied. Most clinicians feel that DXA should be performed
before puberty and repeated every 1–3 years depending on
the initial result to ensure bone accrual is occurring at a sat-
isfactory rate. Peak bone mass can be identified in this way,
after which treatment can be considered if premature bone
loss occurs. The present authors recommend that a DXA
scan be performed at transition to adult services if not
already performed.

MANAGEMENT OF LOW BONE MINERAL
DENSITY

The following recommendations are based on the CF
Foundation consensus document on bone health [39] and
the soon to be published CF Trust bone health guidelines.

General principles

Problems with bone health are likely to have origins in child-
hood. Pediatric care workers should therefore optimize fac-
tors that are likely to affect bone health to enable their
patients to reach a normal peak bone mass – and this is espe-
cially important during puberty.

● Check vitamin D level at least annually. Autumn is the
optimal time to measure serum levels, as it is reasonable
to assume that levels will reduce during the winter
months due to reduced solar exposure. The CFF and CF
Trust guidelines recommend that serum 25-OHD levels
should be 30–60 ng/mL. In practice, these high serum
levels are hard to achieve in northern latitudes and it is
likely that many patients will require vitamin D doses

greater than the usual 800–2000 IU ergocalciferol/day.
Alternative strategies to treat vitamin D insufficiency
include the prescription of calcitriol or UVB therapy.

● Consider vitamin K supplementation in patients with
low BMD.

● Ensure that dietary intake contains at least the recom-
mended daily intake of calcium. The CFF consensus
statement recommends intakes of 1300–1500 mg/day
from the age of 18 years.

● Encourage weight-bearing exercise, especially during
the pubertal growth spurt.

● Tanner staging should be performed in children and
adolescents to ensure normal pubertal development. An
endocrine referral may be appropriate for patients with
pubertal delay or hypogonadism.

● Check testosterone levels in adult males annually and
consider correction of low levels.

● An oral glucose tolerance test should be performed annu-
ally in adolescents and adults to screen for CF-related
diabetes.

● Use glucocorticoids only when necessary and at the
lowest dose possible.

Bisphosphonates

Bisphosphonates are potent inhibitors of osteoclastic 
bone resorption and are also thought to inhibit osteoblast
apoptosis.

The effect of intravenous pamidronate was assessed in 
a randomized controlled trial involving 28 CF adults with
low BMD [45]. Pamidronate-treated patients received
pamidronate 30 mg every 3 months and both groups were
prescribed calcium (1 g/day) and vitamin D (800 IU/day).
After 6 months the pamidronate group (n � 13) showed a
significant increase in absolute BMD compared with the con-
trol group (n � 15) in the lumbar spine (mean difference
5.8%; CI 2.7–8.9%) and total hip (mean difference 3.0%; CI
0.3–5.6%). Several patients developed severe bone pain after
pamidronate but patients taking oral glucocorticoids and
patients who had recently completed intravenous antibiotic
treatment were asymptomatic suggesting that these measures
had a protective effect [46]. Severe musculoskeletal pain was
also experienced by 3 of 5 participants in a study investigat-
ing the effect of annual intravenous zoledronic acid (Boyle 
et al., personal communication). Although the study was
stopped prematurely, the zoledronic acid-treated patients
demonstrated a significant increase in lumbar spine BMD
compared to placebo after 6 months.

The effect of alendronate (10 mg/daily) was assessed in a
1-year randomized double-blind placebo-controlled trial in
48 CF adults with low BMD [47]. All patients were prescribed
cholecalciferol 800 IU/day and calcium 1000 mg/day. In the
alendronate group compared to the control group, the mean
	 SD change in bone density was 4.9 	 3.0% versus
�1.8 	 4.0% in the lumbar spine (p � 0.001) and 2.8 	
3.2% versus � 0.7 	 4.7% in the femur (p � 0.003).
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The effect of intravenous pamidronate (30 mg every 3
months) was evaluated in a 2-year randomized controlled
study in 34 CF patients following lung transplantation. All
patients were prescribed cholecalciferol 800 IU/day and cal-
cium 1000 mg/day. The patients treated with pamidronate
gained 8.8 	 2.5% and 8.2 	 3.8% in the lumbar spine
and femur, respectively, after 2 years compared to controls
who gained 2.6 	 3.2% and 0.3 	 2.2%, respectively
(p � 0.015 for both) [48]. None of the patients in this
study developed bone pain, further suggesting that gluco-
corticoids reduce the risk of pamidronate-associated bone
pain in people with CF.

In the present authors’ opinion, bisphosphonate treat-
ment in CF adults should be considered in the following
circumstances.

● The patient has sustained a fragility fracture.
● The lumbar spine or total hip Z score is less than �2 and

the patient has sustained significant bone loss despite
implementation of the general measures to optimize
bone health. The significance of bone loss is determined
by the coefficient of variation of the measurement, and
this varies according to the type of densitometer used, the
skeletal site and the experience of the operator.

● The patient is starting a prolonged (
3 months) course
of oral glucocorticoid treatment and has a BMD Z score
of less than �1.5.

● The patient is listed for or has received a solid organ
transplant and has a BMD Z score of less than �1.5.

There are no published data reporting the outcome of
bisphosphonate use in CF children. Bisphosphonates may
be beneficial in children with a history of fragility fracture
and those listed for, or after, solid organ transplantation.
Some authorities suggest bisphosphonates for children who
have lost bone mass despite implementing the general mea-
sures for optimizing bone health, but we would strongly rec-
ommend seeking the advice of a pediatric bone specialist
before commencing treatment.

The choice of bisphosphonate depends on clinical cir-
cumstances and patient preference. Intravenous bisphos-
phonates overcome some of the problems associated with
the oral bisphosphonates such as poor oral bioavailability,
upper gastrointestinal intolerance and adherence, but are
associated with severe bone pain. However, in the authors’
experience, oral alendronate and risedronate can also cause
bone discomfort when first used in people with CF. A 3- to
5-day course of prednisone prior to administering intra-
venous pamidronate may prevent or reduce the bone pain
associated with intravenous bisphosphonates.

Bisphosphonates cross the placenta and even if bisphos-
phonates have been discontinued prior to conception there
is a theoretical risk that they could be released from bone
during pregnancy. Thus patients who may wish to become
pregnant should be fully informed of the potential risks to
the fetus and females should use adequate contraception
while prescribed bisphosphonates.

We would suggest repeating BMD measurements ini-
tially annually. If patients continue to lose bone mass while
taking oral bisphosphonates and poor adherence or poor gut
absorption are thought to be contributing factors, changing
to intravenous bisphosphonates is advisable. Vitamin D
insufficiency and osteomalacia should be excluded before
commencing bisphosphonates through measuring the serum
corrected calcium, 25-hydroxyvitamin D and parathyroid
hormone (PTH) levels, and annual levels should be measured
thereafter.

CONCLUSIONS

Approximately 25% of young adults with cystic fibrosis
have low bone mineral density. As life expectancy
increases, poor skeletal health can add significant morbid-
ity. Much has been learnt about the pathogenesis of CF-
related low BMD over the last decade and further research
is required to ensure that the skeletal health of CF patients
is sufficient to support them as their survival increases.
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Other system disorders in cystic fibrosis

KHIN MA GYI

This chapter discusses vasculitis, arthropathies, renal prob-
lems, electrolyte disorders, neurological, hematological and
ocular problems, and oral health in cystic fibrosis (CF).

VASCULITIS

Vasculitis is a well-recognized but uncommon complica-
tion of CF. The estimated frequency is about 2–3% [1–3].
Although it can occur in childhood, the majority of cases
occur in adult CF patients over 20 years of age. Vasculitis
mainly involves the small vessels, arterioles, capillaries or
venules. A common histological finding is leukocytoclastic
vasculitis [1,4]. There is vascular and perivascular infiltration
by neutrophils, endothelial swelling and fibrinoid necrosis
of the vessel wall. Cutaneous vasculitis is the usual presen-
tation but systemic involvement can rarely occur, affecting
the renal, gastrointestinal and central nervous systems [2,3,5].
In some cases of renal involvement, biopsy showed changes
similar to those of Henoch–Schönlein purpura [1,3].

The etiology of vasculitis is not well understood. Circulat-
ing immune complexes have been frequently reported in
CF patients with vasculitis, indicating underlying immune
mechanisms [2,6]. Multiple factors, including chronic per-
sistent bacterial infections and medications, may provide a
source of potential antigen [1–3,6]. Many cases of vasculitis
have been associated with hyperglobulinemia [2,7]. Purpura
due to cryoglobulinemia has been described in one patient
[8]. Anti-neutrophilic cytoplastic antibody (ANCA) against
bacterial/permeability-increasing protein (BPI) has been
described in sera of 55–90% of CF patients [1,2,9–11]. BPI
is an important host defense protein with bactericidal and
anti-endotoxin properties. It has protective activity against
lipopolysaccharide-induced vascular endothelial cell injury
[12]. Therefore, it is postulated that anti-BPI antibody may
predispose to vascular inflammation. Whether this partic-
ular mechanism is responsible for CF vasculitis is not
established. Anti-BPI is correlated with pseudomonal load,

severity of lung disease and the presence of vasculitis in
adult CF patients [9,11].

Cutaneous vasculitis presents as a petechial or macu-
lopapular rash, commonly involving the lower limbs, around
the ankles and on the dorsum of the feet (Fig. 19.1). It may
extend to the upper limbs, trunk and face. It is non-blanching,
sometimes palpable, painful and can be itchy. Constitutional
symptoms including fever, malaise and myalgia may be
present. Arthralgia, and arthritis involving the ankles or
knees, occurs in about 50% of cases. Hematuria and pro-
teinuria are present in cases of renal involvement [1,3].
Recurrent iron deficiency anemia and intestinal bleeding
can be presenting features of vasculitis involving the gas-
trointestinal tract [5,6,13]. Central nervous system involve-
ment has been described in at least one case [1]. In the
majority of cases, purpura disappears within a few days to
a few weeks, but in a few cases this is recurrent and episodic.

Treatment for cutaneous vasulitis without systemic
involvement is symptomatic with non-steroidal anti-
inflammatory agents and antihistamine if necessary. In

Figure 19.1 CF patient with recurrent vasculitic rash of the
lower limbs. See also Plate 19.1.
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recurrent, severe or persistent vasculitis, and in cases of
systemic involvement, corticosteroids, azathioprine and
methotrexate have been used. Plasmapheresis has been
described in cases of severe hyperglobulinemic purpura [7].
Any suspected medications should be withdrawn.

The majority of CF vasculitis occurs in the presence of
CF lung disease. Many reported cases show increased
mortality after the appearance of vasculitis. It is not certain
whether the deleterious effect of vasculitis contributes to
the poor prognosis or simply reflects the severity of the under-
lying CF lung disease.

Other skin involvement in CF includes acrodermatitis
enteropathica-like eruptions and aquagenic wrinkling of the
palms (AWP). Infants with CF may present with the former
which is a rash consisting of extensive, dry, scaly, fissured,
itchy erythematous plaques involving the perioral area, dia-
per region and extremities. It is thought to be due to mal-
nutrition with deficiency of zinc, essential fatty acids and
protein [14]. AWP is characterized by the rapid and tran-
sient formation of edematous whitish plaques on the palms
on exposure to water. It is suggested that exposure of the
skin to an abnormally high concentration of salt may play
a role in the pathogenesis [15].

ARTHROPATHIES

Symptoms related to the joints occur in up to 12% of CF
patients [4,16,17]. They may be directly related to CF,
a complication of drug treatment or due to the presence of
coincidental disease involving the joints. The most common
arthropathies related to cystic fibrosis are: episodic arthri-
tis (EA) and hypertrophic pulmonary osteoarthropathy
(HPOA). They can occur at any age, but more commonly
affect adults in the second decade of life.

Episodic arthritis (EA)

This is the most common form of arthritis in CF and affects
2–8% of adults. It is characterized by acute onset of mono-
or polyarticular arthritis affecting large joints such as knees,
ankles, wrists, hips and shoulders. Occasionally the small
joints of the hands and feet may be affected. It is usually
asymmetrical and can present as arthralgia or sometimes
be associated with swelling and disabling pain. Episodes
are transient and subside spontaneously within 7–10 days.
Some cases may evolve into relapsing and remitting courses,
which may last for weeks to years. Episodes may be associated
with high fever, vasculitis rash, and erythema nodosum
[3,4,17] Characteristically, episodic arthritis is non-erosive
with negative rheumatoid factor, and the x-rays are nor-
mal. However, progression to erosive, chronic destructive
polyarthritis has been reported in small subgroups of
patients [17].

The underlying etiology is unknown but immunological
mechanisms may play a role. Chronic, persistent bacterial

infection with excessive antigen load can cause immune
stimulation resulting in the formation of immune complexes
[18,19]. It is speculated that arthritis may be due to a
spillover of immune complexes from the respiratory tract
into the circulation and subsequent deposition in the joints.
High levels of circulating immune complexes are reported
in CF arthropathy patients, compared to CF patients with no
arthropathy. Immunoglobulins and complement deposition
have been found in synovial blood vessels in biopsies taken
during an exacerbation of episodic arthritis [4]. There is no
evidence of an association with any specific HLA types [4,20].

Unlike in HPOA, there is no consistent relationship
between episodic arthritis and the severity of underlying
pulmonary disease or infective exacerbation. Treatment is
usually symptomatic, with non-steroidal anti-inflammatory
agents. Oral corticosteroids are occasionally used to control
the inflammation. Very rarely, azathioprine, sulfasalazine
and hydroxychloroquine have been tried [17,21].

Hypertrophic pulmonary arthropathy (HPOA)

HPOA was the first joint disease described in cystic fibrosis.
It occurs in 2–7% of CF patients, predominantly affecting
younger adults [22,23], but the median age of onset is about
20, and it rarely occurs before 10 years of age. It is character-
ized by clubbing and chronic periostitis of the long bones
with or without periosteal new bone formation (Fig. 19.2).

Most patients present with an insidious onset of asym-
metrical polyarthritis with pain, swelling and effusions,
involving knees, ankles, wrists, and associated tenderness

Figure 19.2 Periosteal reaction (arrows) of tibia and fibula in a
CF patient with hypertrophic pulmonary arthropathy (HPOA).
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of the ends of the long bones. It rarely involves the small
joints of the hands or feet. Large joint effusions can some-
times occur. Gynecomastia and mastalgia may be present
[24]. In contrast to episodic arthritis, HPOA is associated
with more severe underlying lung disease and it accompa-
nies or worsens during acute pulmonary exacerbations
[16,17]. The etiology of HPOA is unknown. Theories have
included neurogenic and humoral mechanisms and a
hyperactive immune system as a result of acute infection.
HPOA can regress after vagotomy and lung transplantation.
Another theory relates to platelet function. This proposes
that in the presence of some lung disease megakaryocytes
accumulate in the small vessels of the distal long bones,
inappropriately releasing some mediators, which can cause
inflammation and new bone formation. In one study, PDGF
(platelet-derived growth factor) was significantly higher in
HPOA patients compared with healthy controls [25].

Management includes intensive treatment of underlying
lung disease and acute exacerbations, non-steroidal anti-
inflammatory agents for pain, and occasionally cortico-
steroids are used. In severe, refractory cases, intravenous
pamidronate can be useful [26]. The onset of HPOA is
associated with increased mortality [21].

Other systemic diseases involving the
joints in CF

A few cases of rheumatoid arthritis (RA) have been reported
in CF patients (Fig. 19.3) [16,27,28]. RA occurs more fre-
quently in CF than can be attributed to chance alone. It has
been postulated that CF episodic arthritis may be a mild form
of RA with the potential for progressing to full-blown RA
after several years of antigen stimulation, related to episodes

of infective exacerbations [29]. Clinical presentation includes
symmetrical polyarthritis with nodules, joint erosion and
positive rheumatoid factor.

Other causes of arthropathy include sarcoidosis [30],
amyloidosis [31,32] and secondary to hyperuricemia. The
most common group of drugs responsible for arthritis in
CF patients are the quinolones, ciprofloxacin causing acute
tenosynovitis of knees and ankles [33]. However, this is rare
when the numbers of courses of ciprofloxacin prescribed
are considered.

RENAL PROBLEMS

Cystic fibrosis transmembrane conductance regulator
(CFTR) is abundantly expressed in all nephron segments
[34]. Despite this, in CF patients, there is no renal pheno-
type and no major primary renal dysfunction. In polycystic
kidneys the secretion of chloride through CFTR is respon-
sible for cyst enlargement [35]. However, the exact role of
CFTR in renal physiology is still not fully understood [36].
There are subtle abnormalities of renal capacity to dilute
and concentrate urine, excrete salt load and renal handling
of some drugs [37,38]. CF patients have enhanced excre-
tion of penicillin and aminoglycosides in their urine [39].

Renal abnormalities in CF are due either to secondary
causes or to associated conditions. These include exposure
to aminoglycosides and other nephrotoxic antibiotics and
drugs, immune complex mediated injury in the presence of
chronic bacterial infection, diabetes mellitus, liver disease,
cor pulmonale, malabsorption and steatorrhea. Hypoxemia
in severe lung disease may increase the nephrotoxic poten-
tials of these risk factors.

Histological abnormalities from autopsy or biopsy mate-
rial showed tubulointerstitial pathology related to antibi-
otics or nephrotoxic drugs, glomerular enlargement which
is a non-specific finding in heart failure, mesengial immuno-
globulin and complement deposition [40] and changes
consistent with nodular glomerulosclerosis both in the pres-
ence or absence of diabetes [41,42]. A high incidence of
microscopic nephrocalcinosis was reported in the autopsy
of the kidneys in CF patients [43]. Renal amyloid deposi-
tion is found in CF patients with secondary amyloidosis
and it could be one of the causes of nephrotic syndrome.
Cases of IgA nephropathy has also been described in CF
patients [44].

Clinical presentation of renal problems in CF patients
includes nephrolithiasis, urolithiasis, hydronephrosis,
nephrotic syndrome, progressive renal insufficiency and
antibiotic-induced renal dysfunction or acute renal failure.

Nephrolithiasis

CF patients have increased rates of nephrocalcinosis and
nephrolithiasis [43,45–47]. The incidence of renal stones
in CF patients is higher than in an age-matched control

Figure 19.3 Severe rheumatoid arthritis in 23-year-old CF
female showing erosions (long arrows); loss of joint space and
ulnar deviation of metacarpophalangeal joints (arrow head); and
juxta-articular osteopenia (short arrows).
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population [45]. It is reported that up to 6.3% of CF
patients are affected with renal stones, mainly in adoles-
cence and early adulthood (Fig. 19.4).

There are multifactorial causes of stone formation in
CF. Absorptive hyperoxaluria is one of the major factors
for renal calcium oxalic stone formation. In the presence of
malabsorption, calcium binds to fatty acids in the intes-
tinal lumen rather than to oxalate, which leads to increased
absorption of free oxalate [48]. Malabsorped bile salts also
facilitate greater colonic oxalate permeability [49]. Frequent
antibiotic treatment can cause absence or reduction of intes-
tinal oxalate-degrading bacteria such as Oxalobacter formi-
genes, resulting in increased oxalate absorption. Normally
up to 70% of daily oxalate intake is degraded by this bac-
terium [50,51]. A prospective study of 37 patients demon-
strated that increased intestinal oxalate absorption was the
cause of hyperoxaluria in 79% of the patients studied [52].

Citrate is the stone inhibitory substance. It slows stone
formation by reducing calcium concentration in the urine
and inhibits crystallization of calcium oxalate. Therefore
hypocitraturia is a risk factor for a renal stone formation in
the presence of hyperoxaluria [52]. It is a common finding
in CF patients with oxalate stone formation compared to
CF patients without stones [45,53]. Hypocitraturia in CF
could be due to dietary acid load caused by high protein
diet and pancreatic enzymes. Another cause is metabolic aci-
dosis as a result of stool losses of bicarbonate, which, in turn,
stimulates the proximal tubules reabsorption of citrate [45].

There is no definite evidence of a primary defect in renal
calcium handling in CF patients [45]. Hypercalciuria rarely
occurs in CF patients and it is usually due to glucocorticoid
administration and immobilization. Hypercalciuria if pres-
ent may contribute to the overall risk of stone formation.
Hyperuricosuria can be a factor for calcium oxalate stone

formation. It has been associated with high doses of pancre-
atic enzymes in some CF patients [54]. Low urine volume
as the result of extracellular fluid volume contraction caused
by sodium and chloride loss in sweat and feces may also
contribute to stone formation. Therefore, in CF, hyperox-
aluria, hypocitraturia and low urine volume act in combi-
nation to promote stone formation [55].

The patient may present with renal colic, hematuria and
recurrent urinary tract infection. The diagnosis is con-
firmed by a plain abdominal film, renal ultrasound, intra-
venous pyelogram and helical CT. Treatment includes
lithotripsy, ureteral stent, percutaneous nephrostomy and
ureteroscopy. Other treatment includes increased fluid
intake, oral potassium citrate supplement, avoidance of high
oxalate diet (e.g. spinach, chocolate) and intestinal recolo-
nization with Oxalobacter or treatment with other oxalate-
degrading bacteria [56].

Antibiotic-induced renal impairment

Aminoglycosides are the most commonly used antibiotics
associated with renal toxicity in CF patients. Acute toxicity
is usually due to excess levels resulting in acute tubular
necrosis. This can be potentiated by dehydration and non-
steroid anti-inflammatory drugs. Repeated, long-term use
of intravenous aminoglycosides has been strongly associ-
ated with decreasing renal function in CF patients with
previously normal renal function. The cumulative lifetime
dose is negatively correlated with glomerular filtration rate
(GFR) in CF [57]. In these patients the annual measure-
ment of creatinine clearance is recommended. This effect is
potentiated by co-administration of Colomycin. Proximal
tubular activity can be assessed by urinary N-acetyl-beta-
D-glucosaminidase (NAG) activity. Long-term gentamicin
inhalation therapy may predispose to renal toxicity as there
is positive correlation between urinary NAG activity and
cumulative dose of gentamicin [58]. Acute renal failure as
a result of acute tubular necrosis has been reported in a few
CF patients treated with a combination of ceftazidime and
gentamicin [59,60]. This is thought to be direct tubular
toxicity by the combined effect of the drugs or ceftazidime
causing interstitial nephritis. Management includes with-
drawal of the drug, supportive treatment for acute renal
failure and dialysis in some severe cases. Hypomagnesemia
is also a common finding after repeated courses of amino-
glycosides and is frequently associated with hypocalcemia
and hypokalemia.

Nephrotic syndrome and progressive renal
insufficiency

Nephrotic syndrome and progressive renal insufficiency
has been reported in CF patients with systemic amyloido-
sis, diabetic nephropathy and glomerulonephritis [31,41].

Figure 19.4 Ultrasound scan of calculus in the upper pole of
the right kidney (arrow) in CF patient presenting with recurrent
renal colic.

www.ebook3000.com

http://www.ebook3000.org


Electrolyte disorders 273

ELECTROLYTE DISORDERS

Metabolic alkalosis

Acute or chronic metabolic alkalosis is described as an ini-
tial presentation or complication of cystic fibrosis in infants
and children but rare in adults [61]. Mutations in CFTR
cause abnormal epithelial chloride transport. As a result of
dysfunctional CFTR there is a loss of fluid high in chloride
from the sweat glands (Fig. 19.5), bronchial mucosa, gas-
trointestinal mucosa, pancreatic secretion, salivary glands
and tear glands [62,63]. Renal tubular handling of chloride
is usually normal.

In infants and young children there is normally a rather
low dietary chloride intake with consistent loss in sweat
and gastrointestinal tract and daily retention is high. Chloride
depletion leads to an excessive reabsorption of bicarbonate
in the distal renal tubules, resulting in metabolic alkalosis.
Urinary chloride excretion was quite low in these cases
[61,64]. However, in some adult CF patients with metabolic
alkalosis there is lack of avid urinary chloride retention for
which the reason is unknown [65]. Urinary chloride/crea-
tinine ratio discriminates between extrarenal and renal ori-
gin of metabolic alkalosis. This is low in the former and
normal or higher in the latter [66]. Albumin is a weak acid

and hypoalbuminemia associated with chronic malnutri-
tion may also contribute to metabolic alkalosis [67]. CFTR
is known to alter bicarbonate transport thus it may play a
role in acid–base disturbance [68]. Acute or chronic meta-
bolic alkalosis with hypochloremia, hyponatremia and
hypokalemia – sometimes referred to as pseudo-Bartter
syndrome – is not an uncommon presentation in infants
and young children with CF [61,69–71]. Usually anorexia,
nausea, vomiting, respiratory exacerbations, fever and weight
loss precede metabolic alkalosis. Sometimes it may be the
initial presentation which results in the diagnosis of CF.
Chronic metabolic alkalosis is fairly frequent in young CF
patients with severe respiratory involvement, poor nutri-
tional status and a high intake of pancreatic enzyme supple-
ments [64]. After correction of salt deficiency and metabolic
abnormalities, failure to thrive resolves and rapid weight
gain has been achieved [69].

In adults, vigorous exercise in a hot climate causes
excessive sweating with loss of sweat electrolytes and dehy-
dration. In combination with an intake of unsalted water
this could result in heat exhaustion with severe hypona-
tremia, hypokalemia and metabolic alkalosis [72,73]. These
patients responded well to rehydration and electrolyte
replacement.

In metabolic alkalosis, hypoventilation with hypercapnia
may occur as a compensatory response to restore pH towards
normal. This can contribute to acute hypercapnic respira-
tory failure in adult CF with infective exacerbation [74]. In
these cases, without correction of the underlying electrolyte
abnormalities, hypercapnia may respond less well to assisted
ventilation. Clinical features of severe alkalemia include arry-
thmias, hypoventilation with hypoxia and hypercapnia,
hypokalemia, hypocalcemia and cerebral manifestations
including tetany, seizures, delirium and stupor [75].

Investigations includes serum urea and electrolytes, blood
gases, serum bicarbonate and urinary electrolytes. Urinary
sodium and chloride are typically low (�10 mmol/L).
Management consists of adequate volume replacement,
sodium and chloride supplements in the form of normal
saline, and potassium supplements. Total body potassium
can be low despite normal serum level. In hot weather and
in the presence of excess sweating the CF patient should
take salty snacks or salt tablets and adequate fluids.

Syndrome of inappropriate ADH
secretion (SIADH)

SIADH is a common manifestation of bacterial and viral
pneumonias and its occurrence has been observed occa-
sionally in CF patients during acute exacerbations of chronic
pulmonary disease [76]. This is another cause of hypona-
tremia in CF patients, in addition to salt loss. The urine
sodium concentration is typically greater than 40 mmol/L
(compared with pseudo-Bartter’s syndrome, �10 mmol/L).
Symptoms and signs of hyponatremia include headache,
lethargy, dizziness, ataxia, confusion, psychosis, seizures and

� normal
 CFTR protein

� mutant
 CFTR protein

[CI�] less than
serum
‘hypotonic'

[CI�] slightly
hypotonic to
isotonic

[CI�] same
as serum
‘isotonic’

[CI�] same
as serum
‘isotonic’

Normal sweat
glandCF sweat

gland

Skin

Absorptive
duct

Secretory
coil

Figure 19.5 Schematic diagram of sweat gland. In a normal
sweat gland CFTR drives Cl� reabsorption, so normal sweat is
hypotonic. CF patient has reduced Cl� permeability and increased
Cl� in sweat. Modified from [97].
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coma. Treatment includes fluid restriction, demeclocy-
cline, in severe cases in combination with hypertonic saline
and diuretics.

NEUROLOGICAL PROBLEMS

Several neurological symptoms and manifestations have
been described in CF patients. Seizures and epilepsy occurred
in relation to electrolyte abnormalities (i.e. hyponatremia,
hypochloremia, metabolic alkalosis, hypoglycemia) and also
due to drug reactions (e.g. ciprofloxacin and theophylline
interaction, due to both drugs being metabolized by the
same cytochrome P450 metabolic pathway). Cases of brain
abscess have been reported in adolescent CF patients with
advanced pulmonary disease. The organisms responsible
include aerobic and anaerobic bacteria of low virulence
and fungi, but Pseudomonas is rarely identified [77,78].

Acute onset of neurological deficits resembling strokes
or transient ischemic attacks have been reported in some
CF patients [79–81]. These could result from paradoxical
embolization which can occur due to left-to-right shunt
through a patent foramen ovale during coughing episodes
or a Valsalva maneuver. These patients frequently have a
totally implantable venous access device (TIVAD) with a
thrombus formation around the catheter from which the
emboli originate. The neurological episode can be confirmed
by brain MRI, and transesophageal echocardiogram (TEE)
is a sensitive method for detection of patent foramen ovale.

Coughing paroxysms are common in many CF patients
as a result of underlying lung disease. Stern and co-workers
[82] described neurological symptoms developing in these
patients, including light-headedness, headaches, visual dis-
turbances, speech abnormalities, movement disorders and
syncope. CF patients who develop neurological symptoms
have more severe obstructive lung disease than patients who
do not experience such symptoms [82]. One of the under-
lying mechanisms could be due to cerebral hypoperfusion.
During coughing, increased intrathoracic pressure is trans-
mitted via valveless veins to the intracranial compartment,
causing a transient increase in intracranial pressure, result-
ing in impairment of cerebral blood flow. Increased intratho-
racic pressure also obstructs venous outflow causing reduced
cardiac output and blood pressure, resulting in cerebral
hypoperfusion [83,84]. In addition, hypoxia can occur dur-
ing prolonged episodes of coughing paroxysm. In advanced
lung disease, extreme pressure changes in the thoracic cav-
ity during inspiration can cause physiological tamponade
which may interfere with cardiac output and cerebral per-
fusion [85].

Rao and co-workers [86] described two CF patients who
developed cough-induced hemiplegic migraine resulting
in acute neurological symptoms and altered consciousness.
The symptoms responded to treatment with verapamil. The
CFTR channel is abundantly expressed in the brain [84].
Hemiplegic migraine is one of the disorders characterized
under channelopathy [87]. Since CFTR is responsible for

regulating other channels, it is suggested that it may indi-
rectly contribute to the production of migraine [86].

Headache is common and in one study 55% of CF chil-
dren had chronic headache and the main etiology was hyper-
carbia, hypoxia, sinusitis or migraine [88]. Severe vitamin
E deficiency causes muscle weakness, hyporeflexia, ataxia,
and reduced vibration and position sense [89].

Investigations for neurological symptoms include a
detailed neurological history and examination, blood tests
including electrolytes and vitamin levels, glucose monitoring,
neurological imaging with CT and MRI scan, EEG, 24-hour
ECG monitoring, echocardiogram with a shunt study, carotid
Doppler and overnight oxygen saturation monitoring.

HEMATOLOGICAL PROBLEMS

Iron deficiency is common in CF and is thought to be due
to chronic inflammation. It was found to be directly related
to the increased severity of suppurative lung disease associ-
ated with Pseudomonas aeruginosa [90]. Thrombophilic
abnormalities were described in some CF patients at screen-
ing but most abnormalities were inconsistent. The clinical
significance is not clear but it may be relevant in TIVAD-
related thrombosis [91,92]. Severe hemolytic anemia and
clotting disorders due to vitamin E and vitamin K defi-
ciency, respectively, may be the first presenting signs of CF
in infants [93].

OCULAR PROBLEMS

Endogenous endopthalmitis caused by Pseudomonas aerug-
inosa rarely occurs in CF patients after lung transplanta-
tion and has also been reported in patients who have not
undergone a transplant. The visual prognosis is poor and
usually enucleation is necessary despite aggressive surgical
intervention and appropriate antibiotic therapy [94,95].
Vitamin A deficiency can cause xerophthalmia, night blind-
ness and poor dark adaptation. Severe vitamin E deficiency
is associated with abnormal eye movement and visual field
restrictions [89].

ORAL HEALTH

A decreased prevalence of dental caries was observed in CF
children, which is thought to be due to long-term antibi-
otic usage and pancreatic enzyme supplements. However,
enamel opacities are more common [96].
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Sexual and reproductive health

SUSAN M. SAWYER

INTRODUCTION

An important result of improving survival in people with
cystic fibrosis (CF) is that the significance of particular 
CF-related issues or complications differs physiologically
as well as psychologically as children become adolescents
and mature as adults. In most large CF centers today, the
majority of children are expected to survive through ado-
lescence to face the array of sexual and reproductive health
issues negotiated by healthy young people as they mature.
Additionally, however, there are significant sexual and
reproductive complications of CF itself. Improved survival
in CF now results in sexual and reproductive health issues
being of greater significance to a greater proportion of 
people with CF, with wide-ranging repercussions for 
individuals with CF, their families and their healthcare
professionals.

People with CF risk not being fully informed about sex-
ual and reproductive health issues for a range of reasons.
Participation in a specialty CF clinic may be at the expense
of primary care involvement which may reduce opportuni-
ties for access to universally important sexual and repro-
ductive health education and screening opportunities (e.g.
safe sex, PAP smears) [1]. Studies continue to highlight
that people with CF, both male and female, are not opti-
mally informed about the specific sexual and reproductive
health aspects of CF [2–5]. This may reflect that the atten-
tion and expertise of health professionals is on promoting
disease stability and survival. However, an integral part 
of CF management is to ensure that young people are
informed of the various impacts of CF at developmentally
appropriate times. While there are many unanswered
questions deserving further research in this area, the diffi-
culty that health professionals have in discussing sexual
and reproductive health topics is another reason why
young people are not fully informed [6]. Reliable clinical
information – plus strong communication skills – should
underpin these discussions.

MALE SEXUAL AND REPRODUCTIVE HEALTH

Men with CF are azoospermic due to congenital bilateral
absence of the vas deferens [7–9]. Most males with CF,
regardless of the severity of their respiratory or gastrointesti-
nal disease, have aberrant development of the reproductive
portion of the mesonephric (Wolffian) duct, accounting for
absence or atrophy of the vas deferens, seminal vesicle,
ejaculatory duct, and body and tail of the epididymis [10].
There can be variability in the clinical findings: in some
men the epididymides are entire and the scrotal portion of
one or both of the vasa may be present. Dysfunction (and
often absence) of the seminal vesicles accounts for the much
lower volume and acidic ejaculate in men with CF; the vol-
ume of ejaculate in men with CF is generally less than 1 mL
compared to 3.5 mL in other men [7,8,11]. Many males with
CF do not experience nocturnal emissions [3], presumably
as a consequence of variably reduced semen volume from
atretic seminal vesicles. Testicular histology is normal and
active spermatogenesis occurs, as in men who have under-
gone a vasectomy. Occasionally sperm antibodies develop.
Sexual potency is not affected by these abnormalities. How-
ever, acute and chronic ill-health can impair testicular func-
tion and coincidental defective spermatogenesis is relatively
common.

Infertility is thought to occur in at least 98% of men
with CF. Bilateral absence of the vas is an easy clinical diag-
nosis to make, as the normal epididymis and vas is palpa-
ble. Retroversion of the testis in which the epididymis and
vas are anterior to the testis instead of posterior is relatively
common and may cause confusion. Semen analysis will
confirm azoospermia or identify the small number of men
with CF who are potentially fertile. This is more likely in
men with particular genotypes such as the 3849 � 10 kb
C : T mutation [12,13].

We are gradually understanding more about the sexual
and reproductive health knowledge of men with CF, the
significance of infertility in adolescent and adult life, and
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the use of assisted reproductive technologies. The earliest
studies to explore any aspect of the sexual and reproductive
health needs of men with CF date only from the 1980s.
These initial studies suggested widespread lack of knowl-
edge of male infertility in both adolescent and adult males,
as well as parents [14,15]. More recent studies from New
England, USA [3], Scotland [16], Birmingham, UK [17] and
Melbourne, Australia [4] show increasing awareness of infer-
tility in men with CF. Indeed, only 1 of 93 adult Australian
men were unaware that CF commonly affects male 
fertility [4].

It appears that men are now better informed about infer-
tility than previous generations. However, they continue 
to report hearing about infertility later than they would
have wished (Table 20.1) [3,4,18]. For example, the mean
(and SD) age of first hearing about infertility was 16.4 (4.1)
years in comparison to their preferred age of 14.4 (2.8)
years [4]. This suggests that health professionals experience
barriers to more timely discussion of infertility – as well as
other topics. Reported barriers include doctor as well as
patient embarrassment, insufficient time and insufficient
training [6]. However, a major barrier resulting in delayed
discussions about male infertility is a common concern by
doctors of how negatively this information might be received
by young men [6].

Few studies have directly assessed the impact of future
infertility on adult men, let alone in teenagers. Indeed, apart
from a qualitative US study [3] that included 10 teenage
males, of whom 5 were unaware of male infertility, our
knowledge of the impact of infertility in adolescence is
obtained only from the retrospective reflections of young
adult men with CF. However, the few studies we have sug-
gest that it is far less overwhelming for adolescents than
might be expected, with 90% of adult men reporting they
were not distressed when they first heard about infertility
during adolescence [3]. Typical comments were ‘There was
no real effect at the time. I just took it as part of CF’, by a
29-year-old who first heard about infertility when aged 12,
and ‘I didn’t really think about it much. At the time I wasn’t
upset’, by a 27-year-old who first heard when aged 15. Ten
percent described a significant impact in adolescence, 

saying ‘It took me by surprise, I was shocked’ (25-year-old
who was first told when aged 12) [19]. Those who hear
about infertility when older are more likely to be upset than
those hearing when younger [3,4]. Doctors should thus feel
encouraged to discuss these issues with young adolescents.

However, careful attention should be paid to language.
For example, adolescents reported confusing the meaning
of infertility with impotence [3,4]. One teenager said ‘My
mother told me I couldn’t have kids but I wasn’t sure what
she meant, whether it was having kids or having sex.’ There
is no evidence that men with CF delay commencement of
sexual activity in comparison to other teenagers. It is there-
fore especially concerning that one-third of adolescent
males with CF fail to differentiate aspects of contraception
from other sexual health risks, namely sexually transmitted
infections [3,4]. For example, one young man said ‘I don’t
have to use condoms because I don’t have to worry about
contraceptives’ [19]. This highlights the importance 
of ensuring that young people (and their parents) have 
an appropriate level of knowledge and skills to protect
themselves from common sexual health risks unrelated 
to CF.

The impact of infertility appears to increase with age
[3,4]. This is not surprising as young people form more
intimate and committed relationships as they mature, with
an increasing expectation of parenting. A 20-year-old man
reported: ‘At first it went in one ear and out the other, but
then I thought about it.’ Another 19-year-old underlined
the potential significance, stating: ‘At the moment it’s not a
concern. It’s like it hasn’t really hit me yet. Later, it could
be devastating.’ Infertility was reported as insignificant by
only 10% of adult men with CF [3].

The increasing significance of infertility with maturity
and the need to broaden discussions of sexual and repro-
ductive health to include protection from sexually trans-
mitted infections reinforces that sexual and reproductive
health is another theme within CF care that cannot be dealt
with in a single consultation. Rather, as with other aspects
of CF care, these issues need to be revisited repeatedly as the
young person matures. Studies have consistently shown
than men want more information about their sexual and
reproductive health [4,16–18]. As few men with CF feel
comfortable initiating these discussions [16,18], the respon-
sibility rests with health professionals to take the lead with
these discussions.

Infertility in men with CF is expected, but not universal.
This highlights the importance of semen analysis. In an
Australian study, 53% of Australian men report having had
semen analysis but two-thirds of those who had not been
tested wanted confirmation of their fertility status [4]. In a
US study, the value of semen analysis is reinforced by the
fact that 17% of men obtained testing without a recom-
mendation by their CF doctor [3]. The most appropriate
age to offer semen analysis is unclear. In a small UK study,
5 of 18 males had undergone semen analysis at a median
age of 26 years; 17 of these 18 felt that semen analysis should
be offered universally to all men with CF [18]. In a larger

Table 20.1 The age (in years) at which males with CF report is
the most appropriate to be informed about male infertility,
compared with the age reported first heard.

Number Appropriate age Actual age
to be informed informed
(mean and SD) (mean and SD)

Adult males 40 14.2 (2.6) 16.0 (4.7)
Adult males 93 14.4 (2.8) 16.4 (4.1)
Adolescent males 10 – 13.9 (1.6)
Parents 10 13.9 (2.6) –

Data are combined from [3] and [5].
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Australian study, universal testing was also supported, with
95% of men supporting testing under 20 years (73% of
men suggested 17–18 years, 22% suggested 19–20 years).
While only 5% suggested testing be undertaken at over 
20 years, the earliest age of testing in this population was 
24 years [4]. The value of the test appears independent of
relationship status. Men who are not in a current relation-
ship should still be offered semen analysis.

However, semen analysis should be sensitively under-
taken. Some men produce such small ejaculate volumes that
testing itself may be highly embarrassing if this has not been
discussed in advance. The embarrassment experienced by
most men in producing a specimen by masturbation (at a
novel adult fertility clinic), and the disappointment and sad-
ness of the likely negative result, suggests that the process of
semen analysis will at the very least be confronting for men.
Careful discussion is required both prior to the test as well as
after azoospermia is confirmed. Testing should not be within
3–4 months of serious illness as sperm production is affected
by illness.

In summary, while there is no single ‘right’ or ‘best’ age
to talk about infertility, parents need to be well informed
before their sons reach puberty so that they can have
appropriate discussions with their sons. Health profession-
als, parents and young people themselves are in general
agreement that discussions by health professionals should
commence no later than mid-adolescence (approximately
14 years) with every reason to think that even earlier dis-
cussion is indicated [3,4,6]. While no clinical guidelines
have yet been developed, suggested topics to discuss include
infertility (including differentiating infertility from impo-
tence, encouraging safe-sex practices and the importance
of condoms), small-volume ejaculates, the role of semen
analysis, and reproductive options, with the emphasis vary-
ing with maturity.

Reproductive options

Men with CF are increasingly interested in parenting. In a
recent Australian study, 84% of men without children
reporting wanting children in the future and 8 of the 
17 men who already had children wanted more [4]. The
reproductive options for infertility when the male has CF
are: adoption; artificial insemination by donor sperm; and
assisted reproductive techniques that harvest sperm and
combine them with retrieved oocytes using in-vitro
approaches. Most adoption agencies will not accept par-
ents with illnesses likely to reduce their life span, while in
other countries, long waiting lists for adoption agencies
may limit its appropriateness. However, there are options
for short-term fostering in many countries.

Few data are available about how often any reproduc-
tive options are used by men with CF. In one Australian
study, 17 of 93 men (18%) had children, ranging in number
from 1 to 4. Six men had used assisted reproductive tech-
nologies, nine had used artificial insemination by donor

sperm, one had stepchildren and one was presumed to be
fertile having conceived naturally [4]. In the UK at least,
very few men with CF seek fertility treatment [20].

The assisted reproductive technology known as MESA,
or microsurgical epididymal sperm aspiration, is a surgical
technique to harvest epididymal and testicular spermato-
zoa. Other techniques include percutaneous epididymal
sperm aspiration, and testicular sperm aspiration (TESA).
Use of aspiration techniques to yield epididymal spermato-
zoa is the preferred method because the large numbers of
spermatozoa obtained can be easily frozen and used in
multiple cycles. MESA can be performed under a general
anesthesia or local anesthesia and IV sedation. Men are
generally able to return to work within a few days.

Combining sperm harvesting approaches with intra-
cytoplasmic sperm injection (ICSI) is now standard proce-
dure. ICSI consists of microinjection of either epididymal
or testicular sperm directly into the oocyte [21–23] and
significantly higher rates of fertilization have been achieved
than with previous conventional in-vitro fertilization tech-
niques [23]. Neither CF genotype nor sperm morphology
has an adverse effect on fertilization or pregnancy rates
using ICSI [24]. Multiple pregnancies are frequent, occurring
in approximately 30% of IVF conceptions (25% twins, 5%
triplets or more), with greater rates of low birth weight,
cerebral palsy and major birth defects following use of
assisted reproductive technologies [25].

Concerns have recently been raised about whether assisted
reproductive technologies such as ICSI might effect the
epigenetics of early embryogenesis and cause increased birth
defects [25]. Disruption of imprinted genes are responsible
for Beckwith–Wiedemann, Angelman and Prader–Willi syn-
dromes [26], and there are now reports of children born
with Beckwith–Wiedemann and Angelman syndrome fol-
lowing ICSI procedures [27–29]. Increased rates of Y chro-
mosome microdeletions are also described, although the
significance of this is uncertain [25].

Because of the increased risk of CF in the offspring, both
partners undergoing MESA–ICSI should be extensively
screened for CFTR mutations in addition to karyotyping. 
If the female partner is positive for a CFTR mutation, a
good outcome can be achieved when MESA–ICSI is cou-
pled with preimplantation genetic diagnosis with transfer of
embryos that are either free of the mutation or carriers
[30–32]. However, misdiagnosis is known to have occurred
and preimplantation genetic diagnosis remains a technical 
challenge.

The use of MESA and TESA in association with ICSI in
couples affected by CF has resulted in pregnancy rates of
30–35% per cycle, with 62.5% couples achieving pregnancy
following treatment [11,33]. For example, McCallum and
co-workers [11] reported 13 couples who underwent infer-
tility assessment where the male had CF. Eight of the 13
couples chose to use assisted reproductive technologies
(MESA–ICSI), with five of the eight becoming pregnant.
Pregnancy occurred within the first ICSI cycle in three and
in the second cycle in two of the five couples, with seven
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live births (three sets of twins and one singleton). It must
be remembered that these are expensive technologies (with
the expense often bourne by the couple) that have limited
availability internationally.

Congenital bilateral absence 
of the vas deferens

In contrast to male infertility which is fundamental to the
clinical picture of CF, congenital bilateral absence of the vas
deferens (CBAVD) can occur in otherwise healthy men
without coexistent pulmonary or gastrointestinal disease.
CBAVD accounts for up to a quarter of men with obstruc-
tive azoospermia, which itself accounts for 1–2% of male
infertility [34]. Once thought to be a distinct clinical entity,
the genetic link between men with CF and those with CBAVD
that was first postulated by Holsclaw and co-workers [35],
has been confirmed. Genetic similarities between the two
conditions are now well described [36–41]. A small propor-
tion of men with obstructive azoospermia will be found to
have the more complete clinical phenotype of CF on more
thorough assessment [42]. However, the majority of other-
wise healthy men with CBAVD have no clinical evidence of
CF apart from infertility [42].

The genetic similarities between CF and CBAVD sug-
gest that CFTR mutations are important in the etiology of
infertility in both conditions. CFTR mRNA is present in
the male genital tract from 18 weeks’ gestation with vari-
able expression in different anatomical regions [43–45]. In
a large French study of 327 men with CBAVD, detailed
analysis of the CFTR gene revealed mutations in nearly
80% of CFTR genes: 71% of patients carried a mutation on
both CFTR genes; 16% carried a mutation on one gene; no
mutation was found on either CFTR gene in 13% [41]. In
those with two mutant CFTR genes, at least one was a mild
(class IV or V) CFTR mutation. The most frequent CFTR
mutation conferring a mild phenotype in men with CBAVD
is the T5 polymorphism [46]. T5 is one of the alleles found
at the polymorphic Tn locus in intron 8 of the CFTR gene.
Either 5, 7 or 9 thymidine residues are found at this locus.
Less efficient splicing occurs with a lower thymidine num-
ber, resulting in transcripts that lack exon 9 sequences [47].
This results in CFTR proteins that do not mature. When
T5 is found in compound heterozygosity with a severe
mutation, or even T5, pathology might be observed such as
CBAVD. However, not all male compound heterozygotes
for a severe CFTR mutation and T5 develop CBAVD, such
as some fathers of CF children. The T5 polymorphism is
classified as a disease mutation with partial penetrance.
Whether the T5 polymorphism is pathologic or benign
appears to depend on the number of TG repeats at an adja-
cent locus, the TGm locus [48]. At this locus, the higher the
number of repeats, the less efficient the exon 9 splicing.
Thus, apparently innocent polymorphisms can, in particu-
lar combinations, result in mutant CFTR genes with partial
production of CFTR protein explaining the presence of

clinical features of CBAVD without more overt features 
of CF [49].

It had been thought that the 20% of men with CBAVD
who also have renal malformations did not have CFTR
mutations [50]. However, in a more recent study, two of
four men with CBAVD and a single kidney were carriers of
a CFTR mutation, including a compound heterozygote for
F508 and T5 [51].

In summary, there is more complex regulation or mod-
ulation of currently known CFTR alleles and other unknown
alleles than has previously been recognized. In this widen-
ing spectrum of CFTR-associated disease, a dichotomy is
emerging between the perspective of the scientist and that
of the clinician and patient. While it is highly appropriate
for the scientist to consider CBAVD as part of the spectrum
of CFTR-related disorders, it is important to make distinc-
tions between etiology, nosology and the clinical interface.
The clinically relevant question is whether CBAVD as an
isolated finding should be classified within the spectrum of
CF disease or defined as CFTR-associated but distinguish-
able from clinical CF. While the importance of genetic
studies in this area cannot be overstated, caution is advo-
cated in describing CBAVD alone as a mild version of CF
in the clinical setting.

FEMALE SEXUAL AND REPRODUCTIVE
HEALTH

Women with CF have anatomically normal reproductive
tracts [52], but abnormalities of cervical mucus have been
described. The water content of cervical mucus is reduced
in comparison to control subjects, resulting in the for-
mation of thick, tenacious cervical mucus without cyclic
variation with ovulation [53]. The success of intrauterine
insemination suggests cervical mucus abnormalities may
contribute to infertility in some women [54]. However,
while it was widely reported that women with CF have sig-
nificantly reduced fertility [55,56], the basis of the original
report of fertility rates as low as 20% of normal is obscure
[53]. Recent studies have shown that three in four women
who tried to conceive became pregnant [2,57]. A Canadian
study described that 13 of 29 women (45%) took more than
2 years to conceive [58], while a Scandinavian study of
pregnancy reported that 12 of 80 pregnancies (15%) were
facilitated using assisted reproductive technologies (7 used
intrauterine insemination; 5 used IVF) [57]. However,
reports of unplanned pregnancy [59,60] reinforce that
women with CF should assume they have relatively normal
fertility.

Women with CF with severe disease and very poor
nutritional status are at risk of secondary amenorrhea and
anovulatory cycles, although pregnancy is described in
even the most unwell women [61,62]. The combination of
improved respiratory function, better nutrition and longer
survival means that contemporary young women with CF
will have higher fertility rates than previous generations of
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women (Table 20.2). Indeed, the annual number of preg-
nancies reported to the CF Foundation Data Registry in the
United States doubled between 1986 and 1990 [60].

Most young women with CF commence sexual activity
at a similar age as their healthy peers [2]. Indeed, a number
of studies of young people with a range of chronic condi-
tions suggest they may commence sexual activity at an ear-
lier age [63–66] and report more sexually transmitted
infections [67]. Some sexually active young women with
CF continue to erroneously believe that they have reduced
fertility and therefore do not need to use contraception [2].
Continuing high rates of termination of pregnancy in
women with mild as well as severe lung disease suggests
that greater effort is required by health professionals to
ensure that women with CF fully understand that contra-
ception should be used if pregnancy is to be avoided.

As with young men, studies show that young women
with CF have unmet sexual and reproductive health needs,
with two in three young women wanting more informa-
tion about sexual and reproductive health [5]. In one
Australian study, nearly 100% of mothers of teenage girls
wanted more information about a range of sexual and
reproductive health topics – before their daughters reached
puberty [5]. While mothers viewed the CF team as the best
source of CF-specific sexual and reproductive health 
information, few had ever discussed these topics with their
daughter’s CF specialist.

In summary, women with CF should be considered fer-
tile. Contraception should be offered to all sexually active
women who do not want to become pregnant and approaches
to avoiding sexually transmitted diseases should be discussed.
As with young men, discussions with girls (and their parents)
and women with CF about various aspects of sexual and
reproductive health in young women should be incorpo-
rated into routine CF care.

Contraception

The range of available contraceptive devices is wider now
than ever before; different factors will determine the most

appropriate contraceptive agent for each woman. Barrier
methods are safe and effective in motivated patients but are
associated with high failure rates in the adolescent popula-
tion. The oral contraceptive pill (OCP) is the most common
method of contraception in women with CF [2]. Depot
progesterone may also suit some women. Tubal ligation is
an option to consider for mature women who have clearly
decided against pregnancy.

There are theoretical concerns about the OCP in women
with CF if complicated by diabetes, cholelithiasis, liver 
disease, poorly controlled malabsorption, or indwelling
intravenous access [68]. However, avoiding unplanned
pregnancy is a priority, and the risks of contraception need
to be balanced with the physiological and psychosocial risks
of unplanned pregnancy. In complex cases, referral to a
gynecologist is recommended. Higher pill failure occurs
with both short- and long-term antibiotic use [69], although
this is less significant than previously believed [70]. Pregnancy
from antibiotic-related OCP failure has not been reported in
CF. Malabsorption, ileal resection, active liver disease and
poor adherence can all be associated with reduced serum
steroid levels and reduced contraceptive reliability. These fac-
tors, together with the altered pharmacokinetics of CF, raise
concerns that low-dose estrogen preparations will be less reli-
able in some patients [71]. Fifty-microgram estrogen prepa-
rations may provide more reliable hormonal contraception.

Urinary incontinence

Daytime urinary incontinence is common among healthy
women, increasing in frequency with age and parity. Adult
women with chronic respiratory disease have increased rates
of urinary incontinence with repeated coughing thought to
promote the earlier development of the anatomic and pres-
sure transmission abnormalities that are associated with the
development of stress incontinence [72].

Recent studies have demonstrated higher rates of urinary
incontinence in both adult women with CF [73–75] as well
as adolescents [76]. The first study in 29 adult Australian
women reported a prevalence of urinary incontinence of

Table 20.2 Pregnancy outcomes among pregnant women with CF, 1990–94 (US CFF registry data).

Year

1990 1991 1992 1993 1994

Number of reported pregnancies 114 127 119 133 140
Number of completed pregnancies 70 99 74 99 87
– Live birth (%)a 45 (64) 72 (73) 54 (73) 74 (75) 62 (71)
– Still birth (%)a 1 (1) 10 (10) 7 (9) 2 (2) 0 (0)
– Termination (%)a 24 (34) 17 (17) 13 (18) 23 (23) 25 (29)
Pregnancy continuing 35 28 39 31 50
Pregnancy outcome uncertain 9 0 6 3 3
aPercentage of completed pregnancies.
Modified from [86].
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38%, with 22% reporting at least twice-monthly symptoms
[73]. An Italian study of 176 women aged 15–41 years found
an overall prevalence of 59%, with 24% experiencing incon-
tinence twice or more a month [74]. Adolescent girls appear
to have similar rates, with 22% reporting small-volume day-
time incontinence twice a month or more [76]. In both ado-
lescent and adult women, urinary incontinence is generally
unreported unless specific enquire is made. While this might
reflect low symptom impact, it is concerning that nearly half
of those reporting urinary incontinence also reported it
caused significant interference with their performance of
chest physiotherapy. The lack of association with age, lung
function, body mass index or menarchal status suggests that
coughing, whether spontaneously or through positive pres-
sure physiotherapy, may be an explanation [76]. Pelvic floor
muscle exercises have been shown to be effective at improv-
ing endurance and reducing urinary leakage in adult women
with CF [77]. Approaches to stabilizing pelvic floor muscles
while participating in positive pressure physiotherapy should
be routine for all women with CF.

Vaginal yeast infections

High rates of symptoms consistent with vaginal yeast 
infections are reported in women with CF [78], which is
likely to reflect frequently changing systemic antibiotics.
Diabetes mellitus may be another risk factor, as could an
intrinsic alteration of vaginal flora. Enquiring about the
frequency of vaginal symptoms prior to changing antibi-
otics is recommended, as is concurrent prescription of top-
ical treatment for yeast infections for those women who
commonly suffer from vaginal yeast infections when
antibiotics are changed. Nebulized antibiotics may be an
appropriate alternative for women who suffer from fre-
quent infections.

It may also be expected that women with CF, especially
those with severe disease who are anovulatory, will have
hypo-estrogenized vaginal epithelium and be at greater
risk of dyspareunia. The use of lubricant gels may assist, as
might topical and systemic estrogens.

Pregnancy

There have been multiple single reports of pregnancy in
women with CF following the first case report in 1960 [79].
Two and three decades later, two large series described 129
pregnancies from multiple centers [80], and 38 pregnancies
from a single center [81]. A number of smaller case series
have been reported from single centres [82–85], while
recently a number of case series, case–control and cohort
studies have provided fresh insights [20,57,86–91].

High rates of spontaneous abortion, preterm delivery
and maternal death reported in early series raised serious
concerns about the safety of pregnancy for both women and
their offspring [80,84,86]. However, accumulated clinical
experience is now more positive and pregnancy is generally
well tolerated by women with mild disease (FEV1 
 70%
predicted). Increasing numbers of women with CF are
becoming pregnant (Table 20.3), and over 100 pregnancies
are reported annually to the US Cystic Fibrosis Data Registry
[60,89].

A review of 111 pregnancies reported to the Cystic
Fibrosis Data Registry in 1990 revealed that all severities of
lung function were represented in pregnant women: 37%
had mild lung function with FEV1 
 70% predicted, 26%
had more moderate disease with FEV1 50–69% predicted,
and 36% had severe disease with FEV1 
 50% predicted.
Women who delivered a live birth at term had the highest
level of lung function. Approximately a quarter of com-
pleted pregnancies resulted in a preterm delivery. Women
with moderate to severe lung disease were more likely to
deliver prematurely or to terminate pregnancy.

An important question is whether pregnancy adversely
affects the long-term health of the mother. The largest
study uses data from the US CFF database to assess the
impact of pregnancy on survival of women, from 1985 to
1997 [89]. At study entry, the 680 women who reported
pregnancy were more likely to have a higher FEV1 percentage
(67.5 vs 61.7%) and higher weight (52.9 vs 46.4 kg). The 
10-year survival rate in pregnant women was higher 
(77%) than in those who did not become pregnant (58%).
After adjustment of the figures for the initial severity of 

Table 20.3 Comparison of pregnancy outcomes among women with CF in different developed.

Country Time Number of Live births Full-term Pre-term Spontaneous Therapeutic Othera

period pregnancies pregnancies pregnancies miscarriages abortions

UK [91] 1977–96 72 48 (67%) 26 (36%) 22 (30%) 7 (10%) 14 (20%) 3 (4%)
Canada [58] 1963–80 92 74 (80%) 68 (74%) 6 (6%) 11 (12%) 7 (7%) 0
France [88] 1980–99 75 64b (85%) 45 (60%) 10 (18%) 5 (7%) 5 (7%) 1 (1%)
Scandinavia [90] 1977–98 33 33 (100%) 25 (76%) 8 (24%) 0 0 0
Scandinavia [57] 1977–98 80 60 (75%) Not reported 11 (14%) 8 (10%) 1 (1%)
US [89] 1985–97 680 455 (67%) Not reported 39 (6%) 103 (15%) 83 (12%)
UK [20] 2001 84 76 (90%) 62 (74%) 14 (17%) 8 (10%) 0 0
a ‘Other’ combines those currently pregnant, maternal deaths, extra-uterine pregnancies, and those lost to follow-up.
Modified from [20].
bDocumentation is only available for 55 of the 64 live births.

www.ebook3000.com

http://www.ebook3000.org


Female sexual and reproductive health 285

illness, women who became pregnant did not have a signif-
icantly shortened survival. During the 12-year observation
period, there were 96 deaths (14%) in the pregnant women
and 23% in the non-pregnant women. The rate of solid
organ transplantation did not differ between pregnant and
non-pregnant women (1.2% and 1.5%, respectively). These
data are reassuring and consistent with other more recent
reports of pregnancy outcomes in women with CF in other
developed countries [20,57,58,88,90]. However, therapeu-
tic abortion rates up to 20% and preterm pregnancy rates
up to 30% underline the seriousness of pregnancy [91], as
does the stark commentary by Goss and co-workers [89]
that 20% of mothers with CF will be dead before their
child’s tenth birthday, increasing to 40% if the FEV1 is less
than 40% of predicted. By way of balance, Gilljam and 
co-workers [58] report that a Canadian woman with a pre-
pregnancy FEV1 of 35% predicted was well with stable 
pulmonary function 9 years after delivery, while another
woman lived 25 years after delivery with a pre-pregnancy
FEV1 of 35% predicted.

A number of recommendations and commentaries have
been made in regard to pregnancy and CF [92,93]. It is gen-
erally accepted that pregnancy is less hazardous in those
with milder disease. These women can be reassured that they
should tolerate pregnancy relatively well, although the
potential for pregnancy to significantly affect the health of
any women with CF, even for those with mild disease, needs
to be understood [92,94]. It is worrying that a significant
proportion of young women with CF do not know that
pregnancy has the potential to detrimentally affect their
respiratory status [3]. Pregnancy cannot be recommended
for those with severe lung disease, especially those with 
pulmonary hypertension, significant liver disease, poor nutri-
tional status or diabetes. Despite this, a significant propor-
tion of pregnancies occur in those with severe respiratory
disease and therapeutic termination of pregnancy continues
to be a relatively common outcome of pregnancy.

Pregnancy is possible following lung transplantation
[95,96]. A case series of 29 heart and 3 heart–lung trans-
plants described 27 live births [95]. While 41% were born
pre-term, no fetal abnormalities were reported. Experience
is limited, but current opinions suggest that pregnancy is
ideally delayed until at least 2 years following transplanta-
tion. Pregnancy appears not to result in additional risk of
rejection, organ failure or fetal abnormalities [92].

Pregnancy in women with CF is best managed when it is
a planned event and where there is close collaboration
between the medical and obstetric teams. A strong empha-
sis needs to be placed on achieving the best possible respi-
ratory and nutritional status prior to pregnancy. Pregnancy
counselling should include genetic counselling and carrier
screening. If the woman’s partner is not a CF carrier, the
risk of an affected child is 1 in 50, with all unaffected chil-
dren being carriers. If her partner is a CF carrier, the risk of
a child with CF is 1 in 2. Antenatal screening using chori-
onic villus sampling can be performed at 8–12 weeks’ ges-
tation. In addition to genetic counselling, topics to discuss

include the increased risks to the mother, the increased
risks to the fetus, and the complex short- and long-term
issues surrounding parenthood in CF.

Regular monitoring and early treatment of complica-
tions will help minimize the risks of pregnancy for both the
mother and fetus. Monitoring of pulmonary status should
include serial pulmonary function tests, with close moni-
toring of cardiovascular status. Different approaches to phy-
siotherapy may be required as the pregnancy progresses. A
woman’s usual exercise regimen may need modifying dur-
ing pregnancy, with increasing reliance on specific physio-
therapy techniques. Increased gastro esophageal reflux is
expected in pregnancy generally which will have repercus-
sions for any physiotherapy regimen involving positioning.

Close involvement with an experienced nutritionist
before, during and after pregnancy is recommended for all
women with CF considering pregnancy. Close attention
should be paid to maternal weight gain. Women with CF are
advised to reach 90% of their ideal body weight prior to
pregnancy and a weight gain during pregnancy of 12.5 kg is
recommended [87]. Consideration should be given to nutri-
tional supplementation for poor weight gain during preg-
nancy. Nasogastric feeds are better tolerated early rather
than later in pregnancy, and women better tolerate continu-
ous rather than bolus feeds [87]. Close monitoring of fetal
growth is also required. In addition to regularly monitoring
maternal weight gain, regular monitoring of blood glucose,
glucose tolerance test, hemoglobin, liver function tests, pro-
tein production and coagulation profile is recommended,
with periodic monitoring of vitamins A and E.

Hospital admission may be required for a range of rea-
sons, including management of hyperemesis, respiratory
infection, nutritional supplementation or rest. Considera-
tion of the teratogenic effects of maternal drug use, espe-
cially systemic antibiotics, will result in the avoidance of
particular drugs during pregnancy if at all possible, although
the priority needs to be the mother’s health. Review of all
medications with an appropriate reference text is recom-
mended (Table 20.4) [97]. The �-lactam class of antibiotics
is generally considered safe during pregnancy. There are 
no controlled studies of the safety of gentamicin in preg-
nancy, although there are few concerning case reports.
Intravenous gentamicin is safer than some other aminogly-
cosides, although aerosolized antibiotics will be safer than
intravenous administration due to reduced systemic avail-
ability. There are few safety data concerning vancomycin and
ciprofloxacin, although they have been associated with good
fetal outcomes.

Close monitoring of the mother is recommended dur-
ing labor with a low threshold for supplemental oxygen. A
vaginal delivery is actively encouraged.

The first analysis of breast milk from a mother with CF
was found to be hypernatremic [98] and led to the wide-
spread but erroneous belief that this was a universal find-
ing. The amount of sodium and protein is in fact normal
[99–101]. Although a low-normal lipid content has been
reported [102,103], analysis of the specific lipid content of
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Table 20.4 Drug safety in pregnancy.

Drug category Drug name or type Fetal risk categorya

Antibiotics Aztreonam B
Cephalosporins B
Chloramphenicol C
Clavulanate potassium B
Gentamicin C
Penicillins B
Quinolones C
Tetracyclines D
Tobramycin C
Trimethoprim C
Vancomycin C

Anti-fungals Amphotericin B B
Clotrimazole B
Ketoconazole C
Nystatin B

Non-steroidal anti-inflammatory drugs Ibuprofen B
(D if used in third trimester)

Indomethacin B
(D if used for longer than 48 hours, after 34 weeks’ gestation or
close to delivery)

Sedatives Chloral hydrate C
Diazepam D
Ethanol D

(X if used in large amounts)
Temazepam X

Anti-secretory agents Cimetidine B
Ranitidine B

Gastrointestinal stimulant Cisapride C

Adrenal steroids Prednisolone B
Beclometasone C
Dexamethasone C

Bronchodilators Salbuterol C
Theophylline C

Anti-diabetic agents Insulin B

Immunosuppressive agents Ciclosporin C
Azathioprine D

Vitamins Vitamin A A
(if taken above recommended daily allowance)

Vitamin E A
(C if taken above recommended daily allowance)

Pancreatic supplementation Not reported in text, but the enteric coating diethylphthalate is
known to be teratogenic in rats.

aCategories: A: Controlled studies in women fail to demonstrate a risk to the fetus in the first trimester (and there is no evidence of risk in later trimesters)
and the possibility of fetal harm appears remote. B: Either animal-reproduction studies have not demonstrated a fetal risk but there are no controlled
studies in pregnant women or animal-reproduction studies have shown an adverse effect (other than a decrease in fertility) that was not confirmed in
controlled studies in women in the first trimester (and there is no evidence of a risk in later trimesters). C: Either studies in animals have revealed adverse
effects on the fetus (teratogenic or embryocidal or other) and there are no controlled studies in women or controlled studies in women and animals are not
available. Drugs should be given only if the potential benefit justifies the potential risk to the fetus. D: There is positive evidence of human fetal risk but the
benefits from use in pregnant women may be acceptable despite the risk. X: Studies in animals or humans have demonstrated fetal abnormalities or there is
evidence of fetal risk based on human experience or both, and the risk of the drug in pregnant women clearly outweighs any possible benefit. The drug is
contraindicated in women who are or may become pregnant.
Adapted from [97].
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milk from six women with CF revealed that in all cases 
they supplied the energy needs of nursing infants. Breast-
feeding in women with CF can supply sufficient infant
energy without deleterious affect on maternal nutritional
status [103], although the additional energy requirements
imposed by breast-feeding may be difficult to achieve for
some women and many women cease breast-feeding early
[90]. Possible drug transmission through breast milk needs
to be considered when prescribing medication for the
breast-feeding mother, and review of all medications with
an appropriate reference text is recommended [97].

RELATIONSHIPS AND SEXUAL FUNCTION

Young people with chronic illnesses such as CF are at
increased risk of low emotional and social well-being, with
body image, family connectedness and concern about peer
relations being salient explanatory variables [104]. The
physical burdens of CF, such as prominent coughing,
growth and pubertal delay, surgical scars, and the visibility
of permanent intravenous access ports may complicate the
development of relationships, or the perception of physical
attractiveness and self-worth. Both physical and emotional
factors may result in young people being less well connected
socially to a peer group than other young people, with less
opportunity for the development of social skills and inti-
mate relationships. Family attitudes, whether real or per-
ceived, realistic or not, are likely to influence young people’s
thoughts about themselves as people deserving loving, inti-
mate relationships, despite CF. And it is worth remembering
that expectations and attitudes that are formed about future
relationships and parenting roles can be subjectively refined
through the lens of what is said, as much as by what is left
unsaid, whether by parents or by CF teams.

There is no evidence of delayed onset of sexual activity
in young people with CF. However, studies report avoid-
ance of close relationships in adolescence and a delay in
intimacy due to concerns about their partner’s reactions to
their illness [105]. It is noteworthy that a greater propor-
tion of girls and boys with invisible conditions, such as CF,
report a history of sexual abuse than those without chronic
illness [64].

As respiratory illness progresses and exercise capacity
declines it is normal for interest in sexual activity as well 
as sexual function to be reduced, at least to some extent.
Greater planning and preparation for sexual activity may
reduce the spontaneity but increase the enjoyment. Consid-
eration of different sexual positions (because of pain or the
effect of their partner’s body weight, for example), opti-
mizing the time of day to when the person with CF is least
fatigued, and the use of supplemental oxygen may all
improve the enjoyment of sexual activity as well as improv-
ing sexual function. While sexual function may decline, the
need for intimacy does not. This provides a challenge for
individuals with CF and their partners, as well as for those
without partners.

PARENTING DECISION-MAKING

Decisions about reproductive options may come more eas-
ily to some individuals and couples than to others. A pro-
portion will elect to conceive regardless of any potential
health risks; others will try to conceive having made an
informed decision. For some, a decision against parenting
may be made independently of CF; for others the lack of a
partner (which may be due, at least in part, to CF) will
reduce the chance of parenthood. However, for many cou-
ples living with CF, the added challenge that CF brings to
daily life will result in a decision against parenthood. A
decision against parenthood will not necessarily alter the
sadness associated with known infertility for many men, or
the sadness that many women experience knowing they
will never be well enough to parent children.

Any decision to proceed with a pregnancy rests with the
patient and partner, not the health professional. However,
it is important that the array of issues surrounding concep-
tion, antenatal screening, pregnancy and parenting is explic-
itly and sensitively discussed. Topics need to include the
amount of time and energy required to parent children, a
frank discussion of likely survival in the face of CF and the
implications for the partner and child following the pre-
mature death of a parent. These topics are probably as dif-
ficult for health professionals to discuss as they are for
couples affected by CF.

Health professionals should discuss the range of repro-
ductive options in a balanced manner. It is important 
to ensure that patients are fully informed of new tech-
nologies. However, there is a risk that discussion of a 
newly available technical intervention such as MESA subtly
changes the focus from a complex and emotional discus-
sion of infertility and its consequences to a more typical
medical consultation where information is provided to
‘fix’ a problem. We should recognize that in the very situa-
tion where we most want patients to maturely and realisti-
cally reflect on the personal risks of parenthood and the
future of those children, our own (professional) need to
offer technological solutions (that we may find easier to
discuss and that may reduce our personal level of discom-
fort) may also reduce the opportunities for people with CF,
both men and women, to start to come to terms with the
reality that they may not be well enough to parent children
for very long.

SUMMARY

Cystic fibrosis has both specific and broad impacts upon
the sexual and reproductive health of individuals. The sig-
nificance of these issues to individuals, as well as the impact
on parents, partners and families, changes as the person
matures. A single discussion about any of these issues is
therefore insufficient. Rather, as with other aspects of CF
care, reviewing these topics and tailoring the content to the
individual’s life stage and level of maturation is an integral
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component of complete CF care. As young people with CF
face the same range of sexual and reproductive health
issues as other people, it is important that sexuality educa-
tion is comprehensive of the range of issues faced by all
young people.

Discussions about many of these issues are as difficult
for physicians as they are for patients and their families. It
is important that physicians themselves be fully informed
of the sexual and reproductive health issues that affect peo-
ple with CF. It is, however, equally important that these
issues be communicated to young people in an appropriate
manner. Sensitivity, empathy and confidentiality should
be key components of these consultations.
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INTRODUCTION

Lung transplantation (LTx) is a well-established treatment
for both adults and children with end-stage lung disease in
cystic fibrosis (CF). The number of transplants performed
worldwide per year in adults is now approximately 1700,
with this being split almost equally between double- and
single-lung transplants (Fig. 21.1a) [1]. This number
increased dramatically through the 1990s, but has now sta-
bilized because of limited donor availability. The majority of
transplants performed in the 1980s were heart–lung trans-
plants, where both heart and lungs are transplanted while
the recipient is on cardiopulmonary bypass. The explanted
heart could then be transplanted into another patient with
terminal cardiac disease (the domino procedure). Over the
last 10 years there has been a worldwide shift away from
heart–lung transplantation in favor of bilateral or double-
lung transplantation (Fig. 21.1b). Single-lung transplanta-
tion maximizes use of donor organs, but is not suitable in
subjects with suppurative lung diseases such as CF. Approx-
imately one-third of double-lung transplants are performed
in patients with CF (Fig. 21.1c), though very few single-lung
transplants are performed for this indication.

Lung transplantation is far less common in children,
with 60–70 procedures performed each year worldwide
[2]. Most of these procedures, particularly in adolescence,
are performed in children with CF (Figs 21.2a,b).

Although both short-term and long-term outcomes are
improving, they still lag behind outcomes for other solid-
organ transplants (Fig. 21.3) [1,2]. In addition, there is a
disparity between the number of subjects waiting for trans-
plants and the number of donor organs that are available.
It is essential, therefore, that the optimal time for referral
for a lung transplant assessment, and for subsequent list-
ing, is carefully considered both by the referring CF center
and by the transplant team [3–6]. This chapter will review

the criteria for the selection of lung transplant candidates,
post-transplant management, and outcomes. We will also
discuss issues that are particular to pediatric patients, and
summarize important research in this field.

SELECTION FOR LUNG TRANSPLANTATION

International guidelines describing criteria for referral of
patients to a specialist lung transplant center and the selec-
tion of recipients for lung transplantation were published in
1998 [7–9]. These guidelines were based upon limited data.
The suitability of an individual for lung transplantation is still
decided on following detailed discussion by a multidisciplin-
ary team in designated transplant centers. The following sec-
tion discusses these criteria. However, the authors suggest
that early communication by the referring physician directly
with the transplant center about individual cases is the most
effective means of decision-making regarding suitability of
an individual for lung transplantation. Early referral of a
patient is rarely a problem, as the transplant center can delay
the assessment if necessary, or assess the patient and then
arrange to review the person some months later. Late referral
of a patient is much more of a problem. At best, the patient
will not have sufficient time to consider the decision; at worst
he or she may miss out on a transplant altogether.

Lung transplantation is indicated for patients with end-
stage CF-related lung disease, whose lung function param-
eters and quality of life are declining despite maximal
medical therapy [3–9]. The potential longevity and quality
of life benefits of lung transplantation for these individuals
must be offset against the individual risk of perioperative
mortality and both short- and long-term complications.
An individual’s suitability for lung transplantation may
change according to clinical status during the pre-transplant
period.
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Patients will usually be considered for lung transplanta-
tion if:

● the patient has a predicted life expectancy, without
transplant, of 2 years or less;

● the patient has a poor quality of life, which is likely to be
improved by transplant;

● there are no specific contraindications to transplant;
● the patient is fully informed about the procedure, and is

committed to proceeding.

The first criterion is that the patient should have a pre-
dicted life expectancy of 2 years or less despite maximal

medical therapy. This is in consideration of the likely wait-
ing time for a suitable organ for use in lung transplantation
into any individual to become available. Assessment of prog-
nosis is based on the results of a number of large survival
studies. One of the first of these was a seminal paper by
Kerem and colleagues, published in 1992 [10]. This retro-
spective analysis identified patients with an FEV1 of less
than 30% predicted, PaO2 less than 55 mmHg (7.3 kPa) or
PaCO2 greater than 50 mmHg (6.7 kPa) as having a 2-year
mortality rate above 50%. FEV1 was the most significant
predictor of mortality. Studies in adult populations [11–15],
and one study in a pediatric population, have sought to

0

200

400

600

800

1000

1200

1400

1600

1800

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

N
um

be
r o

f t
ra

ns
pl

an
ts

Year(a)

0

50

100

150

200

250

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

N
um

be
r o

f t
ra

ns
pl

an
ts

Year(b)

32% CF

23%
COPD(c)

10% IPF
7% PPH

19% Other

9% �1–ATD

Figure 21.1 (a) Number of bilateral/double-lung and single-lung
transplants, by year, adults and children. Broken bars represent
single-lung transplants, solid bars represent bilateral and double-
lung transplants. Reproduced, with amendment, from [1]. (b) Number
of heart–lung transplants, by year, adults and children. Note that
fewer than 100 procedures are now performed per year. Reproduced,
with amendment, from [1]. (c) Indications for lung transplantation in
adults. ‘Other’ includes sarcoidosis, bronchiectasis, congenital heart
disease, and re-transplantation, amongst others. ATD, anti-trypsin
deficiency; PPH, primary pulmonary hypertension; IPF, idopathic
pulmonary fibrosis; COPD, chronic obstructive pulmonary disease.
These charts include all data submitted to the Registry of the
International Society for Heart and Lung Transplantation (ISHLT).
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further refine this analysis [16], and a large number of
individual variables have now been identified as indepen-
dent predictors of prognosis (Table 21.1).

The proposals made by Kerem and colleagues still apply,
with minor elaboration. Namely, subjects with an FEV1 of
30% predicted or less, who have poor nutritional status and
poor exercise tolerance, should be considered for a trans-
plant assessment. However, females, very young patients,
subjects declining quickly and subjects who have other rel-
evant clinical factors such as a history of massive hemopty-
sis or increasing frequency of respiratory exacerbations

should be considered for transplant referral before they
reach this point.

A number of cautions in the prediction of life expectancy
are warranted. None of these models are perfect predictors
of survival. All have to make a practical compromise between
accuracy and practicality. There are many complications
that physicians know to be important determinants of sur-
vival, which are not considered in these models. If, for exam-
ple, the patient has recurrent pneumothoraces, then he or
she should be considered to be in a poorer prognostic cate-
gory than would otherwise be predicted by a survival model.
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Figure 21.2 (a) Number of lung transplants in children, by year,
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Second, some of the published models are derived from the
entire CF population, rather than specifically from patients
with severe lung disease who are being considered for
transplant. This generates selection bias, and it is likely that
such models will overestimate the survival of true lung
transplant candidates. Third, these models should not be
extrapolated outside the populations from which they were
derived. Therefore models derived from adult data sets are
suitable for predicting prognosis in adult patients, whereas
models derived from pediatric populations should be used
for predicting prognosis in children. Fourth, the medical
management of CF is changing and mean survival is
increasing. These models are based on historical data, and
that needs to be factored into interpretation.

Patients with end-stage CF-related lung disease have a
reduced quality of life (QoL) due to the restrictions caused
by breathlessness, recurrent infections requiring hospitaliza-
tion, limitation of exercise capacity and dependence on
oxygen or non-invasive ventilation. Despite having to cope
with continued medication and medical follow-up, there is
a clear quality-of-life benefit for individuals following lung
transplantation as judged by the St Georges Respiratory
Questionnaire, Short Form-36, and the Hospital Anxiety
and Depression Scale. This is especially so for individuals
transplanted for CF versus other indications for lung
transplantation [17].

Assessment of QoL is particularly difficult in children, as
there are no widely accepted measures of QoL in childhood.
Recent studies have attempted to objectively measure QOL

in children with CF [18–20], but as yet these scoring systems
have not been applied to transplant assessment. In the UK,
assessment is made by the clinician in combination with
other members of the transplant team, and takes account
of ability to partake in daily activities such as schooling or
social activity, exercise tolerance, time spent in hospital, and
requirement for oxygen and intravenous antibiotic therapy.
As far as possible this assessment is taken from the child’s
perspective rather than from the parents’, and detailed infor-
mation from the referring center is of great value. Although
inexact, assessment of quality of life is an essential compo-
nent of the risk assessment. A child with an FEV1 of 30% is
unlikely to be accepted for transplantation if he still main-
tains a quality of life acceptable to that child.

The transplant assessment process aims to assess not
only whether lung transplantation is justifiable in terms of
quality of life and survival benefits, but also whether the
individual has any features that would contraindicate lung
transplantation. Any individual considering lung transplan-
tation should have a satisfactory psychological profile and
social support network to allow recovery and rehabilitation
following surgery. He or she must also be willing to make the
necessary lifestyle adjustments following lung transplanta-
tion and adhere strictly to the medication regimen. The issue
of informed consent is relatively straightforward in a com-
petent adult, but becomes more complex with a young child.

There are few absolute contraindications to lung trans-
plantation [6–9], and consideration of relative contraindi-
cations is most often made on a case-by-case basis (Table
21.2). Factors most often regarded as contraindications
include the presence of major dysfunction in another organ
system, for instance the heart or kidneys, an acutely ill or
unstable patient, the presence of any active malignancy,
unacceptable nutritional status (body mass index less than
18 or greater than 25), drug or alcohol abuse, or evidence
of HIV, hepatitis B or C virus infection. Other factors that
are considered include the potential for rehabilitation, pre-
vious thoracic surgery, osteoporosis, severe musculoskele-
tal disease, presensitization to HLA antigens, long-term
high-dose corticosteroid treatment and sputum microbiol-
ogy. The presence in the sputum of Burkholderia cenocepa-
cia is no longer considered an absolute contraindication to
lung transplantation [21,22].

DONOR ALLOCATION

A discrepancy exists between the number of subjects who
might benefit from lung transplantation and the number
of lung donors available. In the United Kingdom and the
United States there are approximately three times as many
patients awaiting transplant as there are transplant opera-
tions performed each year [21,23]. The lungs are unique
among body organs in that they are continuously exposed
to the external environment. For this reason only approxi-
mately 20–30% of lungs offered for use in organ transplan-
tation are usable. Others have been damaged by trauma,

Table 21.1 Predictors of prognosis in CF.a

Domain Parameter

Spirometry FEV1

FVC
Poor exercise tolerance Reduced 6-minute walk distance

Desaturation on exercise
Reduced maximal oxygen

consumption
Poor blood gases Resting hypercarbia

Resting hypoxia
Poor nutrition Hypoalbuminemia

Anemia
Short stature 
Poor weight for height

Rapid decline Rapid rate of fall of FEV1

Frequent exacerbations
Young age

Female sex
Increased energy expenditure Resting tachycardia
Multisystem involvement Liver disease

Diabetes mellitus
a A large number of parameters have been identified as being of
prognostic value in CF. Here they are presented in domains for ease of
reference, but it should be noted that many are inter-related, even across
domains. The list is not exhaustive.
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infection or fluid overload or have become consolidated.
Attempts are being made both to allocate this scarce resource
most appropriately to give the maximum benefit to the
greatest number of people and to maximize the numbers of
lungs that are usable in transplantation.

Orens and colleagues recently reviewed standard donor
criteria on behalf of the pulmonary council of the Inter-
national Society for Heart and Lung Transplantation
(ISHLT) [24]. Their conclusion was that the criteria that
had traditionally been applied were probably too strict. In
particular, there are limited data that a history of smoking
in the donor, a prolonged period of ventilation prior to har-
vesting, or even minor abnormalities on chest x-ray have
major adverse effects on subsequent outcome. Research in
this area currently focuses on more detailed physiological
assessment of donor lungs, rather than the more crude clin-
ical criteria that have been traditionally used [25–38]. As
with other aspects of lung transplant practice, there is vari-
ation between centers on how strictly donor criteria are
applied. In addition, many centers are willing to use so-called
marginal donors for patients who are in extremis, as long as
the patients themselves have given informed consent.

Transplant teams in the United States have recently
implemented a major change in how donor lungs are
allocated to individuals. Rather than just basing allocation

on waiting list seniority, subjects are now given a survival
benefit score that calculates their predicted survival with-
out transplant, and their predicted post-transplant survival
[26]. The aim is to direct scarce lungs toward patients who
will derive the most benefit from them. Children are
excluded from this allocation process as there are so few
data on survival modelling in this age group. Interestingly,
for adult subjects, it is likely that the new system will result
in more lungs being allocated to subjects with cystic fibro-
sis. This is because subjects with CF are known to have a
poorer waiting list survival than subjects with emphysema
or chronic obstructive pulmonary disease, but conversely
have a better post-transplant survival [39]. At the time of
writing it is too early to determine what impact this new
allocation system will have.

In the UK donor lungs are allocated according to com-
patible donor/recipient blood group matching and size
matching and according to the clinical conditions of recip-
ients on the waiting list at the zonal center. Furthermore,
attempts are being made to optimize the management of
organ donors following brain death to maintain lungs in
the optimal condition prior to retrieval [40,41]. Alternative
sources of donor organs are being sought [27,29,30]. Living
donor lobar transplantation provides similar benefit to
cadaveric lung donation for those with family and close
friends willing to undergo lobectomy to provide tissue for
use in organ transplantation [42–45]. This remains a second-
line treatment due to the inevitable risk of lobectomy to
the donors. Non-heart-beating donors are individuals who
do not meet brain-stem death criteria but for whom the
attending physicians and family agree that further medical
intervention is futile. If the next of kin agree to organ dona-
tion then organs can be rapidly retrieved after certification
of death following withdrawal of support and asystole. This
process is already a well-recognized treatment in renal trans-
plantation and is becoming recognized in lung transplan-
tation also [27,40,41].

PREOPERATIVE MANAGEMENT

The aim of the CF center should be to keep the patient as
healthy as possible while waiting for transplantation.
Essentially this means continuing aggressive holistic care.
The importance of maintaining good nutrition and bone
density should not be underestimated [46]. These factors
will have a major impact during post-transplant rehabilita-
tion. If the patient is deteriorating, the use of non-invasive
positive pressure ventilation (NIPPV) may be considered
as a means of bridging the patient to transplantation [47].
The use of invasive ventilation is more controversial. There
is no doubt that patients who are invasively ventilated have
a significantly poorer post-transplant outcome than patients
who are not ventilated. In addition, the shortage of donors
means that a suitable organ is unlikely to become available
in the necessary time frame for most patients. For this reason
centers in the UK normally recommend against invasive

Table 21.2 Contraindications to transplantation.

Absolute Relative contraindicationsa

contraindications

Active malignancy Ventilator-dependent respiratory
failureb

Hepatitis B or C infection Obesity (BMI 
 25)
Severe acute illness Gross under-nutrition (BMI � 18)
Mycobacterium HIV infection

tuberculosis infection
Major psychiatric illness Burkholderia cenocepacia infection
Major dysfunction of Multiresistant non-tuberculous
other organs (e.g. severe mycobacteria infection
cardiac, renal or hepatic
disease)c

HLA antigen pre-sensitization
Previous thoracic surgery
Long-term high-dose
corticosteroid therapy

Psychosocial difficulties
Severe osteoporosis or
musculoskeletal disease

Minor dysfunction of other organs
a Many of the factors listed as relative contraindications may be amenable
to pre-transplant intervention. It is important for the referring center to
discuss these issues with the transplant center as early as possible.
b Ventilator-dependent respiratory failure is considered an absolute
contraindication by most UK centers, but this is not true in other
countries.
c In the presence of major second organ dysfunction a double organ
transplant may be possible.
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ventilation in this scenario. However, this practice varies
between different countries. An important ethical point to
consider at this time is that the possibility of transplantation
should not override a need for palliative care. If it is clear
that a patient is reaching the last days of life, and the possibil-
ity of lung transplantation is remote, then the option of
removing the patient from the transplant list, and concen-
trating on providing a dignified death, should be considered.

PERIOPERATIVE MANAGEMENT

The aim of management in the early transplant period is to
initiate effective immunosuppression, to minimize the risk
of infection, to rehabilitate the patient as rapidly as possible,
and to protect other organ systems (such as renal). This
requires close liaison between transplant physicians, sur-
geons and intensive care staff, together with experienced
nursing staff and support from pathologists and radiologists
experienced in thoracic organ transplantation. Detailed
information on donor management, organ retrieval and
preservation, and surgical techniques, is beyond the scope
of this text.

Immunosuppression

Prior to transplantation the subject receives loading doses
of maintenance immunosuppression, this being either
tacrolimus or ciclosporin, and either azathioprine or
mycophenolate mofetil (MMF). Tacrolimus and
ciclosporin are calcineurin inhibitors (CIs) – metabolites of
these drugs bind to cytoplasmic calcineurin, and therefore
interfere with the transcription of various cytokines,
including IL-2, -3, -4 and -5, tumor necrosis factor-�,
interferon-�, and granulocyte/macrophage colony stimu-
lating factor, and therefore inhibit T-cell stimulation
[48,49]. Cell cycle inhibitors (azathioprine, MMF) inter-
fere with DNA and RNA synthesis, and purine synthesis,
thereby inhibiting proliferation of T and B lymphocytes.

During the transplant procedure the subject receives
high-dose methylprednisolone. There is no universal agree-
ment on the administration of further induction of immuno-
suppression. Some transplant centers give a monoclonal
antibody (basiliximab or daclizimab), which binds irre-
versibly to the IL-2 receptor on T-cells, while other centers
give antithymocyte globulin [50,51]. These additional agents
may reduce the risk of rejection during the first month post-
transplant, but this may be at the expense of increased sever-
ity of infection or later increased incidence of malignancy.

Anti-infective therapy

Appropriate intravenous antibiotic prophylaxis is essential
at the time of lung transplantation for CF and these will
normally be continued until the patient is mobilizing and

able to clear secretions [21,22,52–59]. Care must be taken
when explanting lungs to guard against contamination of
the thoracic cavity by airway secretions. It may be prudent
at explantation to electively wash out the thoracic cavity,
either with saline or with a weak antibiotic solution. The use
of antifungal prophylaxis for those known to be colonized
with fungi pre-transplant can reduce the postoperative rate
of fungal infections.

Intensive care management and
rehabilitation

The patient is invariably ventilated for a few hours post-
transplant. At this time inotropic support is also usually
necessary, particularly if the operation was performed
on cardiopulmonary bypass. It is important at this stage
that the patient be kept relatively hypovolemic, so that
pulmonary edema does not develop. Careful monitor-
ing of renal function is necessary, particularly as the patients
will be receiving a calcineurin inhibitor. Most patients will
have a temporary paralytic ileus early after transplant. If
this is allowed to progress to distal ileal obstruction syn-
drome then the consequences can be disastrous. For this
reason most centers commence small volumes of enteral
feeds very early post-transplant, and some centers also give
lact-ulose or N-acetyl cysteine during the early postopera-
tive period [60].

Most patients can be extubated within the first 24 hours
after transplant. It is then essential that they begin to mobi-
lize, and in particular that they clear respiratory secretions.
Delay in extubation can occur for a number of reasons.
The most important is development of primary graft failure
(PGF), which is clinically, physiologically and radiologically
similar to adult respiratory distress syndrome (ARDS)
(Fig. 21.4) [61–66]. PGF occurs in approximately 10% of

Figure 21.4 Primary graft failure in a subject who recently
received a right single-lung transplant for emphysema. The right
lung shows diffuse pulmonary infiltrates, similar to those seen
in ARDS.
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transplant recipients. Incidence is increased in marginal
donors and in situations when the graft ischemic time is
greater than 6 hours, but it is also seen in lungs from suppos-
edly low-risk donors. Diagnosis is based on clinical pattern
and exclusion of other diagnoses (particularly acute rejec-
tion). The pathophysiology of PGF is related to alveolar cap-
illary leak, but no specific treatments have been demonstrated
to show great benefit. Management is supportive [67].

Following extubation, the goal is to rehabilitate the
patient – to simplify his or her complicated treatment 
regimen and ready the individual for discharge. It is also
essential to monitor for complications, the most common of
which are lower respiratory infection and acute rejection.
Most centers will perform at least one bronchoscopic biopsy
and lavage prior to the patient being discharged. The typical
inpatient stay following an uncomplicated transplant is 2–3
weeks, though this is usually slightly longer in children and
in subjects who have other medical conditions.

POST-TRANSPLANT MANAGEMENT

The goal of post-transplant management is to maintain
adequate immunosuppression, to protect the graft from
non-immune insults, to protect other organ systems from
the consequences of immunosuppressive therapy (particu-
larly renal failure), and to monitor for complications.

Immunosuppression

The great majority of lung transplant recipients remain
on three maintenance immunosuppressive agents life-long
[1,2]. Typically, one of these will be a calcineurin inhibitor,
one will be a cell-cycle inhibitor, and the third will be pred-
nisolone. The most important side-effect of these agents 
is that they cause immunosuppression, and the incidence
of severe infection and malignancy are greatly increased. 
In addition, however, they have a number of specific
side-effects, which are listed in Table 21.3.

Calcineurin inhibitors have a narrow therapeutic window
and significant side-effects. Absorption after oral administra-
tion is poor, and can be even poorer in patients with CF. Both
drugs are given twice daily, and dosage adjustment is per-
formed dependent on trough blood levels. However, there is
increasing evidence that trough levels do not reflect systemic
exposure, as assessed by a full pharmacokinetic profile over
12 hours (area under the curve AUC 0–12) [68,69].

Recently there has been a trend to use tacrolimus instead
of ciclosporin in some transplant centers. Evidence for supe-
rior efficacy mostly comes from studies in renal transplant
recipients [70–72], but studies in lung transplant recipients
are ongoing. One clear difference between the drugs is in
their side-effect profile. Ciclosporin frequently causes hir-
sutism and gingivism, which some patients find unaccept-
able, and which causes particular distress in girls and young
women. If the psychological impact of these side-effects is

considered to be affecting drug adherence, then thought
should be given to switching to tacrolimus. Conversely, a
much higher incidence of post-transplant diabetes mellitus
has been recorded with tacrolimus than with ciclosporin,
and this obviously has implications for patients with cystic
fibrosis. MMF (versus azathioprine) is reported to reduce
the incidence of acute rejection in renal and cardiac patients
[73,74]. The one multicenter trial that has been reported in
lung transplant recipients showed no benefit of MMF over
azathioprine at 6 months in survival or incidence of acute
rejection [75].

Anti-infective therapy

The use of anti-infective prophylaxis varies widely between
centers. The authors advocate continued use of nebulized
anti-pseudomonal antibiotics (usually colistin) for at least
6 months. All patients receive some form of antifungal pro-
phylaxis (either oral itraconazole or nebulized amphotericin,

Table 21.3 Common side-effects of maintenance
immunosuppression.

Drug Side-effects

Ciclosporin Nephrotoxicity
Tremor
Paresthesia/hypersensitivity
Hypertension
Hypercholesterolemia
Hypertrichosis
Gingival hypertrophy

Tacrolimus Nephrotoxicity
Tremor
Paresthesia/hypersensitivity
Hypertension
Hypercholesterolemia
Neurotoxicity
Diabetes mellitus
Alopecia

Prednisolone Cushing’s syndrome
Dyspepsia
Peptic ulceration
Osteoporosis
Proximal myopathy
Increased appetite
Neuropsychiatric effects
Glaucoma, papilledema, cataracts
Skin atrophy, striae, bruising, acne

Azathioprine Bone marrow suppression
Hypersensitivity reactions

Mycophenolate Bone marrow suppression
mofetil (MMF) Nausea, dyspepsia, diarrhea, constipation

Hyperglycemia
Hypercholesterolemia
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and oral nystatin) [76–82]. Patients who are at high or
medium risk for CMV activation receive prophylactic 
valganciclovir for approximately 3 months [83–85].Co-
trimoxazole is also given for approximately 3 months or
longer as prophylaxis against Pneumocystis carinae pneu-
monia [86,87].

Graft monitoring

After discharge, patients are recommended to monitor
their own health, and to report to the transplant center if
they have any untoward symptoms. Patients are provided
with portable spirometers and asked to record spirometry
daily, and report if their FEV1 falls by 10% or more.

When a patient presents with acute respiratory symp-
toms, rapid diagnosis and treatment is essential. The clinical
picture of early acute rejection is non-specific, and indis-
tinguishable from an infection. Patients who have cough,
malaise, low-grade pyrexia or minor drop in lung function
should be thoroughly evaluated [88,89]. Chest x-ray may
be normal in the presence of rejection, but even if changes
are seen they do not distinguish between rejection and infec-
tion. Although fractional exhaled nitric oxide measurement
has been proposed as a non-invasive marker of acute rejec-
tion, the sensitivity and specificity of this marker is still
unclear [90–93]. In most cases an urgent bronchoscopy,
lavage and transbronchial biopsy is indicated. The biopsy is
graded for the presence of rejection using a scoring system
developed by the ISHLT [94]. The presence of perivascular
and interstitial mononuclear cell infiltrates are graded from
A0 (no acute rejection) up to grade A4 (severe rejection).
In addition, the presence of airway inflammation is graded
from B0 (no airway inflammation) to B4 (severe airway
inflammation). If the biopsy shows moderate to severe rejec-
tion (A3 or A4), then this can usually be cleared with a 3- to
5-day course of high-dose methylprednisolone. Occasion-
ally, more aggressive therapy with polyclonal anti-
lymphocyte antibodies (antithymocyte globulin, ATG) is
necessary. The correct approach to grade A2 rejection is
more controversial, and some centers will treat this with a
short course of oral prednisolone [95–99]. Grade A1 rejec-
tion is usually not treated.

The importance of airway inflammation in the absence
of interstitial changes is uncertain. There is some evidence
that airway inflammation is associated with subsequent
development of bronchiolitis obliterans syndrome [100],
but this inflammation does not always respond well to
high-dose steroid treatment. The presence of infection on
lavage should always be taken seriously [101–104]. Positive
bacterial or fungal cultures warrant antibiotic or antifungal
treatment respectively. Presence of respiratory viruses in
bronchoalveolar lavage (BAL) is more problematic since
few specific antiviral agents are available.

Many transplant centers have traditionally performed
surveillance bronchoscopies and biopsies in asymptomatic
patients during the first year post-transplant. The value of

these surveillance biopsies is uncertain. While there is no
doubt that surveillance bronchoscopy frequently shows
asymptomatic mild rejection and asymptomatic mild
infection, it is not yet clear whether the treatment of these
abnormal findings has a positive impact on long-term out-
come. In practice there may be relatively little difference in
the way patients are managed. In 1997, Tam and colleagues
in the UK reported a post-hoc analysis of patients trans-
planted in the Papworth center [99]. After surveillance biop-
sies were suspended they described no difference in outcome
for 75 patients who did not have surveillance biopsies com-
pared with historical controls who did. However, the non-
surveillance biopsy group had just as many biopsies in their
first year as the historical controls, presumably because more
frequent biopsies were performed during symptomatic
episodes. The pickup rate of surveillance transbronchial
biopsy has differed between published studies. Experience in
a pediatric population at Great Ormond Street, London,
suggests that the detection rate for infection or rejection is as
high as 40% in asymptomatic subjects (author’s own data).

The clinical significance of low-grade rejection is
unknown. Hopkins and co-workers [96] have prospectively
analyzed 1159 transbronchial biopsies in 128 patients: 24%
of these biopsies showed A1 rejection, of which the great
majority were in asymptomatic patients; 34.5% of these
patients progressed to develop either high-grade acute
rejection or lymphocytic bronchiolitis. In addition, 68% of
patients who had multiple A1 lesions subsequently devel-
oped bronchiolitis obliterans syndrome (BOS; see later),
compared with 43% of patients, who had one or fewer
lesions.

Non-infectious complications

Different complications exist in the early and late post-
transplant periods. Early complications are usually related 
to the bronchial anastomosis [105–109]. In the absence of
bronchial artery circulation, healing of the anastomosis is
dependent on a retrograde blood supply from pulmonary
collaterals. This healing can be further hampered by cor-
ticosteroids, or by post-transplant infections. In the early days
of lung transplantation early necrosis leading to subsequent
stenosis, or even dehiscence, were important complications.
Improvement in surgical techniques, particularly perform-
ing the anastomosis more distally, has reduced the incidence
of these complications. The commonest time for bronchial
stenosis to develop is 2–4 months post-transplant. Treat-
ment of choice is balloon dilatation, which often needs to be
repeated to have a long-lasting effect [105–113]. If the steno-
sis is caused by granuloma formation, then repeated laser
treatment may also be of benefit. If these techniques are
unsuccessful, an expandable bronchial stent can be placed
[113]. This has the disadvantage of interrupting ciliary
transport and has a negative effect on long-term results.

Other early complications are damage to the phrenic
nerve, leading to impairment of diaphragmatic function,
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and damage to the vagus nerve, which contributes to delayed
gastric emptying.

Late complications following lung transplantation include
an increased incidence of malignancy and calcineurin
inhibitor-induced renal impairment. Post-transplant lymph-
oproliferative disease (PTLD) is a heterogeneous condition
that varies from a relatively benign proliferation of
B lymphocytes to monoclonal lymphoma. Although the
majority of PTLD tumors are of B-cell origin, rare T-cell
and other cell type tumors have been diagnosed. The inci-
dence is higher in lung transplant recipients than in other
solid-organ recipients [114,115], and is higher in children
than in adults, with a lifetime prevalence of 7% in pediatric
lung transplant recipients [114]. The majority of disorders
are caused by a clonal expansion of B-cells infected with
Epstein–Barr virus (EBV), because of loss of normal T-cell
surveillance due to immunosuppression. Historically,
PTLD has carried a high mortality, with 1-year survival as
low as 50%. With the introduction of anti B-cell mono-
clonal antibody (rituximab), outcomes are improving.

Lifelong immunosuppression results in a higher inci-
dence of other malignancies in transplant recipients, and
also contributes to these malignancies being more aggres-
sive [116]. In addition to PTLD, the most common cancers
in cardiothoracic transplant recipients are skin cancers, lung
cancers, prostate cancer and Kaposi’s sarcoma. The usual
risk factors for developing such cancers apply to transplant
recipients also. Therefore it is important to give transplant
patients advice about sunlight exposure, etc.

Renal impairment is extremely common after transplan-
tation, because of long-term treatment with calcineurin
inhibitors [1,2]. There is no difference in nephrotoxicity
between ciclosporin and tacrolimus. Patients with cystic
fibrosis are particularly at risk, because many of them have
impaired renal function before they come to transplant
probably due to repeated courses of aminoglycoside antibi-
otic treatment. Although this was previously seen mostly in
adult CF transplant recipients, our recent experience has
been that the majority of children with CF coming to trans-
plant also have impaired renal function (author’s own data).
Treatment of renal failure can be extremely difficult. One
approach has been to withdraw the calcineurin inhibitor and
give sirolimus or everolimus as an alternative immunosup-
pressant. Snell and colleagues have reported improved renal
function in adult lung recipients with renal failure managed
by this approach [117]. However, there are no data regarding
the long-term efficacy of sirolimus in the maintenance of
lung allografts, and such patients may therefore be at risk of
acute rejection or bronchiolitis obliterans syndrome.

Other non-infectious complications are listed in
Table 21.4.

Non-transplant complications

Subjects with cystic fibrosis who have transplants must 
still be monitored for all other CF-related complications.

In particular, bone disease, diabetes mellitus and growth
failure are more common in transplant recipients than in
the general CF population.

LONG-TERM OUTCOMES

Compared to other solid-organ transplant recipients, lung
transplant recipients have a higher incidence of complica-
tions. Outcomes are slowly improving with time, but this
change is not dramatic when viewed from a worldwide
perspective (see Fig. 21.3) [1]. In addition, there is some
evidence that outcome in children is even poorer than out-
come in adults, though this may be in part because most
pediatric centers inevitably perform a small volume of
transplants [2]. Children awaiting transplantation at Great
Ormond Street are currently quoted a median survival of
5–6 years, while adults considering lung transplantation at
Harefield Hospital are quoted an average 1-year survival of
75% and average 5-year survival of 45%.

Post-transplant obliterative bronchiolitis

In the first year post-transplant the leading cause of mor-
tality is overwhelming infection. This is often because infec-
tion is the final insult following surgical complications,
severe rejection or primary graft dysfunction [1,2]. After 1
year, the commonest cause of death is obliterative bronchi-
olitis (OB) [1,2]. This develops in up to 70% of survivors
by 5 years after transplantation, and eventually progresses to
respiratory failure. True OB is diagnosed histologically, but
such confirmation is not always easy to obtain. It is rarely
possible to get adequate tissue samples from transbronchial
biopsy, and open lung biopsy is a hazardous procedure
in patients who are already in respiratory compromise.
Therefore the transplant community has adopted the term
‘bronchiolitis obliterans syndrome’ (BOS) as the clinical
correlate of obliterative bronchiolitis [118,119]. BOS is
defined by an irreversible fall in lung function when other

Table 21.4 Common non-infectious complications after lung
transplantation.

Early
Anastomotic dehiscence or stenosis
Phrenic nerve injury
Vagal nerve injury

Intermediate and late
Malignancy, particularly lymphoproliferative disease
Nephrotoxicity
Hypertension
Osteoporosis
Growth failure (children)
Diabetes mellitus
Hyperuricemia/gout
Warts
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causes have been excluded, and is graded from BOS 0P to
BOS 3 (Table 21.5) [119]. OB and BOS have previously
been described as a form of chronic rejection. However, it
is likely that there are many factors that contribute to the
development of BOS. In particular, non-immune insults
such as gastroesophageal reflux or airway infection may
lead to graft dysfunction, and aggressive treatment of these
complications can reverse this dysfunction. Specifically, a
number of centers have now reported a very high preva-
lence of gastroesophageal reflux in transplant recipients
[120–124], and a gratifying improvement in outcomes 
following surgical treatment of this reflux [125–128].

In addition, reports from more than one center have
described how low-dose macrolide therapy can improve
graft function in many patients [129–131]. The mecha-
nism is not fully understood, but the observation that
patients who respond are usually those who have evidence
of neutrophilic airway inflammation suggests that the anti-
inflammatory properties of macrolides are responsible.
Strictly speaking, the patients who benefit from such inter-
ventions did not really have BOS (or OB) but rather had
reversible airway dysfunction related to inflammation.

Patients who have established OB/BOS, which does not
respond to such measures, are in far more difficulty, as by
definition there is no effective treatment. Some of these
patients stabilize, and can continue for many years with lim-
ited lung function. Others develop steadily worsening graft
dysfunction and progress to respiratory failure. OB/BOS is
the commonest cause of late death following transplantation
and is the main reason why long-term outcome is only slowly
improving [1,2]. The current focus is on development of
techniques for early detection of airway dysfunction, with the
intention of preventing the development of BOS [132].

Re-transplantation

Repeat lung transplantation is rarely performed [1,2]. The
main reason for this is because of the shortage of donor
organs and potential additional risks involved in re-
transplantation [133–136]. In particular, repeat surgery
may be more difficult because of previous thoracotomy,
and other systemic complications such as renal dysfunc-
tion are more prevalent. With donor shortage denying

many subjects a first transplant it is difficult to justify
repeat transplantation for others.

Does lung transplantation confer benefit to
the patient?

There is increasing evidence that lung or heart–lung trans-
plantation significantly increases life expectancy in appro-
priately selected patients. Testing this hypothesis has not
been straightforward, as randomized controlled trials would
not be acceptable in this situation. However, hazards model-
ling techniques can be employed to calculate the survival
benefit from transplantation [137,138]. There have now
been a large number of published studies that have employed
these methods and obtained similar results [139–141]. The
one study that has been performed in a pediatric population
calculated a hazard ratio for transplantation of 0.31, equat-
ing to a reduction in risk of death of 69% (95% confidence
interval 28–87%) [142]. Two recent studies from the CF
Foundation database in the United States have calculated a
lower survival benefit for the procedure [143,144], but these
two studies employed a different analysis method from all
others cited [137,138,145], and this probably explains the
discrepancy in results.

Despite the negative impact of OB/BOS, functional out-
come for the majority of lung transplant recipients is very
good. Data from the ISHLT registry suggest that more than
80% report no limitation to activity at 1, 3 and 5 years
post-transplant [1,2]. Similar results are seen in pediatric
transplantation. In adult subjects there is evidence that
transplantation produces a dramatic improvement in
quality of life [146–150], and unpublished data from Great
Ormond Street, London, suggest that the same applies to
pediatric recipients. As post-transplant outcomes continue
to improve, the potential benefit of the procedure is no
longer an area of controversy.

SPECIFIC PEDIATRIC ISSUES

There are number of small but important differences
between how monitoring is performed in children
compared to adults.

Lung function testing

Most children over the age of 4 years are able to perform
spirometry successfully, provided they are given adequate
training. It may be necessary to modify the outcome mea-
sures that are used (e.g. by reporting FEV0.75 rather than
FEV1) [151]. As well as performing spirometry on every
clinic visit, most transplant centers provide the family with
a portable spirometer which the child should use daily at
home. A drop in FEV1 (or FEV0.75) of greater than 10%,
which lasts for more than 24 hours, should be referred for

Table 21.5 Bronchiolitis obliterens syndrome (BOS) grading.

Grade Definition

BOS 0 FEV1 
90% of baseline and FEF25–75


75% of baseline
BOS 0-P FEV1 81–90% of baseline and/or FEF25–75

�75% of baseline
BOS 1 FEV1 66–80% of baseline
BOS 2 FEV1 51–65% of baseline
BOS 3 FEV1 �50% of baseline
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medical advice. Exhaled nitric oxide (eNO) measurement
may provide a non-invasive means for detecting airway
inflammation post-transplant. Data are limited in adults
and non-existent in children, but it is known that eNO
measurement can be successfully performed in young chil-
dren [152]. There are intriguing data from Estenne and
colleagues [132] suggesting that gas mixing techniques may
provide earlier indication of airway dysfunction than spirom-
etry. A modified version of the multiple-breath washout
technique can be used in children, including those in the
infant and pre-school age groups [153]. There are as yet no
published data on gas mixing studies following lung trans-
plantation in children.

Transbronchial biopsy

If a child is suspected of having rejection or lower respira-
tory infection then bronchoscopy and transbronchial biopsy
should nearly always be performed. Preferably this should
be done as early as possible, prior to starting treatment. The
technique employed varies between centers, with some pre-
ferring general anesthesia, and others using sedation [154].
General anesthesia with a laryngeal mask airway allows
the use of adult-size (e.g. 4.9 mm) bronchoscopes even in
pre-school children. This allows adequate samples to be
obtained.

Radiology

The new generation of multislice CT scanners allows rapid
acquisition of high-resolution (HR) images with relatively
little radiation exposure [155]. General anesthesia is rarely
necessary for this investigation, even in the youngest chil-
dren. If a HRCT is to be used for monitoring of graft struc-
ture in asymptomatic children, then it is essential that the
protocol be modified from the normal adult settings so
that the radiation dose is minimized.

Infections

This is one area where pediatric practice differs from adult
practice. Many children will not have had previous expo-
sure to common viruses, and the incidence of primary infec-
tion is much higher than for adults. It is therefore essential
that immunization status be optimized prior to listing for
transplantation [156]. Following transplantation the family
should be given advice to keep their child away from out-
breaks of measles, varicella etc., and to seek advice if their
child has been in contact with other children who may
be infectious. Post-transplant lymphoproliferative disease
(PTLD) is far more common in children than in adults
[157], and in most cases is related to reactivation of EBV
infection. Although there are many centers that now mon-
itor quantitative EBV load post-transplant, there is little

evidence that viral load is related to subsequent develop-
ment of PTLD [158].

Side-effects of immunosuppressive therapy

The approach to this is similar as for adult patients. The
most important points are to monitor renal function, as
ciclosporin and tacrolimus are both nephrotoxic; to moni-
tor for bone marrow suppression from azathioprine and
MMF; to monitor for hyperglycemia, particularly in chil-
dren with CF; and to monitor bone mineral density [159].
Related to this, it should also be remembered that all chil-
dren with CF may still get non-respiratory complications,
such as fat-soluble vitamin deficiency, salt depletion in hot
weather, nasal polyps, distal ileal obstruction, etc.

Growth and development

Many children who are referred for lung transplantation
have growth failure secondary to chronic illness. Even if a
transplant is successful, the use of maintenance cortico-
steroids post-transplant also affects linear growth [158,160].
If the child has had no episodes of rejection it is important
to reduce the steroid dose to the lowest possible to allow
catch-up growth. The use of growth hormone in these situ-
ations is controversial, as there is some laboratory evidence
that it may trigger acute rejection [161]. The transplanted
lungs themselves grow as the child grows. There is some
evidence from lung function testing and from CT that the
airways of transplanted lungs grow with the child [162],
but it is still unclear as to whether graft alveoli continue to
multiply, or whether they simply distend.

Psychosocial issues

As mentioned above, many children coming to transplant
are physically and emotionally immature because of their
chronic illness. A successful transplant allows a child to
transform his or her life and to catch up on many of the
activities that were previously denied. Some children find
this change in lifestyle difficult, particularly if it coincides
with puberty [163].

Anecdotal reports from a number of centers suggest
that survival rates are steadily improving. Non-adherence
to therapy is therefore becoming a proportionately greater
cause of poor outcomes. This problem is particularly seen
in teenage patients, and appears worst in those who have a
chronic illness like cystic fibrosis. There is limited evidence
as to the best approach for assisting children in this posi-
tion. However, most centers stress that adolescents should
steadily take more responsibility for their own care and are
given practical assistance to boost adherence to therapy. In
addition, it is important to encourage adolescents to develop
long-term goals and ambitions, so that they have positive
aims for the future [164].
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KEY AREAS FOR RESEARCH IN LUNG
TRANSPLANTATION

Space limitations prevent a full discussion of current
research in lung transplantation, but a list of some of the
most important fields of research is presented in Table 21.6.

CONCLUSIONS

Lung transplantation is now an established, accepted treat-
ment option for children and adults with end-stage CF
lung disease, which extends life and improves quality of life
in appropriately selected patients. Outcomes are steadily
improving, but they remain poorer than for other solid-
organ transplants. Lung transplant recipients are commit-
ted to lifelong medication and monitoring. As outcomes
continue to improve, and the number of long-term sur-
vivors increases, more CF physicians and pediatricians will
need to be involved with the shared care of these patients.
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Using databases to improve care

SHEILA G. MCKENZIE AND MARGARET E. HODSON

OBSERVATIONAL DATA VERSUS RANDOMIZED
CONTROLLED TRIALS

Although randomized controlled clinical trials (RCTs) are
the gold standard in assessing the efficacy of any medical
intervention, these can be impractical in cystic fibrosis
(CF) for several reasons:

● The number of patients required to provide the statisti-
cal power necessary to detect the difference between
treatment and control groups may be so large that a
multicenter study is required, with the attendant logis-
tic difficulties.

● The desired outcome measure may be attained only
after long-term follow-up of individual patients, imply-
ing that the rigors of a controlled trial must be main-
tained for many years.

● The protocol for a long-term trial must be flexible enough
to accommodate the changing medical needs of patients
over time, but rigorous enough to maintain the integrity
of the hypothesis being tested.

● Results from RCTs can properly be extrapolated only to
the population of CF patients with the same character-
istics as those entering the trial. In a rapidly changing
field like CF the entry characteristics of trial subjects
may be irrelevant by the time a long-term trial is 
completed.

For these reasons it appears that some of the most crucial
questions on the efficacy of interventions in improving the
quality and duration of life for CF patients are scarcely
amenable to RCT. Observational data are therefore partic-
ularly valuable in CF because they provide the opportunity
to assess the association between changes in outcomes and
changes in treatment regimens without subjecting patients
to specific trial protocols.

Study design

Observational databases can document treatments and out-
comes and, to a limited extent, the relationships between
them. The principal difference from RCTs is that patients
are not randomized to treatments and this shortcoming
cannot be overcome. On the other hand, readily accessible
observational data can be analyzed relatively quickly and
cheaply to highlight apparent associations and generate
hypotheses for further testing. The key is not to over-
interpret associations as implying causality, but to test any
hypotheses generated in future studies. The hierarchy of
different research designs to answer a clinical question con-
vincingly, from case reports as the least powerful to RCTs at
the top of the hierarchy, is shown in Table 22.1 [1].

The value of observational databases lies in their non-
exclusivity; i.e. all eligible patients are included regardless of
specific interventions or outcomes. While a small database
can yield valuable information on the population of patients
included in it (e.g. all those from a particular clinic), multi-
center data gain validity for the CF population at large and
the largest databases can arguably represent the entire CF

Table 22.1 Hierarchy of study designs from highest to lowest.

Analytic studies
Randomized controlled trials (RCTs)
Observational studies
– cohort analysis

• prospective
• retrospective

– case–control studies

Descriptive studies
Population correlational studies
Cross-sectional surveys (sample or whole population)
Case reports and case series (selected individuals)

Adapted from [1].
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population. The intent of CF registries is to include, within a
single database, the entire population of CF patients within
a defined geographical area. It should be noted that the dis-
advantage of such an approach is that treatment differences
between centers may mask disease effects.

Prospectively collected data are items that are entered
into a database routinely as they occur and may include
only items that are considered to be of specific interest (see
later under Choice of data items for collection). Retrospec-
tive data collection implies a search through medical records
for data that were not routinely collected in one source.
As opposed to prospective data, retrospectively collected
data may be incomplete and subject to ascertainment bias;
i.e. uncontrolled factors may influence whether or not the
event was recorded at all. Therefore, prospectively collected
data have a higher intrinsic value than retrospectively
collected data.

Because observational studies are not randomized, they
are unable per se to ascribe a cause-and-effect relationship
between a specific intervention and an outcome. In real life
(which observational databases can describe very well) many
factors, some of which are unsuspected, contribute to a par-
ticular outcome. Descriptive (cross-sectional or correla-
tional) studies provide a ‘snapshot’ in time about disease
status and exposure to risks and/or treatments that cannot
distinguish between cause and effect. However, they can dis-
cover significant correlations and generate useful hypotheses.

Case–control studies begin by identifying a series of
patients with a specific outcome (cases) and a matched
group of similar patients without that outcome (controls).
Previous exposure to specified risks or treatments is then
compared between the groups. The critical assumption in
this type of analysis is that all potential risk factors are iden-
tified in advance and the control group is well matched in
all respects other than exposure to the factor(s) under inves-
tigation. The odds ratio (OR) is the change in risk that is
calculated to be caused by exposure to the investigational
factor(s) if the assumptions of the analysis are valid. Because
case–control analysis depends more on existing concepts of
what is relevant to the outcome under study, it is lower in
the hierarchy than cohort analysis.

Cohort analyses compare outcomes in groups of
patients known to have been previously exposed versus
unexposed to a specific risk or treatment. This is the high-
est form of observational analysis and most closely resem-
bles RCT design except that assignment to treatment is not
at random. A database containing all relevant data col-
lected prospectively is the ideal source for this type of
study, but retrospectively collected data may also be used
even if it is less reliable. Other factors that may contribute
to outcome(s) of interest, if they are reliably recorded, can
be assessed in the statistical analysis (see later under Data
analysis options). The relative risk is the change in likeli-
hood of a particular outcome that is calculated to be due to
the specific exposure if all other risk factors have been
accounted for in the analysis. For example, a perfect analy-
sis of the impact of a specific drug treatment on survival

would consider all other factors contributing to mortality
in CF; in an adequately powered RCT these can be assumed
to be randomly distributed between treatment and control
groups.

Both case–control and cohort analyses attempt to create
credible treatment and control groups by matching cofac-
tors that may contribute to the outcome(s) in question.
Ultimately, however, no observational study can compen-
sate for its lack of randomization because prescription of
any treatment in daily practice is the result of a series of cir-
cumstances that depends in large part on the patient’s sta-
tus, and outcomes depend to some extent on unrecorded
and possibly unrecognized factors including the ‘placebo
effect’. If, for example, a specific antibiotic is routinely pre-
scribed upon acquisition of a particular micro-organism, it
will be impossible from observational data to distinguish
the result of antibiotic prescription from that of organism
acquisition. This problem is called confounding, and con-
founding by indication is the situation whereby a treat-
ment and the reason for its initiation are inextricably
linked. Because of confounding by indication and undocu-
mented factors that influence outcomes, RCTs remain the
gold standard for assessing treatment efficacy. However,
observational analyses gain validity to the extent that their
conclusions have a plausible mechanistic cause and are
reproducible from independent observational sources; until
these characteristics have been established, conclusions (e.g.
differences in prognosis between male and female CF
patients) must be considered tentative at best. While it is
likely that observational data will ultimately provide much
of the rationale for future CF treatment, newly introduced
therapies must be subjected to adequately powered RCTs
before their use becomes routine and the opportunity for
rigorous assessment is lost.

Data quality

A second important difference between RCTs and observa-
tional data is that, whereas the former must be documented
and assessed according to good clinical practice (GCP) [2],
for understandable reasons this is not generally true of the
contents of observational databases. Data entry is a time-
consuming task that may become an added chore to busy
clinic personnel if it is inadequately resourced. The GCP
standard of double data entry, whereby two independent
individuals enter the data separately before final data con-
solidation, may be unthinkable in a busy clinic routine.
Furthermore, it is unlikely in routine practice that human
resources will be assigned to checking the data’s validity
after they have been entered into the database. Finally, it is
unlikely that data collection was specifically planned to
meet the needs of all analyses ultimately performed. For
these reasons, observational databases are often suspected
to be rather unreliable sources of information. However,
with the assistance of computers, it is possible today for the
quality of observational data to approach GCP standards.
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POTENTIAL OBJECTIVES OF OBSERVATIONAL
DATABASES

Despite their admitted shortcomings, observational data-
bases can reveal a great deal about current practice and its
relative success, as well as ideas that may impact on stan-
dards of care. The objective of any database may range
from the purely local desire to optimize patient care to the
international goal of identifying critical factors influencing
the survival of CF patients. Legitimate objectives of even
the largest registries may include simple descriptive stud-
ies. The implication of overall objectives on the content of
individual databases is outlined below. Although aspiring
to GCP standards [2] is most important for more ambi-
tious projects, quality assurance is an important issue for
even the smallest database.

Monitoring individual patient progress

The simplest objective for an observational database is to
collect in one source all the information required to assess
the progress of an individual patient. Since this objective
does not imply comparison among patients, it can accom-
modate any uncoded language that may be helpful in
assessing the patient. Although planning a database to meet
this objective has the fewest constraints, confidence in the
quality of collected data is clearly desirable. Publishable
output is limited to individual case reports or possibly case
series if uncoded data can be summarized manually. How-
ever, if it is intended that patients attending the same clinic
be automatically compared by computer, additional con-
siderations are required.

Clinic management and quality assurance

Objectives for this type of database are defined by the goals
of the clinic entering the data. These may include planning
local resources, identifying patients with particular charac-
teristics or conditions, or bench-marking clinical outcomes.
If the clinic is large enough its database may support lim-
ited analytical studies, but the impact of pervasive local
assumptions cannot be assessed.

Since individual patient data are intended to be pooled
into an aggregate for the clinic, some consideration must
be given to preferred terms that describe similar conditions
or treatments. This allows a computer to generate groups
of patients who are similar in certain important respects. A
simple database like this can document the frequency of
treatments actually prescribed and important clinical out-
comes that may be compared informally with national or
international norms, such as the annual report of the US
Cystic Fibrosis Foundation (CFF). It can also be used to
monitor the result of interventions designed to change
routine practice within the clinic. However, if the intention

is to compare treatments and outcomes directly with those
of another clinic or group of clinics, then a common docu-
mentation procedure (as described later under Data stan-
dards) should be implemented to ensure that comparable
data have been systematically collected.

In comparing its treatments and outcomes to other
clinics or the wider norm, each clinic must remain aware of
the demographics of its particular CF patient population.
For example, if it exclusively sees all patients in its catch-
ment area, then its outcomes may be expected to be similar
to other clinics in areas with similar social demographics.
However, if a clinic commonly receives referrals for spe-
cific interventions (e.g. lung transplantation), then its
treatments and outcomes are expected to deviate from the
norm and should properly be compared with similar cen-
ters. Although an unrepresentative patient population may
be construed as an argument against a clinic’s participa-
tion in a registry, large registries are the only opportu-
nity for similar clinics to identify each other and compare 
practices.

Formal documentation of comparative data can be of
tremendous value in generating support for needed
change. For example, after the French CF community pub-
lished a comparison of the country’s CF practices and out-
comes with those in Europe as a whole [3], it was able to
justify the formal establishment in France of specialized CF
clinics and a national consensus on practice guidelines [4].
Note that this national quality assurance effort required
the participation of many French clinics in an international
registry and the resultant database objectives described
later. Since national planning of health care resources
requires data sharing, individual clinics should seriously
consider applying the requirements of their national reg-
istry to their local database. By analogy, national registries
in Europe should consider transnational European registry
requirements to permit comparison directly with each
other and indirectly with other large jurisdictions such 
as the USA, where CF patients tend to be of mixed
European stock.

Epidemiological studies

The intent of patient registries is to collect data from indi-
vidual clinics into a large multicenter database that contains
the preponderance of data from an entire CF population.
Therefore, it is essential that data from each individual
clinic conform with the expectations of the central registry.
Clear definitions are necessary of the nature of the data to
be contributed as well as its required format.

Whenever text is used, a registry must implement a reli-
able preferred term dictionary to encode such things as
treatments, gene mutations, microbiology, medical diag-
noses, etc. Therefore, it is preferable to avoid text com-
pletely by offering foreseeable alternatives and recording
simple yes/no answers. Small databases can also benefit
from this concept.



314 Using databases to improve care

The larger the volume of data and the more diverse the
treatment strategies it encompasses, the more suited a reg-
istry is to performing analytic studies. This is because large
numbers of patients undergoing different treatment regi-
mens are required to adequately reflect the multiplicity of
factors that can influence patient outcomes. However, the
downside to collecting huge amounts of data may be a lack
of completeness, as participants lose enthusiasm for a labo-
rious task, and it may be necessary to compromise on a
smaller, but more complete, data set. In single clinics, local
demographics or established practice patterns may obscure
correlations that are of practical importance to other 
clinics.

ENSURING THE SECURITY OF 
ELECTRONIC DATA

Medical databases should be accessible only to authorized
persons logging in with a recognized password. After data
have been entered it is advisable that any changes be
tracked, together with the identity of the person making
each change. Regular backups should be made on a remov-
able medium (e.g. CD or DVD) and the backup stored
under lock and key in a location distant from the computer
holding the original data.

Data privacy laws must be respected when data on indi-
vidual patients are shared, especially electronically, with
another site. There is concern that data may be intercepted
by unauthorized persons and that cross-linkage of elec-
tronic databases may easily lead to the identification of
individual patients. The primary international directive is
that shared medical data may not be identifiable as to the
person concerned, either within a single database or by
linkage with another database. This implies that common
personal identifiers such as name, address, social insurance
number, hospital admission number, may not be used in
shared databases. Pooled data that obliterate the possibility
of identifying individual patients are not considered to be
personal medical data.

In order to comply with these regulations, it is recom-
mended that disease registries assign to each participating
patient a unique number that identifies the patient for the
purpose of the registry but which is unrelated to national
or local patient identifiers. If data are transmitted using the
Internet, including e-mail, then this must be in encrypted
form. Acceptable encryption procedures can be performed
on most computers.

Clinics intending to share medical data with other sites
are advised to consult their Institutional Review Board 
(or Ethics Committee) and Research Office. As with all
research, governance issues must be addressed. In particu-
lar, written informed consent may be required from each
patient or guardian before data are shared. For new
patients, documenting this consent should become a rou-
tine procedure that is displayed prominently in the patient’s
clinical record.

ENSURING THE QUALITY OF 
ELECTRONIC DATA

The Epidemiologic Registry of Cystic Fibrosis (ERCF) ran
for 7 years and included almost 16 000 patients from nine
European countries. In acknowledgment of the fact that
the quality of data in observational databases is generally of
concern, ERCF initially attempted to approach GCP stan-
dards for data quality by having data double-entered and
checked by the clinical research organization, Quintiles.
However, it soon became apparent that, without personal
on-site monitoring of the quality of data collection, the
cost of checking and correcting a large volume of compli-
cated data from so many sites was prohibitive, even for the
industrial sponsor. Practical innovation became necessary
to preserve the ERCF project. As a first step, data fields for
which there was no planned use were excluded from the
checking routine and data handling rules were defined to
permit justifiable completion of some empty fields. (For
example, although height at the time of each spirometric
measurement is required to calculate percentage predicted
values, actual height may not be recorded at each clinic
visit. For adults, a rule was developed that permitted use of
the most recently recorded height in such calculations.)
The remaining checks were fully automated. Ultimately, a
highly innovative but rather cumbersome system for
Internet-based data entry was built and maintained by
Spider AG, to perform over 300 routine checks before
accepting data into ERCF, and to feed results back to the
person entering the data.

ERCF experience illustrates the need to keep data col-
lection as simple as possible and emphasizes both the need
for routine checks of data contributed to central registries
by multiple sites and the extremely high cost of data cor-
rection. Therefore, an important feature of data checks is
that they be performed prior to acceptance of data into a
registry, preferably during the process of data entry.
Indeed, high data quality cannot be assumed in single-
center databases under most practical situations – i.e. when
data entry is delegated to a staff member unfamiliar with
the details of patients’ condition and treatment. Staff who
coordinate and enter data are so important to data quality
that they must be well trained in the objectives, practical
value and significant details of their task. Written detailed
instructions should be available and all questions answered
promptly. If problems arise, a mutually acceptable solution
should be found and the need for retraining considered.
Because accurate data entry is crucial, sufficient time and
therefore financial resources must be allocated to the task.

The completeness of data in an observational database
cannot be checked by computer. For example, a patient
who has no follow-up beyond a certain date may have died,
moved to another clinic that may or may not continue to
enter his data into the same registry, or may have dropped
out of routine follow-up for any reason. It is therefore nec-
essary to take stock periodically of patients without the
expected degree of follow-up and to update these patients’
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status in the database as necessary. This requirement argues
in favor of compulsory longitudinal follow-up of all patients
enrolled in any large registry at probably no more than
annual frequency. It is with gratitude that ERCF acknowl-
edges the conscientious completeness that was found 
during source data verification in seven participating UK
clinics [5].

Computerized checks

In the absence of double data entry and on-site study mon-
itors, both of which are routine in RCTs, the quality of
observational data is best checked automatically by com-
puter. The design of these checks should take account, not
only of the clinical importance of specific data fields, but
also of common errors recognized by data entry profes-
sionals (Table 22.2).

Automated checks are logical algorithms with a yes/no
answer that are designed specifically for each data field
(Table 22.3). Routine checks should be specified at the
same time as the database is defined, and require clinical
input to define acceptable ranges for each field and the
inter-relationships among different fields. A rule of thumb
is that if a piece of data is important it should be checked;
if it cannot be easily checked, then perhaps it is not worth
collecting (‘check it or forget it’).

If a check reveals a potential problem (i.e. generates a
‘no’ answer) it must trigger an action, such as a message on
the data entry screen describing the problem and offering

the opportunity to correct it. The speed of modern com-
puters is such that most checks can be performed instanta-
neously. Exceptions may be checks of consistency with
previously entered data (longitudinal checks) if new data
are kept in a separate file until all checks are complete. It is
recommended that final data acceptance into a registry be
delayed until all potential problems have been satisfactorily
resolved.

Source data verification (SDV)

In RCTs, verification of at least a sample of all data collec-
tion and case report forms against the patient’s medical
records is routine practice. This procedure is intended to
ensure that the data collected for submission to the trial
database truly reflects the patient’s medical history. When
an epidemiological study is performed using observational
data, a proportion of the contents of the database is also
usually compared to original medical records (source
data). SDV assesses the fitness of a specific database to
address a particular epidemiological question in terms of
the reliability of the relevant data.

Whereas participants in RCTs are required to give
informed consent to the SDV procedure, patients whose
personal medical data are incorporated into a database as
part of routine clinic business may not have consented to
an independent third party reviewing their medical his-
tory. Therefore, SDV may become an additional duty of
busy clinic personnel. Fortunately, SDV is not necessary as
a routine measure but only as part of a specific observa-
tional study protocol.

CONSTRUCTING A NEW DATABASE

Experience with ERCF has provided insight into the factors
likely to contribute to a new registry’s success or failure.
The following advice is aimed at those who have the oppor-
tunity to plan and implement a new registry from scratch
and is not intended as criticism of any past or present
project.

The key ingredient for success is careful planning, not
only of the database itself, but also of the financial and
human resources necessary to implement and maintain it.
For the reasons outlined elsewhere in this chapter, con-
struction and implementation of a successful observational
database is expected to be both labor- and cost-intensive.
The more attention to detail is invested in planning, the
more accurate the resulting resource estimates will be;
available resources may well constrain the quantity of data
that can realistically be collected. Although intended to
define the steps necessary to validate formal drug efficacy
trials, GCP [2] can provide guidance on factors to consider
when planning observational studies. Because constructing
a new patient registry presents the greatest planning chal-
lenge, most of this section is devoted to that subject.

Table 22.2 Common data entry errors.

Entry of new data into the wrong patient record
Omission of compulsory data fields
Transposition of dates
Confusion of the year of an observation, especially during the first 

months of a new year
Transposition of height and weight data
Transposition of digits in a quantitative measurement
Inconsistency if interrelated data are to be entered in more than 

one data field

Table 22.3 Examples of automated checks for logic and
consistency used by ERCF.

Are all compulsory fields completed?
Do completed fields contain the correct form of data (alphabetic, 

numeric, date, etc.)?
Are data within the accepted range of values for each field?
Is the ratio of interrelated data values within the accepted range?
Where there is a sequence of dates, is it logical?
Where optional data fields are interrelated, have all relevant
fields been completed?
Is there an unexpected difference between currently and 

previously entered data?



316 Using databases to improve care

Objectives and scope

The first planning step is to be confident of the objectives
and scope of the project. For the simplest objective of mon-
itoring individual patient progress, there is no constraint
beyond the limits of human capacity on how much data can
be stored electronically for each patient. Constraints occur
primarily when data have to be recorded comparably and
consistently for different patients and in different clinics,
particularly for large disease registries.

Some potential major objectives of a patient registry are
listed in Table 22.4. Although most are driven by the
organization holding the registry data, if it is necessary to
encourage centers to participate, then fulfilling each cen-
ter’s unmet needs may be a very important goal. Each
major objective should be subdivided into individual proj-
ects that are achievable within the first 5–10 years of reg-
istry operation, and an analysis plan constructed for each
project before the registry’s core data set is defined 
(see Choice of data items for collection).

Choice of software

While simple projects may be easily manageable using sim-
ple software, large registry projects must consider purchas-
ing commercial specialist software. In general it is much
more efficient to purchase existing commercial software
than to rely on home-made or untested solutions. Although
the purchase may represent substantial capital invest-
ment, the manufacturer or supplier of specialist software
will provide the expertise necessary to tailor it to specific
needs and to correct any problems encountered.

Purchased software should include a user-friendly
interface, user-specified database-checking routines, and
features to track the source of any changes made to the
existing database. User-friendly data entry screens facilitate
data entry substantially, especially if data coordinators
receive or can compile data on a paper form that mimics
the screen. Screens and corresponding forms can also 

be translated into several languages for international 
projects.

Optional extras include automatic and secure transmis-
sion of newly entered data to a designated remote com-
puter. The number of licenses necessary for the project
should be estimated in advance so that economies of scale
can be realized.

Choice of data items for collection

While the temptation to collect as much data as possible is
almost irresistible to clinicians, the most reliable patient
registries adopt the opposite approach. The complexities of
data management, which are substantial in any registry, are
compounded as the number of data fields expands. Again,
planning is key.

A detailed data analysis plan should be prepared in
advance, outlining the specific analyses that a new registry
realistically plans to perform within its first 5–10 years of
operation and mock tables of the results that it expects to
produce. Longer-term planning seldom reflects reality. The
data items required for these analyses will define the core
set of data that must be collected.

Once the core data set has been defined, it should be
altered only on predefined occasions (milestones) and for
easily justifiable reasons. The implications of redefining
core data include adjustment of the database definition and
specifications, communicating the changes effectively to 
all participants, and implementing the changes successfully
on all contributing computers. As soon as the change has
been implemented, all future analyses must be redesigned
to account for the fact that core data may be missing for 
certain patients. These tasks are time-consuming and
costly.

Data standards

Definitions must be established for the format in which
data are to be recorded – e.g. date format, weight in pounds
or kilograms, etc. In many instances a simple computer
program can perform the necessary conversion before
transmission of clinic data to a central registry. Other infor-
mation, such as how drug dosages are to be recorded, may
require adoption of specific data fields in a clinic’s own
database for the express purpose of data sharing.

Database design

If the analysis plan requires details on genetic mutations,
organisms cultured, treatments given, intercurrent diag-
noses or causes of death, then it is highly recommended that
the most common responses be anticipated and offered in
check boxes or pull-down lists so that text data is kept to a
minimum. Computers still cannot interpret text, and even

Table 22.4 Some possible major objectives of a patient registry.

Provide regular summaries of outcomes and patterns of care for 
the entire patient population of the registry

Compare outcomes and patterns of care in different subgroups of 
the patient population

Allow centers to compare their own performance with other 
comparable clinics, to identify areas where a change in practice
may be needed

Summarize how patient care and outcomes have changed 
over time

Attempt to identify factors that improve or worsen patient 
survival and/or other outcomes

Encourage voluntary participation in the registry
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humans have difficulty if text is presented in a foreign 
language. Where responses do not conform to those 
anticipated, it is important to decide in advance whether or
not ‘other’ data are relevant. If so, then preferred term dic-
tionaries must be implemented and maintained. Even
although this process can be semi-automated, human
resources are required to deal with all novel entries, includ-
ing abbreviations and typographical errors.

Recruiting centers into a registry

Assuming that most clinics today maintain their own
patient database, when a new registry is planned with the
intention of capturing data from all CF patients in a wide
geographic region, there are two basic approaches it may
take to recruiting centers. If the holder of the registry has
financial or other compelling authority over all clinics in
the region, it may choose to design its own data collection
device and require that the data it needs be entered afresh
in its own system. In circumstances where the registry
holder has less direct authority, sites are more likely to par-
ticipate voluntarily if the effort involved is small and they
perceive a direct benefit from the partnership. Ideally, data
already collected in local databases should be imported
automatically into the registry. Some potential incentives
to registry participation, other than financial, are suggested
in Table 22.5.

Since core registry data may be only a small proportion
of the information contained in a clinic’s own database, a
simple data extraction procedure may be developed for
each center provided that the quality of the original data is
adequate. However, the registry’s responsibility to ensure
the quality of its own data implies that it should ultimately
aim to replace each center’s private database with a state-
of-the-art alternative. This approach also has the advan-
tage that registry-defined, optional data fields can be
incorporated into local systems gradually, in a format that
is easily uploaded if the registry later decides to expand its
definition of core data. This process opens the possibility of
natural expansion of the registry over time, as new interests
emerge.

Data analysis options

As described earlier, observational data cannot provide
definitive answers to specific questions in the same way as
RCTs. Instead, general acceptance of the results of observa-
tional studies depends on their reproducibility and there
being a plausible mechanism to explain the findings. While
some clinicians may interpret the result of sophisticated
analyses as the best estimate given the current state of
knowledge, others may subscribe to the philosophy that
‘there are lies, damned lies and statistics’. Therefore, although
good observational data can make very powerful state-
ments, a registry should seriously consider its credibility,
especially before its reputation is established, when prepar-
ing its initial analysis plan.

Descriptive analyses present data in a non-judgmental
manner and invite interpretation of results. Powerful exam-
ples of descriptive registry data include cross-sectional
descriptions of the entire registry population and of sub-
populations from individual clinics or geographic areas, as
epitomized in the annual national and center reports of the
CFF, ERCF and the Epidemiologic Study of Cystic Fibrosis
(ESCF). Cross-sectional studies can also identify apparent
correlations within a diverse population (Table 22.6). Often,
a probable explanation is obvious and so a hypothesis can
be generated for further testing if required. However,
descriptive analyses cannot establish a cause and effect
relationship.

Analytic studies rely on building a mathematical model,
which is intended to simulate a match between treatment
(or case) and control groups, to clarify cause-and-effect
relationships. Cohort and case–control studies attempt to
document all relevant factors in the cause-and-effect rela-
tionship under study and assess their potential importance 
one by one by simple regression analysis. Potentially signif-
icant factors are subsequently included in a mathematical
model that takes account of the inter-relationship among
factors (multiple regression analysis) and yields an esti-
mate of the likelihood that each factor plays a role in the
relationship, and the potential magnitude of that role.
While analytic studies are the next best thing to RCTs, 
their conclusions depend on the validity of the study’s
assumptions.

In order to permit a new registry and its public to gain
confidence in its data, it should consider performing
descriptive analyses before it addresses more sophisticated
problems. Established registries publish useful analyses of
both types (see Table 22.6).

Project management

A project with the complexity of a new patient registry
requires a team of people with diverse skills and a coordi-
nator to ensure that all tasks are planned and performed in
good time and within budget.

Table 22.5 Suggested non-financial incentives for registry
participation.

Provision of a state-of-the-art, user-friendly database that fulfills 
all of a clinic’s needs from a clinic management system

Provision of non-core data fields for the clinic’s own purposes, 
and instruction in how to use them

Instruction in how a clinic can evaluate its own data for its own 
purposes

Assistance to transfer data from any previous database to the 
registry’s new system

Quick and easy uploading (preferably automated) of core data 
into the registry

Regular feedback of useful information from the registry
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CONCLUSION

Because it is unlikely that randomized controlled trials can
be designed to answer all questions concerning the optimal
care of cystic fibrosis patients, observational data are likely
to be an extremely important source of new knowledge.
Provided that their limitations are recognized and man-
aged appropriately, CF patient registries are likely to improve
patient care at both local and international levels.
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Infant and pre-school children: lung function

SARATH RANGANATHAN

INTRODUCTION

Measurement of lung function is a central part of the clinical
assessment of older children and adults with cystic fibrosis
(CF). Serial tests provide longitudinal information about the
extent of abnormality, progression of disease and individual
response to treatment. Respiratory disease is responsible 
for much of the morbidity occurring in childhood, and 
neutrophil-dominated inflammation similar to that seen in
older subjects with CF has been identified in the lungs of
affected infants [1,2]. It is important to recognize that the
disease process commences early in infancy even in those
whom clinicians consider to be asymptomatic. Although the
evolution of airway pathology in infancy remains poorly
understood, the need to evaluate lung function early is self-
evident. The limiting factors, however, are that infant lung
function is technically difficult to perform, expensive, time-
consuming and requires sedation and thus has been per-
formed in only a few specialist centers. Furthermore,
between infancy and school age, toddlers are too old to
sedate and too young to cooperate with most testing.
Consequently, many studies have been difficult to interpret
due to the small numbers of subjects, lack of appropriate
control data from prospectively studied healthy infants, and
the use of relatively insensitive techniques [3]. However,
joint efforts between the European Respiratory Society and
American Thoracic Society to provide standards for equip-
ment and procedures for infant lung function testing have
ensured that findings in subjects with CF can be related to
normative data and confirmed in other centers. Such collab-
orative efforts have been meticulous in their adherence to
standards of data collection and quality control and have
ensured great scientific progress and advances in our knowl-
edge of the ‘missing link’ in lung function before conven-
tional spirometry becomes feasible at school age [4].

In older patients with CF, spirometry – for example,
forced expiratory volume in one second (FEV1) and maxi-
mal expiratory flow at low lung volumes (e.g. MEF25) – is

most frequently used to assess airway function. MEFs are
considered better at detecting earlier changes but are too
variable to be useful for monitoring lung function longitudi-
nally; FEV1 is used conventionally for this purpose. Partial
forced expiratory maneuvers have been performed in
infants for almost 30 years using the tidal rapid thoraco-
abdominal compression technique (RTC) to measure MEF
from the partial flow–volume curve measured at the volume
landmark of functional residual capacity. In this technique
an inflatable jacket is used to apply a rapidly rising external
pressure to the chest wall and abdomen at the end of a tidal
inspiration in order to generate forced expiratory flow–
volume curves. Methods to assess forced expiration over an
extended volume range in infants, and therefore to provide
expiratory curves that are more like those of conventional
spirometry, have been described only recently [5,6]. This
raised-volume rapid thoraco abdominal technique (‘raised-
volume technique’, RVRTC) involves using a pump or aug-
mented manual inflations to increase the volume of
inspiration prior to forcing expiration. The infant becomes
briefly apneic, and can be passively inflated to near total lung
capacity before a forced squeeze is applied as above [7].
From the RVRTC flow–volume curves (Fig. 23.1) it is possi-
ble to derive parameters comparable to those obtained in
older subjects such as forced expiratory volume in 0.4 or 
0.5 seconds (FEV0.4 or FEV0.5, which are used because lung
emptying is complete in less than 1 second, rendering FEV1

meaningless) and MEF25 [8].
Most recent studies of infant lung function in those

with CF have used the raised-volume technique.

AIRWAY FUNCTION

Early changes

Airway function of infants newly diagnosed with CF was
measured in a recent cohort study. The RTC and RVRTC
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were used to compare the airway function of newly diag-
nosed infants with CF with healthy controls in order to test
the hypothesis that lung function is diminished shortly
after diagnosis independent of clinically recognized lower
respiratory illness [9,10]. The association between FVC,
FEV0.5 and FEV0.5/FVC and length according to disease
status is shown in Fig. 23.2. On average the decrement in
FEV0.5 in those with CF was 40 mL (p � 0.001) when their
median (range) age was 30 (6–93) weeks. A subgroup of 
CF infants within this cohort without any clinical evidence
of prior lower respiratory illness (LRI) of median age 12
weeks had a similar decrement in airway function.

Approximately a third of infants with CF had an FEV0.5

below two z scores [10]. The data suggest a distribution of
z scores for FEV0.5 in those with CF below that for healthy
infants (Fig. 23.3). Seventeen of the 47 CF infants were
assessed as having normal clinical respiratory status by
their specialist, but FEV0.5 was diminished by more than
one standard deviation. There were four infants whose air-
way function was below two z scores for healthy infants.
The RVRTC identified diminished airway function in more
infants with CF than RTC, suggesting that the RVRTC is
more sensitive at detecting early changes.

Thus airway function was diminished early in the
course of disease in those with CF, was more likely to be
detected by the raised-volume technique than the tidal
forced expiratory technique, and occurred irrespective of
clinical evidence of prior LRI and even when specialist
physicians identified infants with CF as having normal res-
piratory status. In this study, infants were diagnosed with
CF following a clinical presentation of the disease and so
those without clinical evidence of prior LRI usually had

presented with meconium ileus in the newborn period, or
had evidence of failure to thrive when airway function was
assessed. Whether there is a reduction in airway function
evident during the first months of life in those diagnosed
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Figure 23.1 Overlay of forced expiratory flow/volume curves
obtained from raised and tidal volumes. The raised volume
flow/volume curve is similar to that obtained using conventional
spirometry in older subjects and similar parameters such as FEV0.5
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Crosses indicate airway function of healthy infants. The open and
closed squares indicate infants with CF with and without prior
lower respiratory illness, respectively. Infants with CF have
evidence of diminished airway function. From [10].
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CF by neonatal screening and without failure to thrive
remains unknown.

Evolution of airway function

The evolution of airway function has been assessed by
measuring FEV0.5 using the RVRTC soon after diagnosis
(median age 28 weeks) and 6 months later in subjects with
CF, and on two occasions 6 months apart (median age 7.4
and 33.7 weeks) in healthy infants. Repeated measurements
were successful in 34 CF and 32 healthy subjects. After
adjustment for age, length, sex and exposure to maternal
smoking, mean FEV0.5 was significantly lower in infants
with CF both shortly after diagnosis and at second test, with
no significant difference in rate of increase in FEV0.5 with
growth between the two groups despite treatment in spe-
cialist CF centers (Fig. 23.4). When compared with pub-
lished reference data, FEV0.5 was reduced by an average of
two z scores on both test occasions in those with CF. On
average, FEV0.5 was reduced by 20% in those with CF [11].

These data show that airway function is diminished
soon after diagnosis in infants with CF and does not catch-
up (or deteriorate) over a 6-month period during infancy
and early childhood despite treatment in centers specializ-
ing in the management of CF. This result needs confirma-
tion, but does highlight the potential value of such
measurements for future clinical research and the implica-
tions for early interventions in CF. The pivotal importance
of early changes is emphasized in follow-up studies in older
children and adults (see Chapter 24).

Airway obstruction

In older subjects, chronic inflammation and infection lead
to airway obstruction. Identification of an obstructive

process in infancy would suggest similar pathophysiology.
This could be indicated by a reduction in the ratio of forced
expiratory volume to forced vital capacity. Although this
appears to be the case (see Fig. 23.2), the mean reduction in
FEV0.5/FVC appears to be small in infants with CF,
approximately 3% (p � 0.015), and such a small reduction
is unlikely to be clinically significant and clearly does not
definitively confirm an important obstructive process. The
ratio is in the normal range in the vast majority of infants
with CF, even those in whom FEV0.5 is reduced. Moreover,
interpretation of this ratio in infancy is especially difficult
due to the rapid increase in the forced expiratory time with
age or length and the fact that FEV0.5/FVC is so close to
unity in early life [8].

In a recent study of infants with CF [12], gas-trapping
(as an indication of airway obstruction) was assessed by a
combination of plethysmography to determine functional
residual capacity and the raised-volume technique to deter-
mine forced vital capacity (FVC) and the expiratory reserve
volume. Gas-trapping was indicated by a significant increase
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Figure 23.3 Overlay of the distribution of Z scores for FEV0.5 for
healthy infants and infants with CF. As a group, infants with CF
have diminished airway function. Although the majority of
individual infants have lung function within the distribution
calculated from measurements made in healthy infants, FEV0.5 is
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in the ratio of residual volume to total lung capacity in
those with CF (mean z score 0.18) compared with healthy
infants (mean z score �0.73) (p � 0.013). These data pro-
vide further evidence that diminished airway function iden-
tified in infants with CF is indeed obstructive in nature.

ELASTIC PROPERTIES OF THE LUNG

Measurements of the compliance of the respiratory system
(Crs) in infants with CF have yielded conflicting results [3].
Most studies have been limited to the lung volume range of
tidal breathing which may result in underestimation of Crs

due to airway closure. A recent study evaluated Crs in
healthy infants and infants with CF using passive deflation
pressure–volume curves from a lung volume at an airway
pressure of 30 cmH2O to functional residual capacity [13].
The investigators were able to standardize volume history,
theoretically open up closed airways by use of augmented
inflations, and obtain measurements over an extended range
of lung volumes. In comparison to age-matched healthy
infants, Crs was not significantly different in those with CF –
suggesting that, unlike older subjects with CF, measured in
an era when severe pulmonary disease was more likely to be
present at an earlier age and in whom decreased pulmonary
elastic recoil was found to contribute to airway obstruction
[14,15], infants with CF have normal elastic properties of
the respiratory system. This finding is consistent with the
concept that the early pathophysiology of CF is limited to
the airways and that the reduction in forced expiratory
flows is not contributed to by decreased elastic recoil.

MARKERS OF INFLAMMATION OR INFECTION
AND EARLY LUNG FUNCTION

As the gold standard for determining airway inflammation
or lower respiratory tract infection is bronchoscopy and
bronchoalveolar lavage (BAL) usually under general anes-
thesia, few investigators have combined assessments of
inflammation or infection and infant lung function in the
same study. In one recent study, specific respiratory system
compliance was measured using the single-breath occlu-
sion technique and lung volumes by nitrogen washout in
CF children of median age 23 months [16]. Diminished
lung function correlated with BAL markers of both inflam-
mation (interleukin-8 and neutrophil percentage) and
infection. However, for the majority of subjects, lung func-
tion remained within the normal range and only very little
of the variability in lung function was explained by either
inflammation or infection. As Crs is most likely to be nor-
mal in infants with CF compared with healthy infants,
studies using measurements of airway function rather than
assessments of mechanics are indicated. In another study,
recruitment commenced in infancy but measurements in
40 subjects were made initially at a mean of 13 months of
age [17]. No association between lung function and IL-8

concentration, neutrophil density or pathogen load was
demonstrated. However, due to the invasive nature of the
assessments, not all parameters were measured simulta-
neously, BAL being performed annually and infant lung
function every 6 months. An association of borderline sig-
nificance between FEV0.5 measured using RVRTC and
infection (defined as at least 105 colony-forming units of
bacterial respiratory pathogens per milliliter of BAL fluid)
and no association between FEV0.5 and pulmonary inflam-
mation was identified in a third study in 36 CF children
during the second year of life [18].

No studies have been able to address this association
during the first year of life. Although it is highly likely that
the early functional abnormalities identified are the result
of inflammation and infection, as is the case in older sub-
jects, further studies are required in order to clarify these
relationships in infants with CF.

STRUCTURAL CHANGES AND EARLY LUNG
FUNCTION

Using controlled ventilation similar to that used for the
RVRTC technique, high-resolution CT scans in 34 infants
and young children with CF of mean age 2.4 years 
(10 weeks to 5.5 years) demonstrated that the airways of
minimally symptomatic subjects have thickened airway
walls and more dilated airways than those of subjects with-
out CF. These structural changes appear to be present in
both smaller and larger airways and at least one thickened
airway was identified in over 50% of patients, suggesting that
bronchiectasis begins very early in life [19]. Another recent
study [20] also used high-resolution CT imaging to deter-
mine airway caliber in 13 infants and young children with
CF of mean age 17 months (range 8–33 months) in com-
parison to measurements obtained in 13 age- and length-
matched children without pulmonary disease. In this study,
overall airway area following adjustment for airway size was
similar between the two groups, but patients with CF had
thicker airway walls and smaller airway lumens than the
controls (Fig. 23.5), suggesting that the airway wall had
encroached upon the airway lumen to produce airway nar-
rowing in the CF subjects. The raised-volume technique
was used to assess FEV0.5, MEF50 and MEF25 in 11 patients
of the group with CF. There were significant negative corre-
lations (p � 0.002 for all) between the ratio of wall area to
lumen area and the measures of airway function; the larger
the ratio of wall area to lumen area, the lower the z score for
airway function (FEV0.5: r2 � 0.66; MEF50: r2 � 0.41; MEF25:
r2 � 0.4), suggesting that diminished airway function in
infants and young children is likely to be a consequence of
airway narrowing.

The finding of an increase in diameter of the airway
lumen in the study of Long and colleagues [19] seems to
contradict the finding of a smaller airway lumen area in
that of Martinez and colleagues [20] and could be a conse-
quence of assessing significantly older subjects in the former
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study, or technical differences in the methodology such as
selection of airways, airway distending pressures and soft-
ware analysis. It is possible that narrowing of the airway
lumen precedes the tortuous luminal dilatation associated
with frank bronchiectasis and that the different findings
are a consequence of disease progression. The study of
Martinez, however, is the first to demonstrate structural/
functional relationships in infants with CF. Further studies
are required to study the possibility of similar relationships
in the first few months of life and their subsequent progres-
sion over the first few years of life.

INFLUENCE OF EXPOSURE TO
ENVIRONMENTAL TOBACCO SMOKE

The adverse effects associated with indirect or passive ciga-
rette smoke exposure during early life are evident in terms
of immediate and long-term health problems [21,22].
Exposure to maternal smoking during pregnancy and/or
postnatally is independently associated with diminished
airway function in infants with CF, the effect size being
approximately 50% of that associated with CF [9,10]. The
relative contributions of pre- and postnatal exposure on
diminished airway function is, however, unknown and
whether parents of those with CF are any more successful
than parents of healthy children in adhering to smoking
cessation programs is doubtful.

EARLY LUNG FUNCTION AND
GENOTYPE/PHENOTYPE

Infants with pulmonary hyperinflation had a different geno-
type from those without in one study [23]: infants who

were compound heterozygote 3905insT/F508del (n � 9)
had a mean z score for functional residual capacity of 8.4
(SD 4.9) above the mean of a reference population,
whereas 8 infants who were compound heterozygotes for
the nonsense mutation R553X were not significantly differ-
ent from normal. However, as weight gain was abnormally
low in the former (58% predicted) the elevated values for
functional residual capacity may at least in part reflect
inappropriate comparison in underweight infants with CF
to the reference population of healthy infants. In any case,
the numbers studied are small. Repeating the study in CF
infants identified by neonatal screening and without fail-
ure to thrive and comparing functional residual capacity
with age-matched healthy controls is indicated. In another
study, in which infants were grouped into those homo- or
heterozygous for F508del, a washout technique and the 
single-breath technique were used to assess lung volume and
respiratory mechanics, respectively [24]. Infants homozy-
gous for F508del had elevated respiratory system resistance
measured in this way and a positive bronchodilator response.
Studies in which airway function has been measured, how-
ever, failed to demonstrate any association between CF
genotype and results of infant lung function probably due
to insufficient power. Much larger multicenter collabora-
tions are required before such associations can be con-
firmed or negated in infants with CF.

Probably also due to lack of power, no studies in infants
have confirmed impairment of lung function in associa-
tion with infection with Pseudomonas aeruginosa.

DETECTING AND MONITORING EARLY 
LUNG FUNCTION CHANGES USING 
SIMPLER METHODS

The RVRTC appears to be a sensitive test to detect early
changes in lung function in those with CF but the test is
relatively invasive. Since the Tucson study suggested that
time to reach peak tidal expiratory flow in relation to total
expiratory time (the tidal breathing ratio, tPTEF:tE) was
diminished in symptom-free male infants who subsequently
wheezed, several groups have examined tidal flow patterns
in both healthy infants and those with airway disease
[25–27]. Recording of tidal breathing is technically simple
and potentially allows measurements to be undertaken at
the patient’s bedside during natural quiet sleep, without
the need for sedation. Consequently, evaluation of the ‘tidal
breathing ratio’ and other related parameters has continued
to attract interest. The relationship between tidal breathing
parameters and FEV0.4 in infants with CF has been assessed
and compared with a prospectively recruited population of
healthy infants [28]. There was no difference in tPTEF:tE and
tidal volume between healthy infants and those with CF.
Minute ventilation was significantly greater in infants with
CF due to a mean increase in respiratory rate of 5.8 per
minute (95% CI 3.2–8.4). Thirteen infants (28%) with CF
had a respiratory rate elevated by more than two z scores.
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Unlike for FEV0.4, there was clear discrimination in respi-
ratory rate between those with and without prior LRI, sug-
gesting that an elevated respiratory rate may be due in part
to ventilation inhomogeneities. As no association between
respiratory rate and FEV0.4 could be identified, respiratory
rate was poorly predictive of diminished airway function
measured by forced expiration. The use of more sophisti-
cated techniques such as multiple-breath inert-gas washout
(see later), which can also be performed during tidal breath-
ing, but which give detailed information on ventilation dis-
tribution, could be used in the future to evaluate the
relative contribution of impaired gas mixing to alterations
in respiratory rate in infants with CF.

PRE-SCHOOL LUNG FUNCTION

The long-term implications of early lung function findings
in those with CF will only be known when lung function is
measured longitudinally until school age and beyond, when
conventional measurements using spirometry become pos-
sible. The years between 2 and 6 provide several challenges
to those wishing to measure lung function. In many centers,
pre-school children with CF do not undergo lung function
testing until they are able to perform reproducible forced
expiratory maneuvers. In order to bridge the ‘silent years’,
international efforts have focused on standardization of
techniques for measuring lung function in pre-schoolers.

Resistance interrupter technique

The resistance interrupter technique (Rint) requires minimal
cooperation, is quick, easy and effort-independent and can
be performed in the ambulatory setting in pre-school chil-
dren [29]. Rint is based on the assumption that, during an
imperceptibly brief interruption of airflow during tidal
breathing, the pressure changes at the airway opening can be
used to determine the alveolar pressure at the moment of
interruption; hence, knowing the flow immediately prior 
to interruption, resistance can be calculated (resistance �
pressure/flow). The assumption that mouth pressure is
equal to alveolar pressure is invalid if there is severe airway
obstruction. Resistance measured by this technique was sig-
nificantly elevated in 40 subjects with CF aged between 3
and 8 years (z score of 1.31 compared with 0.19 in healthy
controls) [30]. Those with a history of prior LRI or exposure
to environmental tobacco smoke had significantly elevated
expiratory resistance. Although measurements in those with
CF were no more variable than those made in healthy sub-
jects, the overall variability of the resistance measurements
was high, limiting its use in assessing response to interven-
tions and disease progression. Expiratory resistance meas-
ured by the interrupter technique depends on the proximal
airways and so physiologically it would not appear to be the
ideal test to measure peripheral airway function associated
with early pulmonary disease.

Incentive spirometry

Using incentives such as blowing games, spirometry can be
undertaken in pre-school children and suggests that track-
ing of lung function is likely to persist through the pre-
school years (that is, those with the lowest airway function
in infancy maintain this position with growth). When
infants with CF, who had been tested using the raised-
volume technique and found to have diminished airway
function, were retested at a mean age of 3.9 years, mean (SD)
z scores were �0.55 (0.85) for FEV0.5, with only one child
with CF still having an abnormal FEV0.5. These data suggest
that either airway function may improve through the pre-
school years or alternatively that incentive spirometry is less
able to identify diminished airway function in pre-school
subjects than the raised-volume technique in infants [31].

A recent study reported that 33 of 38 children with CF
(including four of six 3-year-olds and nine of eleven 4-
year-olds) were able to perform either two or three con-
ventional spirometry maneuvers (without incentive) and
fulfill study acceptability and reproducibility criteria when
tested by skilled pediatric pulmonary function technicians
who regularly work with pre-school children [32]. Children
with CF had significantly lower FVC, FEV1 and MEF75-25

than healthy subjects. Those homozygous for �F508 had
significantly lower FVC and FEV1 than heterozygotes.
Subjects were well at the time of lung function and so the
feasibility and variability of performing spirometry during
exacerbations is not known.

RVRTC had been performed previously in 14 subjects
during infancy in this study and again tracking of lung
function occurred through to the pre-school assessments
[32]. In those with lung function in the normal range 
as infants (z score for MEF75-25 
 �2) there was no signifi-
cant change in z score for the same parameter measured
using spirometry. However, z scores increased significantly
between infancy and childhood in four subjects with
diminished MEF75-25 as infants. Similarly, these data would
suggest that either airway function genuinely improves with
age or that the raised-volume technique is better able to detect
diminished airway function in infants than spirometry in
pre-school children. The reasons for improvement could
include the result of treatment, normal lung development,
or an increase in airway luminal diameter such that obstruc-
tion is less severe in older subjects. The process of augment-
ing inflations, the effects of sedation and testing in the
supine as opposed to upright position in infants may alter
airway and lung mechanics, increasing detection of func-
tional abnormalities by the raised-volume technique when
compared with older children tested using spirometry.

The reliability of measurements of forced expiration
depends on strict quality control. No internationally agreed
guidelines exist for pre-school children currently and adult
criteria do not apply [33]. Further assessment of those with
CF is limited by the need for standardization of spirometry in
this age group, but the studies outlined suggest that obtaining
data using incentives or by skilled workers is feasible.
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Tracking of pre-school lung function to 
school age

In a prospective study in which lung function was mea-
sured serially over 3 years in 30 young children with CF
aged 2–8 years, specific airway resistance (sRaw) measured
using whole-body plethysmography was compared with
measurements of respiratory system resistance obtained
using Rint and the impulse oscillometry technique, respec-
tively [34]. Mean sRaw was consistently elevated at the start
of the study (mean z score 2.52) and remained so at the end
of the study (mean z score 2.74). Neither respiratory resist-
ance by the interrupter technique nor the impulse oscilla-
tion technique demonstrated consistent abnormal levels.
In contrast, 37–57% of subjects exhibited significantly ele-
vated sRaw, and in approximately two-thirds of subjects
lung function tracked such that sRaw remained elevated at
each assessment. When FEV1 could be measured in these
subjects there was significant correlation between sRaw and
FEV1 (r2 � 0.8). These data indicate that sRaw is elevated in
early childhood, that measurements of sRaw track between
pre-school age and school age, and that measurements of
sRaw are significantly correlated with those of FEV1. One
limitation of this study, however, is that only 13 of the sub-
jects were under 6 years of age at the time of the first lung
function test. Further longitudinal studies in which meas-
urements of sRaw are measured in those aged less than 6
years are therefore indicated.

NEWER LUNG FUNCTION TECHNIQUES

The wider acceptability of tests of airway function in
infancy is limited due to the necessity for sedation of the
subject. The repeatability of measurements following a
short interval, such as 2 weeks, is unknown and will be dif-
ficult to determine because of reluctance to repeat seda-
tion. This will have an impact on study design where
short-term interventions, such as a 2-week course of intra-
venous antibiotics, are being assessed. Newer techniques
may prove more suitable for the early detection of lung

function abnormalities in CF and offer further insights
into the pathophysiology of pulmonary disease.

Multiple-breath inert-gas washout

This technique is performed during tidal breathing and
therefore requires minimal cooperation. Subjects breathe
in inert gases, such as helium and sulphur hexafluoride,
until wash-in is complete when gas concentrations within
the lung reach a steady state. Following disconnection from
the gas source, the concentrations of the gases are evalu-
ated as they are washed out during ensuing tidal breathing.
Several parameters can be measured, the commonest being
measures of the efficiency of expiration such as the lung
clearance index (calculated as the cumulative expired vol-
ume, expressed as a ratio to functional residual capacity,
required to reduce the concentration of the inert gas 
40-fold, arbitrarily, from a starting concentration of 4% to
0.1%) and the mixing index (Fig. 23.6). The technique has
the advantage that it is quick and easy to perform, that the
lung clearance index appears to be stable throughout life in
healthy subjects, and that the use of multiple gases of dif-
ferent densities may provide insights into the site of inho-
mogeneity within the lung.

During inspiration, two mechanisms contribute to gas
transport: convection (bulk flow) predominates in the
conducting airways as far as the bronchioles, and diffusion
predominates in the alveolus. Between the conducting air-
ways and alveoli there is a transition zone termed the ‘dif-
fusion front’. Because of their different molecular weights,
helium (light) and sulphur hexafluoride (heavy) have dif-
ferent diffusivities. For helium the diffusion front is thought
to be located near the terminal and respiratory bronchioles
(pre-acinar) and that for sulphur hexafluoride around the
alveolar ducts (intra-acinar). The location of the diffusion
front contributes to the phase III slope of a standard gas
washout curve, another measure of inhomogeneity. Theo-
retically, comparing the phase III slopes for gases of differ-
ent molecular weights could be used to estimate the
anatomical site affected by disease.
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Figure 23.6 Expired gas concentration during multiple-breath inert-gas washout performed during tidal breathing. During the wash-in
phase (A) a steady-state gas concentration (in this example 4%) indicates that wash-in is complete at which time the subject is
disconnected from the test gas and breathes air (B). Subsequently the concentration of test gas in expired air decreases exponentially (C).
The lung clearance index is calculated as the cumulative expired volume, expressed as a ratio to functional residual capacity, required to
reduce the concentration of the inert gas 40-fold, arbitrarily, from a starting concentration of 4% to 0.1%.
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As reductions in flow from obstructed lung regions
appear to be compensated by increases in flow from unob-
structed regions, during measurements of forced expiration
upstream (peripheral) non-uniformities may be masked
[35]. For this reason, the maximum forced expiratory
flow–volume curve is not considered the ideal tool for the
detection of early non-uniform airway disease, while the
multiple-breath inert-gas washout technique should be
more sensitive at detecting such inhomogeneities.

Measurements using the technique have been obtained
in CF subjects of all ages. Multiple-breath inert-gas washout
disclosed airway dysfunction in the majority of children
with CF aged 3–18 years who had normal lung function
assessed by spirometry, suggesting that multiple-breath
inert-gas washout is indeed of greater value than spirome-
try in detecting early CF lung disease [36]. These findings
have recently been confirmed in younger subjects [37,38].
In the more recent study [38], 40 children with CF aged
2–5 years and 37 age-matched healthy control subjects 
performed multiple-breath inert-gas washout, plethys-
mography and spirometry. Thirty children in each group
successfully completed all measures, with success on first
visit being between 68% and 86% for all three measures.
Children with CF had significantly higher mean lung clear-
ance index (2.7; 95% CI 1.9–3.6, p � 0.001) and higher
specific airway resistance (z score 1.65; 95% CI 0.96–2.33,
p � 0.001), and significantly lower FEV0.5 (z score �0.49;
95% CI �0.95 to �0.03, p � 0.05). Abnormal lung func-
tion results were identified in 22 of 30 children (73%) with
CF by multiple-breath washout, compared with 14 of 30
(47%) by plethysmography, and 4 of 30 (13%) by spiro-
metry, suggesting that the technique is indeed more sensitive
at detecting airway disease in pre-school children with CF.
Results of studies in infants using the multiple-breath tech-
nique are due to be published soon.

It is not known if multiple-breath washout will be more
or less useful than parameters of forced expiration to mon-
itor lung function longitudinally or the response to thera-
peutic interventions, so further studies are required in
order to determine its role. As measurements in infants
have so far been incorporated into studies with protocols
including more invasive and complex tests, they have been
performed following sedation of the infant. It is possible
that, when used alone, a period of natural sleep without
sedation would be sufficient to enable successful perform-
ance of the test. This would significantly enhance the abil-
ity of investigators to obtain longitudinal data during the
first months of life.

Forced oscillation technique

Although no advantage of the forced oscillation technique
(FOT) over conventional spirometry has been identified in
older subjects with CF [39,40], the FOT requires minimal
cooperation and, when performed at low frequencies, has
the theoretical advantage of being able to determine early

peripheral functional abnormalities in the alveolar ducts,
alveoli and interstitium and its progression more centrally
into those parts of the respiratory tree where bulk flow
occurs (airway opening to the terminal bronchioles) and
could therefore provide further information regarding the
pathophysiology and location of very early functional
abnormalities in cystic fibrosis. The FOT is easy to perform
in pre-school children during tidal breathing using com-
mercially available equipment (Fig. 23.7).

In one longitudinal study, in which FOT, Rint and
plethysmographic airway resistance were measured serially
in pre-school children with CF, only resistance was abnor-
mal in the CF group [34]. FOT at low frequencies (LFFOT)
has been used to measure the lung function of infants. The
airway is occluded at the end of an augmented inflation in
order to invoke the Hering–Breuer inflation reflex, result-
ing in a short period of apnea during which a pressure
wave is applied to the airway opening. Impedance is calcu-
lated as the ratio of pressure to flow measured at the airway
opening at each frequency of the applied pressure and rep-
resents the complex viscoelastic resistance of the respira-
tory system. Modelling in animals has confirmed both
frequency-dependent and independent components of
impedance which are considered to provide separate esti-
mates of airway and parenchymal function. Impedence is
contributed to by resistance and inertance, attributed to
airway function, and coefficients of tissue damping, elas-
tance and hysteresivity (the ratio of tissue damping to 
inertance), which provide a component of parenchymal
function. In one study of 24 children with CF of median
age 1.58 years in which LFFOT was performed during an
anesthetic for BAL, a significant relationship between lung
function parameters which reflect parenchymal mechanics

Figure 23.7 Forced oscillation technique (FOT) performed
during tidal breathing in a pre-school child aged 2 years. The
child is able to maintain a seal around the mouthpiece. The
cheeks and chin are supported by the investigator to decrease the
influence of upper airway shunt impedance. A second observer is
vigilant for technical problems, such as glottic closure and leaks,
and any signs of distress in the child.

www.ebook3000.com

http://www.ebook3000.org


References 329

and markers of pulmonary inflammation obtained by BAL
was identified [41]. There were significant correlations
between measurements of tissue damping and markers of
total cell burden, neutrophil number and total cell count
per milliliter of fluid retrieved at BAL. Tissue hysteresivity
was also significantly related to total cell count and neu-
trophil number. As lung disease in CF is thought to begin
in the distal airways and should therefore be reflected in
abnormalities of parenchymal mechanics, measurements
made with LFFOT hold promise for detection of lung dis-
ease early in the clinical course of young children with CF.
Adaptation may make it possible to perform the test in
unsedated infants with CF during natural sleep [42].

CONCLUSIONS

Evidence is accumulating that lung function is diminished
early in infancy in those with CF and that lung function 
is associated with structural airway abnormalities and 
pulmonary inflammation. These findings suggest that the
neutrophil-dominated airway pathophysiology and chronic
infection, whose progression results in structural alter-
ations, bronchiectasis and ultimately respiratory failure
and death, has its onset in infancy. Further studies are
required to clarify these associations. Early detection of
pre-symptomatic changes in lung function, together with
the ability objectively to assess response to treatment,
should strengthen our competence at evaluating the effec-
tiveness of therapeutic interventions which aim to minimize
or prevent such lung damage in subjects with CF during
the critical period of somatic and lung growth and devel-
opment in infancy. This in turn could increase longevity
and contribute to an improved quality of life for these chil-
dren. Full forced expiratory maneuvers provide useful
information regarding airway status in infants with CF and
recommendations are available for their standardized per-
formance [7]. Further evaluation is required to determine
the appropriateness and feasibility of their use as outcome
measures in multicenter studies. However, if exciting
newer techniques can be performed in unsedated subjects,
then this would signify a major advance in the assessment
of infants and pre-school children with cystic fibrosis.
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Infant and pre-school children: role of
bronchoscopy

GARY CONNETT

INTRODUCTION

Health professionals caring for patients with cystic fibrosis
(CF) over the last 30–40 years have witnessed major improve-
ments in the outcome for individuals who are diagnosed
with this condition. The consensus view is that this has
largely been achieved as a result of improved nutritional
management and the aggressive use of measures to treat
lung infection.

A complete understanding of the pathophysiology of
CF-related lung disease remains frustratingly elusive, but a
number of prospective studies of diagnosed infants detected
through newborn screening programs have consistently
demonstrated that, while the lungs are structurally normal
at birth, significant infection and inflammation commonly
occurs in early infancy. These important data underline the
need to consider early interventions to interrupt or prevent
these processes that are almost certainly relevant to the
occurrence of lung damage in later life.

Unfortunately, the optimal strategy for the use of anti-
microbial therapies and other measures to enhance the 
clearance of abnormal secretions in early childhood has yet
to be defined. There are considerable differences in the
approach to microbial surveillance and the use of antibiotics
between and even within specialist centers. Such differences
might reasonably be a result of differences in disease phe-
notype, local availability of services and various social factors
determining each family’s ability to achieve recommenda-
tions for care. Despite these variations in practice there is
no doubt that fiberoptic bronchoscopy is an essential part
of the modern management of CF and should be readily
available to all patients. This chapter will review the insights
bronchoscopy studies have given us about the early events
within the airways of CF children and the use of bron-
choscopy in managing the pre-school age group.

RESEARCH STUDIES

The Denver pediatric CF service was one of the first to
investigate the early onset of infection in CF [43]. The group
initially published their findings from throat swabs in a
cohort of infants identified through newborn screening
and reported high rates of Staphylococcus aureus and
Haemophilus influenzae isolates in infants (43% and 62%,
respectively). Pseudomonas aeruginosa was isolated in a
quarter of children by a mean age of 20 months. Those with
P. aeruginosa commonly had preceding S. aureus infection
and were more symptomatic. Subsequently the group
reported their bronchial lavage studies and found increased
numbers of neutrophils and increased levels of the pro-
inflammatory cytokine IL-8 from infants as young as 
4 weeks [44]. These results have been confirmed in other
studies [45]. While indices of inflammation were increased
in some non-infected CF patients compared with non-CF
controls, the amount of inflammation was much higher in
those who were culture-positive.

The early onset of a neutrophil-dominated inflammatory
process before the detection of bacterial pathogens in some
of the CF infants led to speculation about a causal association
between the basic gene defect and the initiation of an inflam-
matory process starting shortly after birth. Serial bronchial
lavage studies have shown continued neutrophil-dominated
inflammation, several weeks after successful eradication of
infecting organisms. These findings have led researchers to
suggest that defects in CFTR function might cause the per-
petuation of a relentless inflammatory process, irrespective
of ongoing infection, once triggered within the airways [46].
The relationship between infection and inflammation in the
CF airway remains controversial. The most recently reported
bronchoscopy study of lower airways inflammation in infants
with cystic fibrosis identified by screening showed similar
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findings comparing newly diagnosed, asymptomatic, unin-
fected infants and a non-CF control group. However, once
infection had occurred, this precipitated a sustained inflam-
matory process within the lung [47].

Unfortunately suitable anti-inflammatory agents for
use in infancy have not come to clinical trials and subse-
quent bronchoscopy studies have focused on the use of
sequential bronchoscopies to characterize the develop-
ment of lower respiratory infection during early life.

The Melbourne pediatric CF service was one of the first
units to report the results of repeated annual bronchial
lavage cultures performed under general anesthesia in a
pre-school CF population identified through newborn
screening [48–50]. Pseudomonas aeruginosa infection diag-
nosed on the basis of quantitative culture (
105 colony-
forming units/mL) was common and found in up to 43%
of their cohort. This threshold level of detection was iden-
tified as being associated with a significant step up in meas-
ures of airways inflammation. Unfortunately the center
had cross-infection problems with a particularly virulent
pseudomonad within the unit that is of relevance to their
findings, and may limit the generalizability of some of their
conclusions. However, the group provided good evidence
that early acquisition of Pseudomonas was associated with
increased morbidity and mortality.

A larger longitudinal study, performed in three US CF
centers, reported similar findings [51]. This group found
that H. influenzae was the most common pathogen in infancy
but that S. aureus and P. aeruginosa were more prevalent at
ages 2 and 3 years. P. aeruginosa occurred at any density in
one-third of children and in 
105 colony-forming units/mL
in 20% of children at 2 and 3 years of age. The density of
CF pathogens and markers of airway inflammation increased
over time in association with subtle indices of worsening
respiratory status. However, it was difficult to identify
infected individuals on the basis of symptoms alone.
Surprisingly, antibiotic treatment prior to bronchoscopies
did not appear to impact on culture results.

The most important finding from these studies is the
recognition that many infants with little or no sympto-
matic lung disease have significant lower respiratory infec-
tion at the time of routine bronchoscopies. Those children
with P. aeruginosa infection tended to be more sympto-
matic, and did less well subsequently. These results raise
important issues about the recommended frequency and
methods of routine microbial surveillance. Clearly there
are practical limitations in carrying out very frequent
bronchoscopies and so subsequent studies have examined
the use of less invasive culture techniques to guide anti-
biotic choices in this age group.

OROPHARYNGEAL CULTURES VERSUS
BRONCHOALVEOLAR LAVAGE

Cystic fibrosis centers have used a number of different
microbiological specimens to identify the cause of lower

respiratory infection in young children. It is unusual for
children to expectorate sputum before the age of 6 years
and if they can this generally implies the early development
of significant airway complications. Sputum induction with
hypertonic saline is difficult under the age of 8 years in CF
patients, although these specimens have been obtained in
much younger children as part of the diagnostic work-up
of tuberculosis [52,53]. Oropharyngeal cough swabs and,
in some centers laryngeal aspirates, are the most commonly
used culture specimens. Oropharyngeal specimens in par-
ticular have been investigated in a number of studies to
determine their usefulness in detecting lower respiratory
infection detected by bronchoscopy[54–56].

In older children, oropharyngeal cultures have high pos-
itive predictive value for lower respiratory infection, but in
one study less than half of P. aeruginosa infections were
detected among those who could not expectorate [54]. The
combined results of three studies in early childhood sug-
gest that oropharyngeal cultures have high specificity and
high negative predictive value for P. aeruginosa [56] This
means that if culture results are negative, lower airway
infection is unlikely. This finding must be treated with cau-
tion. The high specificity in young children is because the
prevalence of Pseudomonas infection is relatively low at an
early age (around 20%) and so most swabs will be negative
anyway. The positive predictive value – the ratio of true pos-
itives to (true positives � false positives) – is a more clini-
cally relevant statistic and in early childhood this figure is
around 44% for Pseudomonas in the first 18 months of life,
with a similarly low sensitivity of less than 50%. Not surpris-
ingly, oropharyngeal cultures are more sensitive when there
is a higher density of infecting organisms in the lower airway
and so become more informative as children grow older.

Similar findings are reported for S. aureus and
H. influenzae. These bacteria are more prevalent and so,
while they also have high negative predictive value when
not grown, the specificity of a positive culture is low. For
example, positive upper airway cultures for S. aureus tend
to over-diagnose lower respiratory infection by a factor of
approximately 2. The presence of symptoms has not been
found to be of use in improving the specificity of the cul-
ture results for these organisms.

One problem when trying to interpret these studies is
that they have been carried out in clinically stable patients
and there is little information about the relative usefulness
of bronchoscopy and upper airway cultures in diagnosing
the cause of acute symptoms. Furthermore, the oropharyn-
geal cultures used in these studies were obtained by swab-
bing the oropharyngeal wall and tonsillar pillars. In many
centers cough swabs are used. A swab is placed in the
oropharynx to capture aerosolized secretions without touch-
ing the upper airway walls if possible. The relative benefits
of this type of specimen have not been studied in detail.

When the genotypes of bacterial species are considered,
the clinical picture becomes more complicated. Studies
that have compared the type of Pseudomonas strains from
the upper and lower airway have found that in many cases
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they are unrelated and, when studied longitudinally, genet-
ically different strains appear at different times in the same
airway [55,57].

CLINICAL CONSIDERATIONS

It appears from these data that the greatest potential for the
use of bronchoscopy in young children is in the early detec-
tion of Pseudomonas infection in situations where there is
clinical concern about the progression of lung complica-
tions but no evidence for infection using other microbial
samples. Early infection with Pseudomonas species might
be anticipated more commonly during winter months
occurring concomitantly with and persisting after viral res-
piratory illnesses that typically occur at this time of year
[58]. When pseudomonads are initially identified in young
patients they are typically present in small numbers, non-
mucoid in type, pan-sensitive to anti-pseudomonal antibi-
otics and, provided there are no local cross-infection issues
with highly transmissible trains, unique to that individual.

Treating Pseudomonas infection when detected at this
early stage is commonly regarded as a useful intervention
during a ‘window of opportunity’ before progression to
chronic infection and associated lung damage. Unfortunately
we have little information about what constitutes the best
antibiotic treatment regimen for these early isolates, and
recurrent infection with different Pseudomonas strains is
common. A cohort study that looked hard for Pseudomonas
in the first three years of life found recurrent isolates on
lavage and/or the presence of positive serological markers
to exotoxin A and whole-cell membrane proteins in nearly
all of the patients studied [59]. These findings raise issues
about how to balance the use of early interventions to pre-
vent the onset of chronic infection against the overuse of
antibiotics and invasive investigations with their concomi-
tant risk of potentially harmful side-effects.

There are practical considerations that limit the extent
to which bronchoscopy can be considered as the gold stan-
dard for detecting infection.

One of the most important considerations is determin-
ing whereabouts in the lung bronchoalveolar lavage should
be performed. While secretions, if present in the major
branches of the tracheobronchial tree, might usefully be
collected for culture during bronchoscopy, bronchoalveo-
lar lavage will sample washings obtained only from the
subsegmental bronchi within which the bronchoscope is
wedged. For reasons that are not understood, upper lobes
and the right upper lobe in particular are typically involved
with early focal bronchiectasis, but there is endless variabil-
ity in the pattern of bronchial damage; so an individualized
approach, based on each child’s clinical circumstances, is
recommended.

Bronchoscopy studies where lavage specimens have been
obtained from more than one site clearly demonstrate vari-
ability in the organisms cultivated, irrespective of the extent
to which there is inflammation in different parts of the

lung. These findings emphasize the need for careful plan-
ning prior to bronchoscopy to maximize the probability of
yielding clinically useful information and to consider lavage
in more than one site [60].

Chest x-rays can be particularly difficult to interpret in
this age group. Localized changes are not always readily
identifiable, but there is some evidence that ventilation
scans can usefully detect regional defects that are missed on
plain films. High-resolution chest CT studies can also use-
fully demonstrate whether there are early focal structural
changes or a more diffuse disease process affecting all lung
areas [61].

BRONCHOSCOPY TECHNIQUE

In general the largest bronchoscope that can be tolerated
by the child should be used, to minimize the occurrence of
blockage of the suctioning channel with mucopurulent
secretions. Suctioning of the upper airway through the
bronchoscope should be avoided to prevent contamina-
tion of lavage samples by upper airway organisms. In cen-
ters using general anesthesia for their bronchoscopies,
placement of a laryngeal mask airway can help minimize
upper airway contamination, Aliquots of warmed normal
saline should be used for lavage. Although there is no con-
sensus on the optimal volumes to use, a return of 40% or
more of the volume instilled is generally judged as techni-
cally satisfactory. Occasionally, in severely affected CF
patients, lavage returns are low in volume because of recur-
rent blockage of the suction channel. Suctioning pressures
might need to be individually titrated to maximize returns
without causing complete collapse of the bronchial lumen.

If cytological studies are available, the first aliquot,
which is of more bronchial origin, tends to have a higher
cell count and is perhaps therefore more usefully indicative
of the airway disease process [62]. The relative merits of
general anesthesia versus sedation continue to be debated.
Children bronchoscoped under sedation tend to cough more
during the bronchoscopy but this can usefully identify where
abnormal secretions are coming from and thus where the
bronchoscope should be best placed for diagnostic lavage.
Occasionally, the child’s coughing achieves short-term
therapeutic benefits as a result of improved airway clear-
ance during the procedure. The retention of lidocaine in
the bronchoscope can contaminate lavage samples and this
drug has the potential to inhibit bacterial growth [63,64].

WHEN TO PERFORM BRONCHOSCOPY:
RECOMMENDATIONS

Given the available evidence, the following recommenda-
tions relate to how bronchoscopy might best be used for
diagnosis of microbial infection and to detect other pathol-
ogy in this age group (Table 23.7).
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Bronchoscopy as part of microbial 
surveillance

It is difficult to justify the routine use of bronchoscopy in
all pre-school children, irrespective of whether or not they
have symptoms, solely for the purpose of microbiological
studies. Opportunistic culture results from bronchoscopies
performed just once yearly, and not necessarily at times when
the need for more detailed clinical information is specifi-
cally indicated, are unlikely to result in major benefits to
the individuals concerned. However, routine bronchoscopies
are justified in this age group if they are carried out within the
constructs of ethically approved research studies with the
informed consent of each child’s parents. Indeed, such a ran-
domized controlled trial is currently ongoing in Australasia,
although the results will take some years to accrue. More
studies, around the time when lung inflammation first
occurs in childhood, are critical to our future understand-
ing of the pathophysiology of CF lung damage and how
best to treat it.

Within current best practice, there is clearly a need for
closer surveillance of respiratory status during the pre-
school years to identify early any deterioration in lower res-
piratory status and bronchoscopy has an important role in
this area. As well as careful questioning about the occur-
rence of symptoms, clinical examination and chest x-rays,
CF centers should also consider the use of supplementary
investigations such as ventilation scans, chest computed
tomography and lung function testing [23] to improve
detection of lung complications. When abnormal findings
are detected, routine microbial cultures should be obtained.
If these do not identify CF pathogens, or if there is a poor
response to antimicrobial treatment of the pathogens iden-
tified on upper airway culture, bronchoscopy should be
performed to clarify the cause of lower respiratory symp-
toms. Specimens must be sent for viral as well as bacterial
isolation. Lower respiratory viral infection during an acute
exacerbation is an important risk factor for early acquisi-
tion of chronic Pseudomonas infection [66].

Bronchoscopy to investigate the cause of
atypical symptoms

A wealth of clinical experience has established that bron-
choscopy has an important role in identifying the cause of
lower respiratory symptoms when the clinical picture is atyp-
ical [67]. In particular, bronchoscopy should be considered
in young children when recurrent wheezing is a predominant
feature. CF children with a wide variety of comorbidities
have been identified. These include tracheomalacia, subglot-
tic stenosis, bronchomalacia, and aortic arch anomalies.
Differential cell counts can also be useful to identify the
predominant cell types involved if there is inflammation.

Occasionally mucoid plugs extending into the large 
airways can be a cause of segmental atelectasis and cause 
persistent radiological abnormalities despite rigorous phys-
iotherapy and intravenous antibiotics. Endobronchial
aspergillosis can also cause this complication. Plugs can be
effectively cleared from the bronchial lumen after suctioning
with or without the local instillation of rhDNase [68]. Such
problems are more likely to be encountered in older children.

Infection with atypical mycobacteria can occur in this
age group but it can be difficult to determine the clinical
relevance of positive airway cultures. Bronchoscopy to obtain
histological evidence for lung infection can usefully help
identify those cases for whom aggressive antituberculous
chemotherapy would be appropriate [69].

Bronchial lavage specimens can also be analyzed to
measure the quantity of lipid in alveolar macrophages.
This has been suggested as a potentially useful marker of
aspiration. Unfortunately, studies in CF suggest that the
lipid laden macrophage index is very non-specific in iden-
tifying when aspiration is the cause of inflammation [70].

THE FUTURE

Further bronchoscopy studies are critical to our increased
understanding of cystic fibrosis. Gene therapy research is
ongoing and bronchoscopic techniques have been devel-
oped for measuring potential differences in the lower air-
ways of children as young as 12 months, making this a
potentially useful end-point assay [71]. Such measure-
ments might find application in assessing the direct bene-
fits of other novel therapies.
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Infant and pre-school children: 
imaging the lungs

SAMATHA SONNAPPA AND CATHERINE M. OWENS

INTRODUCTION

Chest radiography is the primary imaging modality and
the most widely used diagnostic method for assessing and
following progression of cystic fibrosis (CF) lung disease.
The Cystic Fibrosis Foundation recommends annual chest
radiographs to assess serial changes in all CF patients [72–
74]. Chest radiography is simple, inexpensive, widely avail-
able and involves relatively little radiation exposure.
Hence, at the current time the chest radiograph remains
the most widely used diagnostic method for assessing pro-
gression of CF lung disease outside of research institutions.

Global measures of pulmonary function may not accu-
rately depict lung involvement particularly in the early
stages in CF due to the heterogeneity of the disease process.
More sensitive imaging studies, in particular computed
tomography (CT), and high-resolution CT (HRCT) scans
which display regional variation in CF lung disease, have
been shown to have a higher sensitivity in detecting minor
pulmonary abnormalities in CF and have a role in the early
detection of CF lung disease as demonstrated by several
recent studies [75–81].

The first report of CT scanning to monitor CF-related
lung disease was published in 1986 [82], and since then fur-
ther publications have ensued. In recent years the fact that
morphological changes seen with CT scanning have been
shown to precede functional changes identified with con-
ventional spirometry, accompanied by the need for more
sensitive outcome measures to assess novel therapies, has
caused a resurgence of interest in this imaging technique.

Despite the availability of more sensitive tools, current
recommendations for imaging in CF include chest radiog-
raphy for surveillance and as needed for pulmonary exac-
erbations [72]. However, challenges in managing CF include
early detection and treatment before irreversible lung dam-
age occurs, with emphasis on potential benefits. Hence it is

important to assess the potential benefits of more sensitive
tools for diagnosis and surveillance with a careful risk–
benefit analysis.

At the present time newborn screening and gene ther-
apy promise potential improvement in morbidity. Thera-
peutic options that are being developed for the treatment
of CF lung disease include gene therapy, compounds that
target the mutated CF protein, alternate chloride channel
stimulators, newer antibiotics and anti-inflammatory agents.
Sensitive methods for evaluating effectiveness of these
novel therapies in patients are an important priority in
order to deliver better healthcare to patients with CF. This
represents an important potential role for imaging [83].
CT scanning has the potential to offer information that
may be complimentary to that provided by pulmonary
function tests, both in understanding the pathophysiology
of CF lung disease and in evaluating patients clinically.

EVOLUTION OF CF LUNG DISEASE IN 
THE EARLY YEARS

The development of early lung disease in patients with CF
remains poorly defined. CF lung disease is predominantly
located in the airways. Several papers have shown that the
lungs are essentially normal at birth, but histological abnor-
malities are detectable in the airways within the first few
days of life. Submucosal gland hypertrophy, duct obstruc-
tion and mucus cell hyperplasia of the trachea and major
bronchi have been demonstrated even before there is evi-
dence of clinical infection [84]. Quantitative evaluation of
the tracheobronchial mucus glands in infants with CF has
shown a significant dilatation of acini compared to con-
trols [85]. Inflammation is usually present in the airways of
minimally symptomatic infants and pre-school children
with CF, often even in the absence of infection with bacteria
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traditionally identified as CF lung pathogens [86,87]. Infec-
tion becomes established with bacteria such as Staphylococcus
aureus, Haemophilus influenzae and Pseudomonas aeruginosa.
The CF lung is constantly undergoing an onslaught of severe
proteolytic attack even during ‘well’ periods, resulting in 
persistent lung infection and inflammation [88]. This ulti-
mately destroys the airways causing bronchiolectasis and
bronchiectasis [89].

MONITORING LUNG DISEASE

Monitoring the onset and progression of lung disease closely
is essential for effective individualized management. Lung
function and lung structure are important aspects in the
assessment of respiratory disease progression in CF patients.

Standard pulmonary function testing (PFT) in CF
includes forced expiratory maneuvers and measurement of
lung volumes usually performed in children older than 5
years of age [90]. Forced expiratory volume in one second
(FEV1) has been shown to reflect progression of pul-
monary disease in CF, and to correlate with mortality [91].
However, FEV1 is not very sensitive to early disease. Sensitive,
non-invasive methods of assessing early pulmonary changes
that can be used from birth have recently been developed
in a research context. These studies have shown that airway
function is diminished soon after diagnosis in infants with
CF and does not catch up during infancy and early child-
hood [92,93]. Other recently published studies have demon-
strated that abnormal ventilation distribution measured by
multiple breath washout (MBW) studies is found in most
pre-school children with CF, including many with normal
spirometry and normal plethysmography [94]. These find-
ings suggest that destructive processes in the airways of chil-
dren with CF may start early in life and that these changes
are not always readily detected by commonly used measures
of lung function. Lung function changes are discussed in
more detail in Chapter 23a.

CHEST RADIOGRAPHY

Conventional chest radiographs are widely used both for
monitoring acute exacerbations and for annual reviews [74].
In the newborn with cystic fibrosis the lungs are initially radi-
ographically normal, but in those with early disease progres-
sion substantial small airway mucus plugging, inflammation
and infection develop. This is reflected radiographically as
hyperinflation of the lungs [95,96]. Peribronchial cuffing of
end-on bronchi (bronchial wall thickening) and mucus
plugging of small airways are manifest as nodular or reticu-
lonodular patterns on chest radiography [97]. With advanc-
ing disease, large airways bronchiectasis develops which is 
the hallmark of established CF. Bronchial wall thickening 
is common in bronchiectasis and may precede bronchial
dilatation and it is this abnormal wall thickening that allows

visualization of the pathologically thickened airways in the
periphery of the lung beyond the level of the segmental
bronchi, which are not normally visible. With further pro-
gression of bronchiectasis larger cysts form [97]. Mucoid
impaction of the bronchi appears as rounded or band-like
opacities of increased density following the course of the
dilated bronchi. Lobar and segmental atelectasis may result,
most frequently seen in the upper and middle lobes. Inter-
estingly, and unlike in the normal host where infection
manifests as lobar pneumonia, this pattern is unusual in
CF, where patchy areas representing peribronchial consol-
idation occur.

Standard posteroanterior (PA) radiographs are per-
formed to clinically evaluate and exclude complications
such as atelectasis, consolidation, pneumothorax or cor
pulmonale on regular follow-ups or during exacerbations.
Conventional radiography remains the primary imaging
technique for following the progression of disease and assess-
ing serial change. However, the chest x-ray is less sensitive
at detecting early disease compared with other modalities
such as computed tomography (CT) scanning (Fig. 23.8a).

Various chest radiographic scoring systems exist to
assess the severity of respiratory disease in CF, based either
on chest radiography alone or in combination with clinical
status [98–103]. The commonly used scoring systems are
Shwachman–Kulczycki [98], Chrispin–Norman [99], mod-
ified Chrispin–Norman [104], Brasfield [100], Wisconsin
(designed particularly for early-stage disease [102]) and
Northern [103]. Most of these systems require both PA
and lateral chest x-rays, with the exception of the Northern
and the modified Chrispin–Norman systems. The limitation
of the scoring systems is the inability to discriminate between
milder disease forms in infants and young children.

The European CF Consensus Committee recently rec-
ommended that CF patients should have a chest x-ray as
part of their annual assessment and advised the use of a
scoring system that requires only a PA film [74].

The distinct advantage of chest radiography over other
more sensitive imaging techniques such as CT scanning is
the lower radiation exposure to the patient and the low
financial cost. Conventional chest radiographs are usually
adequate to detect the salient radiographic features of CF
and to provide objective parameters for longitudinal qual-
itative disease progression. However there are limitations,
including difficult interpretation of the precise nature of
structural lung abnormalities, poor prognostic value, and
structural changes not obvious in the early stages. Also as
the pulmonary disease progresses the chest x-ray becomes
less sensitive to change [82,105].

USE OF CT IN CLINICAL CARE OF 
THE PATIENT

Some studies have shown a poor association between rela-
tively good spirometry compared to the abnormalities
detected on more sensitive imaging tools such as CT [80].
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Substantial structural lung damage was demonstrated in
some children who had normal spirometry [106], and
more recently a study in older children and adults with CF
found that MBW measurements correlated more closely to
HRCT changes than did spirometry [107]. HRCT is clearly
more sensitive and accurate than conventional chest radi-
ography in delineating the extent and severity of bronchiec-
tasis and other parenchymal and airway lesions in CF
[77,108]. While CT scanning has been shown to reflect
improvement in patients treated for respiratory tract exac-
erbations, no clinical advantage has been shown for this
evaluation [109,110].

In summary, functional lung changes can be absent
when structural changes are present. Thin-slice CT scan-
ning appears to be a more sensitive method than conven-
tional spirometry to detect structural changes and disease
progression. However, whether using CT in routine patient
management improves the health and outcome of patients
has yet to be proven. There is an additional risk of radia-
tion-induced morbidity and mortality with routine annual

CT scanning, particularly as survival rates for patients with
CF is improving [111].

CT techniques

The two CT techniques that have been used for the evalua-
tion of CF lung disease are high-resolution CT (HRCT)
and volumetric (or spiral) CT. Conventional (incremen-
tal) HRCT uses thin sections (�2 mm) obtained at discon-
tiguous intervals through the lungs. The technique was
developed to provide thin sections necessary for detailed
parenchymal evaluation at a time when an extensively long
breath hold (
60 seconds) and higher radiation dose would
be required if contiguous thin sections were obtained through
the entire chest [112].

The development of helical and multislice CT scanners,
resulting in faster scan acquisition times, enables images of
diagnostic quality to be obtained in children during quiet
respiration, obviating the need for sedation[113–115].

Figure 23.8 (a) Chest radiograph in a 3-year-old with CF showing minimal abnormality secondary to mucus plugging. (b) Inspiratory
and (c) expiratory high-resolution CT (HRCT) in the same patient at the same level. Expiratory view shows air trapping (hyper-transradiant
lung) more clearly, associated with bronchiectatic changes. (d) HRCT in the same patient at the level of carina showing right upper lobe
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However, since the greatest impediment to high-quality
CT studies in children is respiratory and other motion,
sedation may be required in uncooperative children between
the ages of 6 months and 6 years. Children less than 6
months old usually fall asleep after a feed and wrap, and
sedation is rarely required after the age of 5 years.

The HRCT technique involves the use of the narrowest
available sections. As children are more radio sensitive than
adults and have a longer life span in which to develop 
radiation-induced disease, great care must be taken with the
use of radiation and the HRCT protocol should be designed
to provide the best image quality at the lowest possible radia-
tion dose. It has been shown that as compared to a 180-mA s
technique, a lower-dose HRCT technique results in a signifi-
cant dose reduction of 72% for 50 mA s and 80% for 34 mA s;
good-quality images were obtained with 50 mAs in uncoop-
erative children and with 34 mA s in cooperative children and
young adult patients [116]. Low-dose HRCT has been
reported to have a radiation dose as low as that required for
several chest radiographs [112,117]. The use of even lower
doses in children such as the use of 25 mA and 1-second scan
time has been reported [115,118]. Some authors advocate
that section spacing differs slightly from that used in adult
examinations (i.e. 10 mm) due to the smaller thoracic vol-
ume that has to be scanned and recommend obtaining inspi-
ratory examinations with 5 mm interspacing for children
under 2 years of age, 7 mm interspacing in children from 2 to
10 years, and 10 mm interspacing in children over 10 years
(as for adults) [114]. A set of expiratory images can be
obtained using twice the interval of the inspiratory images;
we however recommend only three expiratory sections, one
through the upper lobes, one through the middle lobe/
lingula and one through the lower lobes (Figs 23.8b, c and d)
[118]. In uncooperative patients we perform decubitus images
where the dependent lung represents the ‘expiratory’ and the
non-dependent lung the ‘inspiratory’ lung (Fig. 23.9). A
high-frequency reconstruction algorithm (bone) is used to
increase edge enhancement and improve visualization of
pulmonary parenchymal detail. The use of the smallest field
of view possible optimizes spatial resolution. Scan acquisi-
tion time is crucial, and needs to be as short as possible in
order to minimize motion artefacts [114]. Electron-beam CT
(EBCT) scanners with a 0.1-second scan time and the new
multisection helical CT scanners with subsecond scanning
are optimal in this respect and are particularly useful for
imaging children [113]. It is important to bear in mind that
image noise (giving a granular appearance) produced by the
use of thinner slices is higher with helical CT than with the
conventional axial technique [118], so some authors advo-
cate axial (non-helical) acquisition [119].

The chief benefit of incremental HRCT scanning is an
approximately 3-fold reduction in radiation dose for HRCT
studies compared to volumetric scanning, due primarily to
the interval (discontiguous) rather than complete expo-
sure of the lungs to the CT x-ray beam. HRCT involves
several separate single-slice acquisitions and takes signifi-
cantly longer than volumetric CT which is done in a single

spiral data acquisition (approx 4–7 seconds) so coopera-
tion is better and the movement artefacts minimized.

If used as an outcome measure HRCT is suitable for
qualitative evaluation using particular scoring systems, but
poses problems for semi-automated quantitative analysis
and for longitudinal comparison (when volumetric data
are required). Using volumetric CT, the lungs can be
viewed in three dimensions with true isotropic resolution,
allowing more distal airways to be measured accurately
anywhere along their course. Serial volumetric scanning
will allow reproducible measurements of the same airway
at the same point for more precise longitudinal assessment.
Diagnostic images require the scan to be taken during a
breath-hold at near full inflation and exhalation volumes.

Figure 23.9 (a) Prone and (b) decubitus HRCT confirming 
air trapping in the superior segment of left lower lobe (the
dependent lung is expiratory and the non-dependent lung is
inspiratory).
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This helps to eliminate motion artefacts, hence improves
resolution, increases reproducibility and so optimizes the
detection of abnormalities [120]. Older children breath-
hold at full inflation and deflation, or one can resort to
spirometer-controlled scan acquisitions at defined full
inspiratory and expiratory lung volumes [121].

The extent and distribution of the lung disease needs to
be considered when determining the number of images
required for the evaluation of a specific lung disease as
early CF lung disease may affect any lobe and is patchy in
distribution, rather than evenly distributed through the
lungs [122]. A recent study has shown that incremental
HRCT images at intervals greater than 10 mm will under-
estimate the severity of CF lung disease.

Quantitative CT air-trapping measurement is a promis-
ing new technique for providing standardized quantitative
CT measures similar to quantitative spirometric air-flow
measurements. This method has the potential advantage of
serving as a sensitive quantitative measure looking at air-
way structure during therapeutic trials to discriminate dif-
ferences in treatment effect, particularly in subjects with
minimal disease [123].

Controlled ventilation technique is another method,
described in young children and infants who cannot coop-
erate with breath-holding. This is accomplished by hyper-
ventilating a sedated child with positive pressure applied
by a face-mask to produce a brief pause for CT scanning.
During the pause, the lungs are at either full lung inflation
or end exhalation. This technique has the potential to be
considered as an alternative to general anesthesia for CT
and enhance the diagnostic power of CT [120,124].

To summarize, while conventional HRCT allows lower-
dose CT scanning and may be useful for qualitative evalu-
ation, volumetric CT is necessary for optimal longitudinal
evaluation and for quantitative analysis.

CT as a clinical research tool

CT must be shown to provide a valid outcome surrogate in
order to monitor CF lung disease in clinical trials. The criteria
for bronchiectasis were developed from pathological correla-
tion studies [125] as CT images are similar to pathological
specimens. HRCT is a sensitive indicator of early CF lung 
disease and has provided evidence of bronchiectasis, peri-
bronchial thickening, mosaic perfusion, and mucus plugging
in infants and children with CF [76,126,127]. Multiple cross-
sectional studies of patients with CF show that HRCT corre-
lates with other evaluations including clinical status and
spirometry, indicating that higher CT scores occur in subjects
with worse spirometry despite the frequent poor association
of CT scores and spirometry in individual subjects and in lon-
gitudinal studies [76,77,79,81,109,126–130].

There is increasing emphasis on the detection and aggres-
sive treatment of early CF lung disease, resulting in increased
interest in detecting lung disease in infants and pre-school
children with CF.

NEWER TECHNIQUES

Magnetic resonance imaging

Hyperpolarized noble-gas magnetic resonance imaging
(MRI) of the lung is a relatively new, versatile imaging
modality that depicts both lung function and morphology
[131]. With this technique, it is possible to acquire images of
the lung with relatively high temporal and spatial resolution.
Helium (3He) and xenon (129Xe) are the two non-radioactive
isotopes of noble gases that can be hyperpolarized, but 3He
has been primarily used for hyperpolarized MRI of the lungs
in humans [131,132]. Mucus plugging and airway obstruc-
tion result in ventilation inhomogeneity in CF lungs and
hyperpolarized 3He MRI of the lung reflects these functional
changes as shown in older children and adults [133,134].
HRCT is the imaging modality of choice to assess struc-
tural CF lung disease but its ability to assess lung function
is limited. The other major limitation is the level of radia-
tion exposure, particularly for longitudinal assessment of
disease progression, which requires repeated scans. 3He MRI
involves no ionizing radiation, which makes it an ideal imag-
ing tool in children [135]. Although 3He MRI has the poten-
tial to serve as a biomarker for assessment of severity of lung
disease and to follow disease progression in children with CF,
this technique is still in its infancy and has yet to be evaluated
in pre-school children. The current major limitation with
this technique is that the technology to polarize noble gases is
not widely available. The other potential limitation is that
MRI in children under 5 years of age requires either sedation
or a general anesthetic and can be claustrophobic.

Molecular imaging techniques

Molecular imaging is distinct from structural or functional
imaging and aims to non-invasively characterize and
quantify cellular and subcellular events. These techniques
include optical imaging and radionuclide-based methods
such as planar gamma scintigraphy, single-photon emis-
sion computed tomography (SPECT) and positron emission
tomography (PET). These modalities offer the possibility
of monitoring and quantifying molecular and cellular
processes non-invasively. However, they are still limited to
the research laboratory and the potential impact on clinical
research and practice is yet undetermined [136].
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Physiological monitoring of older 
children and adults

MARK ROSENTHAL

This chapter deals with lung function testing in cystic fibro-
sis (CF) at two different levels:

● how lung function should be monitored and inter-
preted on a day-to-day basis in the clinic, and used as
part of routine decision-making (e.g. whether a course
of intravenous antibiotics is warranted);

● how lung function (in particular spirometry) appears to
decline as the CF patient gets older and the relationship
of spirometry and its rate of change over time until death.

The final parts deal with other physiological tests. Fitness-
to-fly tests are dealt with in Chapter 11.

THE ROUTINE CLINIC

As 95% of people with CF die of respiratory failure, monitor-
ing lung function and responding to decrements as far as
possible is crucial. A short-term decline in forced expired vol-
ume in one second (FEV1) of above 10% is a key part of the
definition of a pulmonary exacerbation (see later). A slower
decline but over a longer period demands close attention,
including consideration of additional diagnoses such as aller-
gic bronchopulmonary aspergillosis (ABPA), new treatments
such as a trial of rhDNase or azithromycin, and the manage-
ment of adherence to current and future treatment. A precip-
itous decline in lung function demands immediate attention,
hospital admission, diagnostic endeavor and aggressive treat-
ment. Forced vital capacity is far less sensitive to both acute
and indeed chronic change. The terms ‘slower decline’ and
‘precipitous decline’ need definition. Opinions differ; but
objectively, the variability in spirometry in subjects with CF
is considerable. Cooper and co-workers [1] reported in sta-
ble CF subjects that FEV1 varies by 10% and mid-expiratory
flow by 20%, and then Fuchs and co-workers [2] used this

as part of the definition of a pulmonary exacerbation.
Chavasse and co-workers [3] found that FEV1 variability was
less in CF children (5%) and reduced further when using
nose-clips (3.2%). So an absolute reduction of more than
10% in FEV1 or 20% in mid-expiratory flow, whether over
a short or longer (6-month) period certainly merits close
attention. Clearly other measurements have a role in out-
patient assessment and oxygen saturation is one. Our clinic
has regularly seen subjects whose lung function is ‘a little
down’, and who are trying to minimize their symptoms
but their oxygen saturation is under 94%. Other factors
such as weight loss are important in considering what
action is needed. Clinical geneticists use the German term
Gestalt meaning form or face, and unquestionably the
biggest service a regular CF clinic with stable personnel,
serving patients over a long period, can give is to detect that
indefinable quality that ‘all is not right with the patient’s
Gestalt’.

It is widely recommended that, annually, plethysmo-
graphic measures of lung volume (total lung capacity, resid-
ual volume and functional residual capacity, FRC) should
be made, as well as airway resistance, specific airways con-
ductance and carbon monoxide gas transfer. However,
there is no published evidence that any of these measure-
ments are of clinical value, with the possible exception of
FRC [4], either in the evaluation of short-term change – 
as it is too complex and time-consuming to routinely per-
form especially in children – or in long-term prediction of
prognosis.

In summary, spirometry should be measured at every
clinic visit in every child who is able to perform the maneu-
ver, and the results should be an important part of the clin-
ical evaluation. Oxygen saturation should be measured in
all children at every visit. The evidence for the clinical util-
ity of any other measurement of lung function presently
does not exist.
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LONGITUDINAL STUDIES OF LUNG FUNCTION,
AND PREDICTION OF SURVIVAL

Lung function

However valuable spirometry is in the individual clinic set-
ting, the evidence that lung function is a reliable indicator
of long term-health, prognosis and life expectancy is much
more doubtful. Three vignettes illustrate this. A 16-year-old
girl who had spent the last 2 months in hospital receiving
intensive treatment and who had an FEV1 resolutely fixed at
18% of predicted survived 8.5 years. An undernourished
10-year-old who initially refused a gastrostomy, and had an
FEV1 of 37% predicted, became a strapping 18-year-old
with a gastrostomy whose FEV1 was still 37%. A girl who at
13 years had an FEV1 of 85% and a 50th centile body mass
index received a lung transplant 15 months later.

An important issue is what lung function to measure
and what constitutes a relevant change. Although FEV1 is
unquestionably the commonest single measure of lung func-
tion used and is discussed extensively below, forced vital
capacity (FVC), mid-expiratory flow (MEF), transfer factor
(DLCO) and the ratio of residual volume to total lung capac-
ity (RV/TLC) have also all been studied. Newer measures
such as the lung clearance index, LCI (which is discussed
more extensively in the context of infants and pre-school
children in Chapter 23c) are also being used. A longitudinal
cohort study extending throughout childhood has demon-
strated that abnormalities in LCI occur some 2.3 years ear-
lier than changes in FEV1 and that an abnormal LCI was
present in 52% of children with a normal FEV1, while for
the converse (normal LCI, abnormal FEV1) the rate was
only 0.5% – confirming the reports in the pre-school child
[4]. The next most useful measure was forced expired flow
at 50% of forced vital capacity, and third was plethysmo-
graphically measured FRC. It is also true that CT scanning
appears to be more sensitive to change in structure than
spirometry; there is a need for comparisons between CT
scanning and other, more sensitive tests of lung function
(the role of HRCT is discussed in Chapter 23c).

The factors that may be relevant to the absolute lung
function, and rate of change over time, include: gender;
genotype (at the CFTR locus and modifier genes); pancre-
atic status; CF-related diabetes, and pre-diabetic insulin
deficiency; microbiology; markers of nutrition such as
weight for age or body mass index; and education and social
class.

Gender is a factor that has been extensively explored to
try to explain the reduced female life expectancy. As an
example, a 2-year survivorship study in 2001 of 181 chil-
dren referred for transplant demonstrated that female gen-
der consistently led to a reduced 2-year survivorship by
15%, irrespective of FEV1 [5]. Unfortunately, as with so
many such models, it has not been validated in a second
population. This is a prerequisite for genetic association
studies to be taken seriously; it would appear that physiol-
ogists and epidemiologists are less rigorous in this context.

It could be that there is something about the effect of CFTR
dysfunction or absence per se in girls which makes them
die earlier, or it could be that they are more prone to par-
ticular complications, and it is the earlier onset of these
complications that shorten life. In another study, acquisi-
tion of mucoid Pseudomonas in children under 6 years of
age led to a greater rate of death over the next 10 years in
girls than boys (40% vs 20%), implying that girls are more
vulnerable to the effects of infection with P. aeruginosa. The
drawback of the study is that the data set was acquired over
such a along period (1954 to 1990) that other confounders
cannot be discounted.

However, this difference would disappear if effective anti-
pseudomonal treatment was in place. The subject of gender
differences is discussed in more detail in Chapters 16 and 24.

EPIDEMIOLOGY

Although epidemiological studies have always demon-
strated that life expectancy for girls with CF was consistently
worse than for boys [7], multicenter studies by definition
involve centers with likely different treatment policies,
which may make interpretation difficult. A large single-
center longitudinal study has shown that, since 1993, if
anything lung function in girls is now superior to that of
boys [8]. Thus female sex, at least in childhood (including
the teenage years), does not seem necessarily to convey a
worse prognosis as regards lung function. However,
whether this will translate into a life expectancy that does
not differ between the sexes remains to be seen.

An important point is that as clinicians we are inter-
ested in the prognosis for an individual, but the data on
which the prognosis is based comes from large mixed lon-
gitudinal cohorts. Epidemiological data may help us under-
stand mechanisms of disease, but as is well known when
considering the prognosis in a given individual, it is not
good for guiding decision-making, for example in trans-
plant referral. So, for example, even the most accurate
group prognostic indicator, spirometry, is no better than
flipping a coin for an individual (50% death within 2 years,
50% survival with FEV1 �30% predicted) [9].

This is also illustrated by longitudinal data in children
from the US national CF patient registry which demonstrate
the curvilinear reduction in FEV1 (more rapid in girls com-
pared with boys) and the negative interaction with weight
(nutritional status as judged by weight Z score and percent-
age weight for height influences lung function decline) [10].
Interestingly those with the best initial lung function declined
more quickly than those with a lower initial lung function.
Whether this illustrates the phenomenon of regression to
the mean or is a real biological phenomenon cannot be
determined from this study alone. However, in either case
children in mid childhood had a decline in lung function
that settled to a very slow rate (about 1% per year).

The second paper, published only in abstract form,
reviewed the 30 deaths occurring in Melbourne, Australia,
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in a single center and in particular the lung function in the
years before death [11]. Table 24.1 shows the median FEV1

2 years prior to death. At least a third of subjects had an
FEV1 above 75% predicted 2 years before death, demon-
strating that even a normal FEV1 cannot be absolutely reas-
suring as a precipitate and seemingly unstoppable decline
remains a real if small threat.

Milla and Warwick [12] tried to determine whether an
FEV1 of �30% occurring on at least three occasions within
12 months predicted mortality. This hypothesis was on the
previous observation that an FEV1 �30% predicted more
than 50% mortality within 2 years [9]. Of the 49 (of 56)
deceased patients with an FEV1 �30% close to death, only
17 had entered this range in the previous 2 years, the rest
having had similar lung function for between 2 and 14 years.

Gender, nutrition (whether above or below 85% weight for
height), presence of diabetes treated with insulin, or decade
(1975–84 or 1985–94) in which the lung function first
reached 30% had no effect on outcome, and rate of decline
of FVC was no different between survivors and non-
survivors. The conclusion was that patients who had an
FEV1 that continued to decline rapidly had a greater risk of
death that those whose FEV1 was low (�30%) but declined
slowly. Looking at young adults as a whole, Que and co-
workers [13] demonstrated the steady slowing of FEV1

decline over time at one institution, so that for those born
between 1985 and 1989 the rate of decline was now 0.8% per
year (Table 24.2). They also tabulated the rates of decline
from other studies (placebo arm) and cohorts and these are
summarized in Table 24.3. This clearly demonstrates the
variability depending on institution, year of birth and study.

The largest study on the decline of lung function comes
from the European CF database which examined 12 500
subjects between 1993 and 1997, mainly to examine the
effects of allergic bronchopulmonary aspergillosis (ABPA)
[14]. Fig. 24.1 is a reproduction of their mixed longitudinal
data depending on the initial entry FEV1 and the initial age
group at measurement. What it illustrates is that, regard-
less of the starting FEV1, the rate of subsequent decline was
remarkably similar (and largely unaffected by ABPA) and
independent of age. The crucial conclusion of this is that
the starting FEV1 is determined much earlier in childhood

Table 24.1 Data showing very wide range of FEV1 2 years prior
to death, in Melbourne, Australia [11].

Number Median age at Median FEV1

death (in months) (% predicted) 
(range in brackets) (range in brackets)

Male 13 176 (62–233) 69 (31–90)
Female 17 171 (89–225) 47 (24–102)

Overall 30 172 (62–233) 52.5 (24–102)

Table 24.2 Lung function decline in young adults aged 18–22 years [13].

Birth cohort

1960–64 1965–69 1970–74 1975–79 1980–84 1985–89

Follow-up to: 1978 1983 1988 1993 1998 2003
Study (n) 132 120 114 90 90 108
FEV1 slope/year �2.1 �2.6 �2.5 �1.8 �1.1 �0.8

Table 24.3 Published rates of decline in percentage predicted FEV1 in CF from cohort studies or the placebo arms of
clinical trials.

Reference n Age (years) Follow-up Annual decline in FEV1 (% predicted)
(years)

Mean SE

Corey et al. [35] 132 5–27 7 �1.87 (male) NSa

�2.71 (female)
Kerem et al. [36] 39 7–40 2 �2.2 1.67
Kovesi et al. [37] 325 4–28 15 �1.25 0.14
Konstan et al. [38] 43 5–39 4 �3.6 0.55
Eigen et al. [39] 95 6–14 4 �1.5 NS
Corey et al. [40] 366 18–32 (born 15 �2.72 NS

1960–74)
Davis et al. [41] 215 – 2–5 �2.3 0.28
Milla et al. [20] 152 – 4 �0.8 NS
Merkus et al. [42] 52 Children 3.9 �2.2 NS
Merkus et al. [17] 53 Children 3.8 �1.8 NS
aNot stated.
Modified from [13].
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and that, once a low FEV1 is established, although the rate
of decline appears similar, inevitably the ones with the low
initial FEV1 run into trouble sooner. These observations tie
in with the studies in infancy and pre-school children
(Chapter 24c), which suggests that lung function tracks
from diagnosis until school age at least. One unexpected
consequence of the slowing rate of decline in FEV1 is that
new treatments are becoming increasingly difficult to eval-
uate as the use of the end-point, change in rate of decline of
FEV1 is now so low that a trial is going to require each arm
to have more than 200 patients studied over several years
to establish a significant difference. This is similar to the
study size required when exacerbation rate is used as the
primary end-point.

Schaedel and co-workers [15] studied the entire CF
Swedish population alive in 1998 and born prior to 1993
and in addition included 25 patients who died in the 1990s,
nine from the 1980s and 21 (16 alive) who had been trans-
planted, to minimize bias. Table 24.4 shows the significant
effect association of in particular chronic infection with
Pseudomonas aeruginosa and the diagnosis of diabetes mel-
litus, such that in the 19–24-year age group the relative risk
of an FEV1 �60% was increased 2.6-fold (95% CI 1.1–6.5)
if the patient was pancreatic-insufficient (PI), 1.7-fold
(95% CI 1.1–2.8) if chronically infected with P. aeruginosa,
and 1.5-fold (95% CI 1.1–2.2) if a diagnosis of diabetes had
been given (CFRD). The authors do not state whether
these factors are additive, but the implication from Table
24.4 is that diabetes in someone with PI had increased the
rate of decline by an extra 50%. None of the above explains
why certain individuals decline so much faster than the aver-
age. Schaedel’s methodology proposed an intercept at age 
5 years when lung function could be reasonably performed.

Those who died or were transplanted had a considerable
inferred absolute reduction in FEV1 at 5 years (63%) com-
pared to the rest (89%; p � 0.001), again emphasizing the
crucial importance of early life events, and aggressive man-
agement of the disease in the pre-school years. This under-
scores the imperative to develop better monitoring tools
for clinical, as opposed to research use.

Paradoxically for an obstructive condition, an increase
in carbon monoxide transfer has been observed in a cross-
sectional study of CF patients [16]. This may be due to
redistribution of blood flow to the best-ventilated regions
of the lung, or to the increased bronchial circulatory flow
secondary to inflammation. However, a longitudinal study
of 53 children over an average 4 years showed that, while
FEV1 declined (with again maximum declines in the
youngest age groups), gas transfer remained constant as
indeed did the ratio of residual volume to total lung capac-
ity, another measure of gas trapping [17].

DIABETES MELLITUS

It is clear that CFRD has a significant impact on lung func-
tion. A study in 1988 demonstrated that only 25% of 
CF patients with CFRD were alive aged 30 years compared
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Figure 24.1 Mixed model regression lines of forced expiratory
volume in one second (FEV1) versus age for allergic
bronchopulmonary aspergillosis (ABPA) (- - -) and non-ABPA (—)
patients. The data are divided into three disease severity
categories determined on the basis of FEV1 at enrolment, and
each severity category is subdivided into four age classes at
enrolment (from left to right: �6 years; 6–12 years; 13–17 years,
�18 years). Reproduced with permission from [14].

Table 24.4 Annual rate of decline of FEV1 in 420 Swedish CF
patients up to 40 years of age.

Rate of decline Significance of 
of FEV1 (%/yr) difference

compared with top
line of each box

�F508/�F508 0.8
Two severe mutations 0.9 0.6
One or two missense 0.04 0.01
mutations
Male 0.6
Female 0.9 0.16
PS 0.2
PI 0.9 0.01
Dead/transplanted 2.0
Alive/not transplanted 0.6 0.00001
PI/PA 1.0
PI/no PA 0.5 0.03
PS/PA 0.3
PS/no PA 0.2 0.83
PI/diabetes 1.2
PI/no diabetes 0.7 0.02
PI/cirrhosis 0.8
PI/no cirrhosis 0.8 0.84

Confidence intervals were not stated. PS, pancreatic-sufficient; PI,
pancreatic-insufficient; PA, chronically infected with Pseudomonas
aeruginosa (3 positive in 6 months).
Data adapted from [15].
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with 60% of the non-diabetics, and that the clinical decline 
predated diagnosis by at least 2 years [18]. This underscores
the need for active detection strategies of the early phases of
insulin deficiency. Clinicians should certainly perform a
glucose tolerance test in any subject with an unexplained
clinical deterioration, and, if this is normal, undertake a
period of home glucose monitoring. Koch and colleagues’s
analysis in 2001 of the European CF database demonstrated
that in every age cohort CFRD subjects had an FEV1 10%
lower than non-CFRD subjects [19]. However, there is an
inconsistency stemming from the rates of decline of FEV1.
If from Koch et al.’s data the average FEV1 in the 20–24-year
age group was 49%, and the annual rate of decline is 1.2%
[15], 2.5% [20] or 0.8% [13], then for 75% of CF/CFRD
subjects to be dead at aged 30 years (as suggested in [18])
they would die with an FEV1 ranging from about 42%
through 39% to 29%, assuming linear rates of decline. This
assumption is of course not always valid (see later). If CFRD
is ignored, from Que et al.’s data the 1980–84 birth cohort
had a mean FEV1 of 64% at age 22 years and declined by
0.8% per year. Given the median life expectancy of this
cohort is 30–35 years, and assuming that 10% were already
dead, then a further 40% will be predicted to die in the next
13 years. However, by extrapolation, their FEV1 would be
expected to be around 51% at the time of death. Thus a lin-
ear decline is certainly convenient for analysis and statistics,
but highly unlikely in reality.

What was not analyzed in the previous studies but is clear
in Milla et al.’s [21] and Sims et al.’s [22] studies is the differ-
ential effect of CFRD on females. Milla and co-workers 
studied the 1081 patients from a single US clinic which per-
formed annual oral glucose tolerance tests, with complete
follow-up data from 1987 to 2002 or death. The median sur-
vivals for male subjects without and with CFRD were respec-
tively 49.5 and 47.4 years, while for females they were

respectively 47.0 and 30.7 years (p � 0.001) – not confounded
by genotype, microbiology, nutrition, pregnancy or steroid
usage (Fig. 24.2). This difference accounted for 89% of the
excess female mortality over males. In the cross-sectional
part of a study from the UK database, Sims and co-workers
showed that female subjects were 12-fold (3 to 59 times)
more likely to have CFRD than males. Females with CFRD
but without P. aeruginosa had an FEV1 20% (12–28%) lower
than non-CFRD females; in chronically infected subjects the
FEV1 difference was 14% (8–19%). Interestingly the FEV1

decline in female CFRD subjects did not occur in the first year
after diagnosis, suggesting an opportunity for intervention,
though this is at odds with the observation of lung function
decline before CFRD diagnosis [23]. However, it should be
stated that the completeness and quality of the UK data, in
terms of ascertainment of the diagnosis of CFRD at least, is
below that of the US study.

COMPOSITE MODELS PREDICTING SURVIVAL

The ideal study from a statistical standpoint should have at
least 2000 subjects of varying ages followed for a minimum
of 8 (and ideally 15) years, all being treated in a uniform way.
The results should then be validated on a second matched
contemporaneous cohort. Inevitably by the time such results
have been produced, treatments and their applications
have changed, and because of the effects of secular trends
the results lose much of their future applicability.

In 1993, Liou and co-workers [24] produced a validated
5-year survivorship model built from 5810 patients from
the US CF registry, and tested on a further 5810 patients.
The model is shown in Table 24.5. It emphasizes the persist-
ing survivorship disadvantage of female gender and the rel-
atively low contribution from FEV1. It is interesting to note
the factors not significant for the model included rate of
decline of FEV1, height, presence of Pseudomonas aerugi-
nosa, or presence/absence of �F508 genes. Liou and co-
workers did not analyze other measures of lung function
such as FVC, but these are unlikely to relate to outcome. It 
has been argued that the reason FEV1 appears to play a
comparatively minor role in prognosis may be due to its
insensitivity in detecting changes in particular in distal air-
way resistance until more than 90% of the distal airways are
occluded. For this reason, more sensitive techniques such 
as LCI are becoming increasingly important. However,
until these methods become more generally available, and
there are more data on within-subject and over-time repro-
ducibility, there are unlikely to be sufficient data to build
them into survival models, let alone validate them in a sec-
ond population.

Whether these models, even if validated, translate into
other settings (countries, treatment practices or indeed into
the future) is debatable. We used Liou et al.’s data on a
cohort of our patients where data were available from the
1993 era – a minimum of 4 years’ lung function data, n � 126
(69 males, 67 with previously isolated P. aeruginosa, 54 with

100

75

50

25

0

Su
rv

iv
al

 d
is

tr
ib

ut
io

n 
(%

)

Age (years)

(b)

(a)

(c)
(d)

0 10 20 30 40 50 60 70

Figure 24.2 Data on differential mortality between genders
depending on the presence of CF-related diabetes (a) males
without CFRD; (b): females without CFRD; (c): males with CFRD;
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S. aureus, 4 with Burkholderia cepacia, 7 pancreatic-sufficient,
and 10 taking insulin). There were five deaths (three male,
none with B. cepacia) in patients where the lowest prior
recorded probability of surviving 5 years was calculated at
71%, and there were twelve living patients whose lowest
recorded probability of surviving 5 years had been below
71% in the preceding years. One possible reason for the dis-
crepancy may be socioeconomic. While Liou et al.’s data
showed that education was not significant, there were
insufficient data to test either employment, insurance status
(in the US) or marital status.

Schechter and co-workers [25] looked at the US CF
database from 1986 to 1994. The relative risk of death if on
Medicaid (a proxy for poverty) – adjusted for race, age, sex
and pancreatic enzyme usage – was 3.65-fold (95% CI
3.03–4.40) that of insured patients. However, when the ini-
tial FEV1 on entry to the database was included the effect of
Medicaid disappeared. Again, the importance of early life
events is emphasized. The average FEV1 of Medicaid patients
was 9.1% (7.2–11.0%) lower than insured patients and was
present from age 5 years, and they were 2.3 times (2.0–2.5)
more likely to have a weight for age below the 5th centile.
However, they did not have fewer outpatient attendances
and if anything were diagnosed earlier (median 131 
days) than non-Medicaid patients (median 157 days). The
influence of socioeconomic class is discussed further in
Chapter 6b.

So how can we predict prognosis? Fig. 24.3 hypothesizes
at least a three-stage – and probably a five-stage – model
lettered A to F based on a combination of the evidence
cited and personal experience. The stage AB is the early
rapidly declining FEV1 but rapidly decelerating velocity of
fall in FEV1 (data from [10] and hinted at in Fig. 24.1). The
next stage (BC) is from mid childhood onwards where the

great majority of children are healthy and lung function
decline is indeed very slow. Point C represents some event
or combination of circumstances where there is a precipi-
tate fall in lung function which either naturally or by dint
of aggressive treatment is temporarily halted at D for a
variable period, if at all, before final decline (E) and death
(F). Clearly the prediction of, and intervention to prevent
the decline at C is crucial but there is no objective evidence
concerning this except that an accelerated decline in lung
function precedes the diagnosis of CFRD by 2–4 years.
Inevitably for an individual this graph is not very useful, as
with all the other models discussed. However, it is to be
hoped that it will emphasize the non-linearity of progres-
sion of lung function changes. C of course can occur much

Table 24.5 Predictive 5-year survivorship model for cystic fibrosis [24].

Covariate Coefficient Odds ratio
(X0–10) �1–10 SE

(Intercept) 1.93 0.27 6.88
Age (per year) �0.028 0.0060 0.97
Gender (male �0, female �1) �0.23 0.10 0.79
FEV1% (per %) 0.038 0.0028 1.04
Weight-for-age z score 0.40 0.053 1.50
Pancreatic sufficiency (0 or 1) 0.45 0.31 1.58
Diabetes mellitus (0 or 1) �0.49 0.15 0.61
Staphylococcus aureus (0 or 1) 0.21 0.12 1.24
Burkerholderia cepacia (0 or 1) �1.82 0.30 0.16
No. of acute exacerbations (0–5) �0.46 0.031 0.63
No. of acute exacerbations � B. cepacia 0.40 0.12 1.49

The conditional probability of 5-year survival by logistic regression analysis is: x � exp(X )/[1 � exp(X )]

where X � �0 � �1(age) � �2(gender) � �3(FEV1%) � �4(Z score) � �5(pancreatic sufficiency) � �6(diabetes) �

�7(S. aureus) � �8(B. cepacia) � �9(exacerbations) � �10(exacerbations � B. cepacia).
For a more detailed explanation, see [24].
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Figure 24.3 Highly stylized model of the decline in FEV1 in an
individual from birth to death divided into stages AB, BC, CD, DE.
For description of the stages see text.
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earlier and stage DE can quite commonly persist for many
years. The US data imply that the inflection point (B) is
lower rather than earlier with indices of poverty and may
be higher if the patient is diagnosed by screening. C may be
reached earlier if CFRD develops, or infection with some
strains of Burkholderia cepacia is acquired. Lung function
differences between the sexes at least in childhood and ado-
lescence may now be insignificant, but whether that will
result in equalization of mortality cannot be determined.

OTHER PHYSIOLOGICAL MEASUREMENTS

Bronchial responsiveness

Bronchial hyper-responsiveness is certainly common in CF,
but it is variable between individuals, within individuals over
time, and dependent on the stimulus. The stimuli that have
been studied can be divided into direct challenges (hista-
mine, methacholine) and indirect (exercise, cold air, saline
and adenosine). Reactivity is surprisingly not related to a his-
tory of wheeze, allergic disease or indeed positive skin prick
tests [26]. Bronchial hyper-reactivity measurement may be
useful at it is the responsive group that seemed to do well
with 2 months of bronchodilator therapy [27]. However, this
relationship does not hold throughout the course of the dis-
ease, as late on more patients exhibit bronchial responsive-
ness but fewer respond to bronchodilators [28].

Exercise challenge universally led to bronchodilation
and not bronchoconstriction in one study [29], and in
another bronchodilation was maximal in the most severely
affected subjects [30]. Cold air challenge also led to para-
doxical bronchodilation in 10 of 34 patients [31], while in
a 4-year longitudinal study in children aged 2–8 years there
was a positive response to cold air in about 10% of patients,
the same rate as in controls [32]. Hypertonic saline (HS),
now promulgated as a new adjunctive treatment, produces
varying effects [33]. In about a third of patients there was a
progressive fall in FEV1 with increasing doses of HS in a
manner similar to in asthmatics. In another third, there
was a transient fall and then restoration of FEV1 by the end
of the challenge; and in the final third, the post-challenge
FEV1 after 10% challenge was greater than the pre-
challenge FEV1 with no prior factors to predict the result.

Thus depending on the disease severity, age at challenge
and stimulus, the CF airway will constrict or dilate; there
may be a positive response to bronchodilators. The many
possible mechanisms underlying variable response possibil-
ities are beyond the scope of this chapter, but clearly there is
airway instability of an inconsistent nature; whether this is
inflammatory in origin, with uncoupling of the airway wall
from the adventitial guy-ropes, or a failure of the smooth
muscle to maintain a consistent tone, is conjectural.
However, the impressive variation in lung function in adult
CF women during the menstrual cycle may be indicative of
a smooth muscle problem [34]. The practical consequences
are that, if the use of bronchodilators is contemplated, then

the response should be formally tested. Perhaps bron-
chodilators before physiotherapy may be more appropriate
in mildly affected subjects, and such exercise as can be
undertaken prior to physiotherapy in more severely
affected patients; however there is no substitute for testing
this in the individual concerned.

CONCLUSIONS

It remains virtually impossible to predict accurately an indi-
vidual’s life expectancy in childhood. FEV1 is not as useful
as might be thought and the persisting female survival dis-
advantage does not appear related to FEV1 but is likely to be
due to abnormal glucose metabolism. In short, the presence
of CF-related diabetes at any age, and poor lung function 
(a low FEV1 or high LCI) at age 5 years, will be the two most
likely adverse factors. The importance of early life events
cannot be over-emphasized. Measurement of the lung clear-
ance index needs to become routine practice in the CF
clinic, but assessment of ‘Gestalt’ should not be ignored.
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Exercise: testing

DAVID M. ORENSTEIN AND WOLFGANG GRUBER

INTRODUCTION

Exercise testing has become an important tool in the contin-
uing evaluation and care of patients with cystic fibrosis (CF).
Among the reasons that exercise testing has become com-
mon in CF centers is the evidence that survival is strongly
correlated with exercise test results, particularly peak oxygen
uptake (VO2 peak). CF patients with a high peak VO2 have 
a much better long-term survival than patients with a lower
peak VO2 [1,2].

Exercise capacity in CF in general is deficient, and cor-
relates with lung function. However, patients with CF have
a wide range of physical fitness, from nearly bedridden to
extremely athletic [3,4]. Several factors, including nutritional
status, genetics, ventilatory and musculoskeletal factors,
and habitual physical activity, influence exercise capacity in
CF [5–8].

In healthy people, exercise is limited by circulatory fac-
tors and fatigue of peripheral muscles, rather than ventila-
tory mechanics. Patients with CF often have a ventilatory
demand that is greater than normal, with reference to both
total workload and resting ventilatory capacity. At maxi-
mum effort, healthy people employ minute ventilation (VE)
of no more than 50–80% of their resting maximum volun-
tary ventilation (MVV) [9]. In contrast, patients with CF
may use minute ventilation of greater than 80% of their
resting MVV, suggesting a ventilatory limitation of exercise
capacity [10,11].

With progression of lung disease, the ability to exercise
decreases. In general, exercise capacity correlates with lung
function, but there is a tremendous interindividual variation
with a wide range of physical fitness (Fig. 25.1). Therefore it
is not possible to predict exercise tolerance from resting lung
function [12,13].

For this reason, exercise testing (XT) is a useful and
important tool to assess exercise capacity, to identify func-
tional limits, and to detect oxygen desaturation, which
occurs in some patients with advanced lung disease (Tables
25.1 and 25.2) [12,14]. Information gained from exercise

testing is useful in designing and assessing the success of a
training program or regular physical exercise [5,15] (see
also Chapter 25b), as well as following disease progression
or judging the success of any therapeutic intervention.
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Figure 25.1 Peak VO2 vs FEV1 in patients with CF, showing
statistically significant correlation between pulmonary function
and aerobic fitness, and also showing wide interindividual
variation. Reproduced from [40].

Table 25.1 Indications for exercise testing, even if testing is 
not standard in a CF clinic.

FEV1 or FVC lower than 60% predicted
SaO2 lower than 94% at rest
Fear of exercise or physical activity
Evidence of cor pulmonale

Table 25.2 Uses of exercise test results.

Determine submaximal and maximal exercise capacity
Helping design an exercise training program
Evaluating the effects of an exercise training program
Assessing the course of progressive pulmonary disease and its 

treatment
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When exercise capacity is tested, one has to consider a
number of factors that will influence the procedure and the
interpretation of results [16].

Before any patient (CF or other) undergoes an exercise
test, a medical evaluation should be done to rule out any con-
traindications to testing [17]. This medical evaluation should
include a history, physical examination, measurement of
resting oxygen saturation, electrocardiogram and a resting
lung function. Components of the medical history and phys-
ical examination are given in Table 25.3. Patients with CF sel-
dom need to be excluded from exercise testing.

There are risks of exercise testing for patients with CF in
some circumstances. An exercise test should not be per-
formed if one of these risks exists. The contraindications
are shown in Table 25.4.

We do not consider severe pulmonary disease, includ-
ing oxyhemoglobin desaturation, to be a contraindication
to exercise testing.

MEASUREMENT OF EXERCISE CAPACITY

Patients with CF may perform the same tests as healthy per-
sons of the same age. The choice of test protocol depends
on the aim of the test and the aspect of exercise capacity 

of interest, age and disease status of the patient, and the
resources of the laboratory.

Tests to determine exercise capacity in CF can be divided
into two main categories: the laboratory-based exercise test
and the field exercise test. Exercise laboratory personnel
should obtain training and certification in basic life support
[16,19]. At least one of the staff should be a physician, and
emergency equipment should be available. To minimize anx-
iety, especially when young patients are tested, the environ-
ment should be private and quiet. Room temperature should
be 18–23 degrees Celsius (64–74°F) and humidity should be
40–60%.

The two most commonly used platforms for exercise
testing in CF are the cycle ergometer and the treadmill.
Since the early 1970s the gold standard of exercise testing
has included the collection of inspired and expired gases
for the measurement of minute ventilation and determina-
tion of oxygen consumption and carbon dioxide produc-
tion [10].

Field tests are used when laboratory tests are impractical
or impossible. Compared to the laboratory test, a field test
is inexpensive and easy to administer. With field tests it is
not always possible to determine the maximal exercise
capacity, but the test can yield valuable information about
the patient’s functional abilities and limitation [16].

MAXIMAL AEROBIC AND ANAEROBIC
EXERCISE TESTING

Aerobic testing

Maximum oxygen uptake (VO2 max) is considered to be the
single best index for aerobic fitness. The most commonly
used protocol to determine VO2 max on a cycle ergometer is
the Godfrey protocol (Table 25.5) [19].

In this test, the subject begins to pedal at a low workload;
then with each minute, the workload increases, until the
subject can no longer maintain the prescribed pedaling rate
(60/min). The power increase depends on the height of the
patient or disease severity. When patients with severe dis-
ease (FEV1 � 30% predicted) or with very low weight are
tested it is appropriate to individualize the Godfrey proto-
col and to reduce the incremental workload. Reference val-
ues for peak power and VO2 max are available [20,21]. A
technical point is worth mentioning here. Most physiolo-
gists require that VO2 reaches a plateau (VO2 remains
unchanged despite increased workload) before calling the
final value VO2 max. As this is seldom accomplished in chil-
dren, with or without CF, most physiologists refer to the
highest VO2 recorded (or, the VO2 for the last full minute,
or last full workload), in a progressive exercise test, as the
peak VO2 (VO2 peak), or symptom-limited VO2.

There are a number of protocols to test the maximal
aerobic fitness on a treadmill. The most commonly used
are the Bruce protocol and the Balke protocol [5,18]
(Tables 25.6 and 25.7). Normal values for the Bruce

Table 25.3 Components of the medical history and 
physical exam.

Medical history Physical exam/laboratory tests

Symptoms Body weight, height, BMI
Recent illness, hospitalization, Resting pulse rate

surgical procedures, i.v. Auscultation of heart and lungs
antibiotics, etc.a Inspection/palpation of lower

Orthopedic problemsa extremities for edema
Medications

Exercise history Orthopedic exam, focusing on
areas of reported injury that 
would exclude testinga

School/work history Oximetry
Pulmonary function tests

aExercise testing should be delayed until the acute illness, post-surgical,
or orthopedic condition has resolved, at least back to the patient’s own
baseline.
BMI, body mass index.

Table 25.4 Contraindications to exercise testing.

Acute infections
Uncontrolled asthma
Uncontrolled diabetes
Acute cardiac disease
Acute injury to lower extremity

www.ebook3000.com

http://www.ebook3000.org


Maximal aerobic and anaerobic exercise testing 355

protocol for children aged from 4 to 14 years have been
published [22].

Whichever protocol is used, certain procedures are 
followed:

● Resting phase. This should least 3–5 minutes to make 
the patient familiar with the test procedure and the
equipment.

● Warm-up phase. This consists of 3–5 minutes of unloaded
cycling or walking on the treadmill with low speed and
grade.

● Testing-phase. Immediately after the warm-up phase the
incremental exercise test starts. The duration of the aer-
obic exercise test should be between 6 and 10 minutes to
avoid premature muscle fatigue or boredom.

● Resting phase. The duration of this phase should be 3–5
minutes with unloaded pedaling or walking on the tread-
mill, to avoid problems of decreased cerebral and cardiac
blood flow from venous pooling in the vasodilated legs.

VO2 peak measurement requires the maximal effort of
the patient [23]. It may be difficult to determine if the
patient has given a maximal effort. Some pointers can help
determine maximum efforts (Table 25.8).

Any patient who reaches a heart rate greater than his or
her age-predicted maximum (200 	 10 beats/min for most
children, adolescents and adults) can be assumed to be giv-
ing a maximum effort. Further, the ventilatory anaerobic
threshold (VAT) or lactate threshold (LT) can be used. The
VAT is the point above which VE increases out of propor-
tion to VO2. Although it may be an oversimplification,
most physiologists understand the basis for this change to
be as follows. With increasingly intense aerobic exercise (i.e.
exercise performed with adequate oxygen for the exercising
muscle), oxygen consumption and carbon dioxide produc-
tion (VCO2) increase proportionally. Since the main stimu-
lus for ventilation is carbon dioxide, VE increases in direct
proportion to VCO2. As the metabolic demand of the exer-
cising muscles outstrips the oxygen supply, further energy is
supplied in greater part via anaerobic pathways. Anaerobic
metabolism results in the generation of lactic acid, which in
turn is buffered, with water and carbon dioxide the byprod-
ucts. Thus, with the onset of anaerobic metabolism, there is
an abrupt increase in VCO2 and VE. The VAT can be deter-
mined non-invasively during an incremental exercise test as
the point where VCO2 and VE abruptly increase, or show an
inflection point (Fig. 25.2).

Furthermore, several other indicators, VE/VCO2, RER
(respiratory exchange ratio, VCO2/VO2) can help to deter-
mine the ventilatory anaerobic threshold [9,24]. The 
lactate threshold is determined from blood lactate measure-
ment during the exercise test. In the past a fixed cutoff for
lactate concentration was used. Today the individual LT,
defined as the first increase of lactate concentration – some-
times referred to OBLA, for onset of blood lactate accumu-
lation – is used by most investigators. The correlation
between VAT and VO2 peak is high, and in cystic fibrosis the
VAT seems to be a useful indicator of a submaximal exercise
intensity to be used during aerobic training sessions [25].
Reference values for children have been published [26].

During incremental exercise tests the information in
Table 25.9 can be obtained for maximal or submaximal

Table 25.5 Godfrey protocol [10].

Apparatus: cycle ergometer
Time at each stage: 1 minute
Workload increments: 
� 10 watts/min (for subjects shorter than 125 cm)
� 15 watts/min (125–150 cm)
� 20 watts/min (
150 cm)
Test termination: subject cannot maintain pedalling frequency 

of 60 r.p.m.

Table 25.6 Bruce protocol for treadmill exercise testing [5].

Step Speed Grade Duration

(km/h) (mile/h)
(%) (min)

1 2.7 1.7 10 3
2 4.0 2.5 12 3
3 5.5 3.4 14 3
4 6.8 4.2 16 3
5 8.0 5.0 18 3
6 8.8 5.5 20 3
7 9.7 6.0 22 3

Test termination: subject cannot maintain walking/jogging speed of
treadmill; or subject requests termination.

Table 25.7 Modified Balke protocol for exercise testing [15].

Subject Speed Initial Increment Duration

(km/h) (mile/h)
grade (%) (min)
9 (%)

Poorly fit 4.8 3.0 6 2 2
Sedentary 5.2 3.25 6 2 2
Active 7.9 5.00 0 2–2.5 2
Athlete 8.3 5.25 0 2–2.5 2

Test termination: subject cannot maintain walking/jogging speed of
treadmill; or subject requests termination.

Table 25.8 Criteria for maximum effort on aerobic exercise test.

Heart rate 
 age-predicted maximum (200 � 10 b.p.m., for most 
children/adolescents)

Minute ventilation 
70% of resting maximum voluntary 
ventilation

Respiratory exchange ratio 
1.05
Surpassing ventilatory threshold
Blood lactate level 
 resting value
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exercise capacity. Table 25.10 shows predicted values. 
An abnormal response is considered to be an individual 
VO2 peak less than 80% of the predicted value [9].

Anaerobic testing

Another component of exercise capacity is anaerobic capac-
ity. Anaerobic exercise is that performed without adequate
oxygen supply to the exercising muscle. This situation
occurs with very intense exercise (all-out sprinting, lifting
very heavy loads), but also with relatively low-intensity exer-
cise at the onset of activity, before blood supply has redis-
tributed to the newly exercising muscle. Anaerobic exercise
is part of daily physical activity (playing soccer, running to
the bus) (Table 25.11).

There are several testing protocols for anaerobic per-
formance (for more details see [27]). The most used is the
Wingate anaerobic test [28]. After a warm-up phase of 
3 minutes, the patient has to pedal as fast as possible against
a high constant resistance. With this test three parameters
are determined: peak power (PP, in watts or watts per kg of
body weight), mean power (MP, same units) and percent-
age fatigue. Reproducibility of the test is high, as is the cor-
relation between the test and performance in sprint running
or high jumping [28]. To carry out the Wingate anaerobic
test (WAnT) an ergometer with a constant resistance mode
is required.

Oxyhemoglobin saturation, SaO2, is measured in nearly
every exercise test in every exercise lab around the world,
and in fact is an important measure in that it can serve as
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Figure 25.2 Ventilatory anaerobic threshold, shown by an
increase in VE and VCO2, out of proportion to VO2. Modified 
from [63].

Table 25.9 Outcome measurements.

VO2 (L/min, mL/min or mL/kg per min)
VCO2 max (L/min, mL/min or mL/kg per min)
Power (watts or watts/kg body weight)
RER (respiratory exchange ratio) � VCO2/V

.
O2

Oxygen pulse (VO2/HR, mL)
VE (L/min)
VE/MVV (L/min)
f (breaths/min)
VT (L, mL)
Oxygen saturation (SaO2) (%)
Heart rate (b/min)
Heart rate reserve (HRR)
Assessment of breathlessness (Borg, VAS)
Perceived muscular effort (Borg, OMNI scale)
Test time of onset of VT or LT

Highest stage of onset of VT or LT

Duration of test
Highest stage
Speed (km/h, mile/h, m/min, mile/min, m/s)
Grade (%)

V
.
O2 peak � peak oxygen uptake, indicating the highest oxygen uptake

achieved in an exercise test from inspired gas in a given period of time;
VCO2 peak � carbon dioxide output per minute from exhaled gas in a given
period of time; RER � respiratory exchange ratio: the ratio of carbon
dioxide output to oxygen uptake per unit time; O2 pulse � oxygen uptake
divided by the heart rate HR; VE � minute ventilation: the minute
ventilation achieved during an exercise test; VE/MVV � ratio of ventilation
to maximum voluntary ventilation; f � breathing frequency: frequency 
of respiratory cycles per minute (breaths); VT � tidal volume: the volume
of a single breath; BR � breathing reserve: difference between maximal
voluntary ventilation and the maximum exercise ventilation; SaO2 (oxygen
saturation) � estimated arterial blood oxygen saturation achieved during
a incremental exercise test; HRR � heart rate reserve � difference
between predicted highest heart rate and heart rate achieved during a
maximum exercise test; power � rate of performing work achieved in an
incremental exercise test on a bicycle; stage � step: achieved during an
incremental exercise test on a bicycle or treadmill; speed � velocity:
reflects the speed achieved during a exercise test, grade � slope: reflects
the grade achieved during an exercise test on a treadmill; Borg � RPE
(rating of perceived exertion) scale, a scale to determine the extent of
breathlessness during exercise, intensity of a physical activity, effort 
and pain; VAS � visual analogue scale; OMNI scale � a scale which
combines numbers, words and pictures to estimate strain of an 
physical activity.

Table 25.10 Normal predicted peak values and submaximal
values for V

.
O2 (from [26]).

Normal predicted peak values for children [21]
Girls: V

.
O2 peak (L/min) � 0.0308806 � height (in cm) � 2.877

Boys: V
.
O2 peak (L/min) � 0.044955 � height (in cm) � 4.64

Normal predicted peak values for adults [16]
Females: V

.
O2 peak (mL/kg) � 42.83 � (0.371 � age)

Males: V
.
O2 peak (mL/kg) � 50.02 � (0.394 � age)

Submaximal values VT as % of V
.
O2 peak

Girls: 61–70% or 24–29 mL/min; females: 58–74%
Boys: 58–74% or 29–35 mL/min; males: 61–70%
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one measure of disease severity. Oxyhemoglobin desatura-
tion with exercise is very uncommon in patients with CF and
resting FEV1 above 50% predicted [12]. Even in patients
with severe disease and SaO2 below 50%, many will not
desaturate; but some of these sicker patients will desaturate
during exercise. Supplemental oxygen will allow these
patients to exercise without desaturating, and with lower
heart rates and minute ventilation than if they breathed
room air for the same external load [29]. Many of these
sicker patients will also breathe more comfortably with
supplemental oxygen. On the other hand, there are no data
proving that brief periods of oxyhemoglobin desaturation
during exercise is harmful to patients with CF.

Perceived exertion

Many laboratories attempt to gauge the subject’s percep-
tion of exertion during, or immediately following, exercise
[30,31]. Subjects are asked to rate the level of difficulty, for
their whole body, for their legs, or for their breathing,
using one of several available scales. One of the most com-
monly used scales (the Borg) ranges from 6 (‘no exertion at
all’) to 20 (‘maximal exertion’), with a very rough correla-
tion between the point on the scale �10 and the heart rate
at that level of exertion (HR of 60 beats/min at rest, 200 at
maximal effort). More recently, the modified Borg scale is
used, with ratings from 0 to 10 [32]. Alternatively, some
laboratories use a visual analogue scale (VAS) [33], where
subjects indicate a point on a 10-cm continuous line that
best represents their feeling of exertion. Most promisingly,
Robertson has introduced the OMNI scale, which uses
both pictorial verbal cues and anchors to aid the child in
identifying varying levels of perceived exertion (Fig. 25.3).
The OMNI scale also ranges from 0 to 10, and has been
shown to have excellent validity and reliability [31,34].

FIELD TESTS

While the gold-standard of exercise testing includes the
online analysis of expired air and ventilation, a number of
field tests can determine a subject’s exercise response in a
non-laboratory setting. These tests are inexpensive, easy to
administer and non-invasive. The choice depends on the
practical consideration of the test, the required assessment
and the facilities. Furthermore the patient’s disease state
and age have an influence on the choice of the test. Most of
the field tests are submaximal, and prediction of VO2 peak is
not the primary goal of these tests [35,36]. However, most
activities of daily life are performed at submaximal levels,
and walking tests may better reflect the functional exercise
level of daily physical activities.

Walking tests

In the last decade walking tests have been used to assess the
individual’s response to exercise (Table 25.12). The most
frequently used are the 12-minute test (12-MWT) and the
6-minute test (6-MWT) [16,35,36]. Both represent sub-
maximal exercise [37]. Reproducibility and validity of
these tests are high [18,36]. However, the 6-MWT is easier
to carry out, causes less boredom and better reflects the
activities in daily life [38].

Both walking tests are used to help determine when to list
a patient for transplantation; walking distance is a more
informative with respect to survival than single parameters
such as FEV1, body mass index or SaO2 [39]. In one study in
children with severe pulmonary disease, including some with
CF, the 6-MWT uncovered greater oxyhemoglobin desatura-
tion than a standard progressive cycle ergometer test [40].

The 6-MWT and the 12-MWT require no equipment or
advanced training for the staff. A hallway (30–50 m long) or
gym hall is needed with a flat and hard surface. The turn-
around points of the course should be marked with a cone
and the walking course on the corridor should be marked
every 3 m.

Recent published studies have been shown a high corre-
lation between the VO2 peak and the walking distance in chil-
dren with mild to moderate CF and healthy children [36,41].
However, if a walking test is used to assess the effects of a
training program, or disease progression, it is important to
consider that walking distance is influenced by several factors
including learning effect, encouragement during test and
improvement in walking economy [16,37,42,43]. Reference

Table 25.11 Anaerobic testing: normal values for peak power.

Maximal values for peak power can calculated as follows [20]:
Girls: Pmax (in watts) � 2.38 � length (in cm) � 238
Boys: Pmax (in watts) � 2.87 � length (in cm) � 291
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Figure 25.3 OMNI scale [31,34].

Table 25.12 Walk test outcome measurements.

Walking distance (m)
Heart rate before and after the test
Oxygen saturation before and after the test
Measures of breathlessness (VAS or Borg) 
Perceived muscular effort (Borg or OMNI scale)
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values for the walking distance of the 6- and 12-MWT have
been published only for adults, not for children [44].

Step tests

Step tests are one of the oldest aerobic exercise tests (Table
25.13) [5]. In CF, a 3-minute step test was introduced in the
late 1990s which is modified from the original Master two-
step test [45]. In this test the patient has to step up and down
on a single 15-cm (6-inch) step with a stepping rate of 30 per
minute for 3 minutes. In comparison to a 6-MWT, the step
test elicits a higher heart rate and perceived exertion (Borg
score). Oxyhemoglobin saturation fall was similar in both
tests, except in those with severe lung disease, who had 
a great fall in SaO2 with the step test [46] and reproducibil-
ity for both tests was similar. The 3-minute step test has been
used to determine changes in exercise tolerance in children
with CF after a course of intravenous antibiotics [47].

There are some limitations of the step test. The work-
load is not reproducible because of the different height and
weight and different motor skill ability of the person who is
tested [23,48].

Shuttle test

Shuttle walk or running tests are incremental, externally
paced maximal exercise tests that overcome many of the
problems associated with other exercise tests. The subject
has to walk (10 m) or run (20 m) between two markers;
walking or running speed is increased every minute (Table
25.14) [45,49,50]. The test is terminated if muscular fatigue
or symptoms occur or the patient cannot reach the turn-
around within the required time. The pace during the test is
set by audio signals emitted from a recorded tape; with this
signal the patient has to reach the end of the course. The
original test has 12 levels, and the modified shuttle test
includes 15 levels. For clinical application the running or
walking distance is reduced to 10 m per shuttle.

Shuttle tests show a strong correlation between walking or
running distance and peak VO2 and good reproducibility,
reliability and sensitivity in children and adult patients with
CF [51–53]. However, this test measures more than just aer-
obic exercise capacity, as it has been shown that muscle
strength is related to the incremental shuttle walking distance
[54]. Therefore, weak, deconditioned patients may stop the
test very early due to fatigue of the peripheral muscles.

Muscular strength

Another component of the exercise capacity is muscular
strength. Patients with CF have less muscular strength than
their healthy peers [6,55–57]. However, muscular strength,
endurance and function are as important in daily life as in
sports activities. Muscular strength enables the patients to
perform activities without fatigue and encourages patients
to participate in sport activities.

Strength is defined as ‘the maximal force or torque
developed by a muscle or muscle group, during one maxi-
mal voluntary action of unlimited duration at a specific
velocity of movement’. Muscle endurance is the ‘ability 
of a muscle or muscle group to generate force repeatedly 
or for an extended period of time’ [58]. Strength can be
measured during isometric, concentric and eccentric and
isokinetic action and strength endurance can be deter-
mined by measuring time or repetitions at a specific 
resistance [5].

While testing the strength or endurance of specific mus-
cle group it is possible to gain information about func-
tional capacity or impairment of the strength capacity,
progression of the disease, and changes of muscle function
through medication, physical therapy, strength training
and rehabilitation [17].

The selection of a strength testing method depends 
on the purpose for testing, the available equipment, and
age and disease severity of the patient. A number of test
methods are described for laboratory testing (e.g. isoki-
netic test with a Cybex dynamometer) and field testing (e.g.
sit-up test). For more details see references [5] and [58].

Motor performance

Motor performance is important in daily physical activity
and sport activities; therefore factors of motor performance
are concerned with health and well-being of an individual.
Motor performance includes cardiorespiratory fitness and
body composition and strength, muscular endurance, flex-
ibility agility and coordination. The quality of movements
depends on the individual conditions of the patient’s motor
performance.

Motor performance testing has a long tradition, and 
test batteries have great popularity in many countries.
Generally the tests are used to determine the factors of
motor performance and to motivate children to improve
fitness.

Table 25.13 Step test outcome measurements.

Heart rate before and after the test
Oxyhemoglobin saturation (SaO2)
Measures of breathlessness (VAS or Borg) 
Perceived muscular effort (Borg or OMNI scale) 
Number of steps if the test is stopped before the time limit

Table 25.14 Shuttle test outcome measurements.

Walking or running distance (m)
Heart rate before and after the test
Oxygen saturation before and after the test
Measures of breathlessness (VAS or Borg) 
Perceived muscular effort (Borg or OMNI scale)
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In recent years many test batteries have been developed
and normative scales have been published. In general, tests
of motor performance are field tests, inexpensive and easy
to administer.

Several test batteries have been described, and reference
values have been published [59]. The most commonly 
used are the AAHPERD (American Alliance for Health,
Physical Education, Recreation and Dance), CAHPERD
(Canadian Association for Health, Physical Education,
Recreation and Dance), Canada Fitness Award [59], and in
Europe the EUROFIT [60]. Reliability and validity of most
of the test batteries is good and most patients can perform
these tests.

Fitness components measured in these tests are manifold
and examine several aspects of physical fitness. Most tests
investigated attributes like flexibility (e.g. sit and reach test),
strength (e.g. standing broad jump, vertical jump, push-ups)
and muscular endurance (e.g. sit-ups). Furthermore other
attributes such as agility (e.g. shuttle-run, 50-m dash), car-
diorespiratory fitness (e.g. 12-minute run, 9-minute run)
and static or dynamic balance (e.g. flamingo balance) are
included in most motor–fitness–performance testing.

Only little is known about motor performance in CF. If
inactivity in daily life increases, exercise capacity decreases
[61]. One can speculate that motor performance is impaired
in CF, and with increase in the severity of disease and inactiv-
ity in daily life motor performance will suffer.

For that reason it is important to include a test of motor
performance as an additional diagnostic and therapeutic
tool in children and adults with CF. Such tests are useful
for diagnosis and assessment of functional impairment to
design and to evaluate the effects of a training program
[62]. Furthermore, a better result after a training program
can motivate the CF patient to maintain or achieve a
higher level of fitness, and include the most advantageous
amount of physical activity in his or her present and future
lifestyle.
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Exercise: use in therapy

DAVID M. ORENSTEIN AND LINDA W. HIGGINS

INTRODUCTION

The hallmark of cystic fibrosis (CF), progressive and
inevitable loss of pulmonary function, is typically accompa-
nied by progressive loss of exercise tolerance. Because the pri-
mary disease process in CF cannot yet be reversed, treatment
efforts have been largely directed at preservation of lung
function. In the past decade, maintaining or even improving
exercise tolerance through exercise training has been added
to the list of standard therapeutic CF regimens. This can take
the form of aerobic training, anaerobic training, or resistance
training of specific muscle groups, including the ventilatory
muscles. Regimens of each of these, sometimes in combina-
tion, have been shown to be both physiologically and psycho-
logically beneficial to patients with CF. In this chapter, we
review the response of CF patients to single bouts of exercise,
how exercise and regular physical activity are related to and
can promote health in these patients, and guidelines for exer-
cise prescription.

RESPONSE TO SINGLE BOUTS OF EXERCISE

The response to exercise in patients with CF can be explained
largely in terms of three systems: cardiovascular, pulmonary
and muscle/metabolic. During a single bout of exercise, the
cardiovascular response of CF patients with mild to mod-
erate lung disease tends to be similar to that of healthy indi-
viduals, where cardiac output increases with increasing
workloads, as a result of increased stroke volume at low
intensities followed by an increase in heart rate at higher
exercise intensities [64]. However, age-predicted maximal
heart rates are seldom achieved, except in those with the
mildest disease [65], because ventilatory factors limit exercise
capacity well before the heart can be driven to its physiologi-
cal potential [66,67]. In some patients with severe lung dys-
function, stroke volume may be reduced [68].

Both gas exchange and pulmonary mechanics may be
abnormal in exercise. Patients with CF have increased dead

space (ventilated, but no gas exchange). During exercise, CF
patients increase minute ventilation more through higher
breathing frequencies than increases in tidal volume, to meet
the demands of exercise and attempt to overcome the disease-
related dead space [64,66]. Not unlike healthy subjects,
patients with CF are able to increase their tidal volume to
about 50% of their vital capacity; however, especially in 
sicker patients, their vital capacity may be reduced, and the
resulting tidal volume inadequate, requiring further increases
in respiratory rate to achieve higher minute ventilation [69]. It
is likely that sicker patients are unable to increase tidal 
volume because their inspiratory muscles are at a mechanical
disadvantage, caused by pulmonary over-inflation [70]. The
diaphragm is depressed and its fibers shortened below the
ideal portion of the length/tension curve. When increases in
minute ventilation are not sufficient to compensate for the
increased dead space and when airway obstruction is severe,
arterial oxygen desaturation and CO2 retention may occur
with exercise. This is true for many, but not all, patients with
an FEV1 below 50% of predicted (Fig. 25.4) [71], or diffusing
capacity of the lung for CO (DLCO) �80% [72]. In cases
where oxygen desaturation occurs during exercise, supple-
mental oxygen for submaximal exercise may be warranted to
maintain sufficient oxygenation. At peak exercise, the minute
ventilation for many CF patients may approach or even
exceed maximal voluntary ventilation, indicating a mechani-
cal ventilatory limitation to exercise. This contrasts with
healthy individuals, who have ventilatory reserve even during
maximal exercise efforts and whose minute ventilation typi-
cally does not surpass 70% of their maximal capacity [66].

The role of arterial oxygen desaturation in limiting exer-
cise tolerance among patients with more severe disease is
unclear. During submaximal exercise, supplemental oxy-
gen prevents oxygen desaturation [73,74], decreases heart
rate and minute ventilation [74] and increases exercise time
[73], particularly in patients who desaturate during room-
air exercise. The effect of oxygen on maximal exercise toler-
ance is less clear. Two groups of investigators administered
maximal exercise tests to patients with CF; one found that
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supplemental oxygen decreased oxyhemoglobin desaturation
and increased exercise time and maximal oxygen consump-
tion [75], while the other found decreased oxyhemo-
globin desaturation, minute ventilation and heart rate, but
no increase in maximal exercise time or peak oxygen uptake
[74]. One elegant study [76] examined the effects of both
supplemental oxygen and added dead space on exercise
capacity, and found that patients with CF actually had
greater exercise capacity when they breathed 38% oxygen
through added dead space than when they breathed the
supplemental oxygen without increased dead space. The
authors concluded that hypoxemia, rather than mechanical
ventilatory factors, was the cause of exercise limitation.

Other exercise limitations in patients with CF may be
related to reductions in muscle mass and respiratory muscle
strength [77–79]. This muscle weakness may [77–79] or may
not [80] be explained by nutritional deficiency, pulmonary
status or habitual activity. Patients with more severe disease
may also have elevated lung volumes (‘dynamic hyperinfla-
tion’) during exercise [81] which might interfere with cardiac
output [82].

Exercise in the heat

Because of the sweat defect in CF, exercising in the heat pres-
ents a unique challenge to CF patients. Under moderate envi-
ronmental conditions, patients with CF have higher than
normal concentrations of sodium and chloride in their
sweat, and, when exposed to exercise and heat stress, they
have been shown to lose significantly more sodium and chlo-
ride than normal; if patients are encouraged to drink plain
water, these sweat losses are reflected in decreased serum
concentrations of the ions [83]. If CF patients drink only as
guided by thirst, they underestimate their fluid losses, and
drink significantly less water than healthy controls [84], a
situation referred to as ‘voluntary dehydration’ (Fig. 25.5).

Thirst is regulated by hypothalamic osmoreceptors.
During exercise in the heat, healthy controls lose more fluid
than salt, rendering their serum hyperosmolar, thus trigger-
ing thirst. In contrast, patients with CF lose relatively more
solutes (sodium and chloride) than fluid, rendering their
serum relatively hypo-osmolar; as a result, the hypothalamic
osmoreceptors do not stimulate thirst [85]. If patients are
offered flavored water, with additional salt, they are more
likely to drink than if they are offered only water [85]. After
eight days of daily sessions of exercise in the heat, patients
with CF are able to tolerate the exercise and heat stress bet-
ter than they did on day one, with lower heart rate and
lower core body temperature, but, unlike healthy control
subjects, they do not produce a more dilute sweat than they
did on day one [86].

Exercise and CFTR

Three recent studies have suggested that exercise might
affect the basic cellular defect in CF. Two groups [87,88]
measured nasal bioelectrical potential difference (PD) dur-
ing exercise in patients with CF and healthy controls, and
found that the PD of the patients progressively increased
towards normal during exercise. Further studies of the
effects of amiloride and low-chloride perfusates on the
nasal PD during exercise suggested that the differences seen
in nasal PD were the result of decreased sodium absorption,
and not chloride conductance [88]. Work in cell culture
[89] points to a possible mechanism for these observations:
when CF cells are subjected to phasic shear stress, as might
happen with deep breathing (as during exercise), ATP is
released, with the nucleotides inhibiting sodium transport.
Thus, evidence is beginning to emerge from basic science
labs to explain some of the long-recognized benefits of
exercise in patients with CF.
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Figure 25.4 Relationship of pulmonary function (FEV1%
predicted) and oxyhemoglobin saturation (SaO2%) at peak
exercise in 130 patients with cystic fibrosis. Reprinted with
permission from [168].
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Figure 25.5 Mean (SEM) cumulative water intake during
exercise in the heat, comparing forced drinking with thirst-guided
drinking sessions. Reprinted with permission from [84].
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BENEFITS OF EXERCISE AND HABITUAL
PHYSICAL ACTIVITY

See Table 25.15.

Increased cardiopulmonary fitness

The most fundamentally important use of exercise therapy
for patients with CF is to improve aerobic fitness, as higher
peak oxygen consumption (V

.
O2) has been correlated with

significantly lower 5- to 8-year mortality (Fig. 25.6) [90,91].
(No studies have yet shown that changing V

.
O2 changes mor-

tality, but it is clear that (a) patients with higher V
.
O2 have

better survival than those with lower V
.
O2, and (b) it is possi-

ble to improve patients’ V
.
O2.) Although other exercise

parameters – namely, peak power output (PO) and peak
working capacity (PWC) – and lung function indices (specif-
ically FEV1 and FVC) are reflected in, and related to, V

.
O2 peak,

V
.
O2 appears to be a marker that is something greater than

the sum of its parts. For patients with CF, improvements in
V
.
O2 peak are certainly most desirable because of the sugges-

tion that they could extend life, but increases in related mea-
sures (whose exact relationships may be unclear) also have
merit. With improved exercise tolerance, CF patients can do
more physical work, at a lower physiological cost, and with
less distress.

AEROBIC TRAINING

Over the past 25 years, a number of intervention studies
have shown that aerobic exercise training can improve

Table 25.15 Therapeutic uses of exercise.a

Type of training/activity

Aerobic Anaerobic Inspiratory muscle Peripheral muscle

Children Adults Children Adults Children Adults Children Adults

Aerobic fitness [92] [92] [107] [109] [110] [103]
[94-98] [94]
[102] [96]
[103] [98]
[105] [104–106]

Anaerobic fitness [107]
Pulmonary function [92] [92] [109] [110] [97] [121]

[97] [93] [121]
[107] [105]
[116–119] [106]

Sputum clearance [116] [104] [123]
[122]

Ease of breathing [106] [124]
[124]

Inspiratory muscle [92] [92] [108] [110]
Strength/endurance [108] [109] [125]

[125] [126]
[126]

Peripheral muscle [92] [92] [97] [121]
Strength [102] [103]

[103] [121]
Urinary continence [130]b

Nutritional status [93] [97] [121]
[121]

Health-related QoL [97] [105] [107]
[105]

Psychosocial status [102] [110]
aThe table provides a summary of published exercise intervention studies in patients with CF. The number in each cell gives the reference for the study
employing a given type of intervention resulting in the specific benefit. For example, reference [109] was a study using inspiratory muscle training in
children that showed improved aerobic fitness, pulmonary function, and inspiratory muscle endurance.
bThe muscle training in this study involved the pelvic floor muscles.
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peak V
.
O2, peak power output, and PWC in adults and chil-

dren with CF. The training programs have been diverse in
terms of exercise modality, duration and supervision, with
short-term supervised interventions showing the greatest

success. Supervised running [92], biking [93], swimming
[94], trampolining [95], multi-modal [96] and in-hospital
cycle ergometer and treadmill training [97,98] programs
have all been implemented. For all of these supervised pro-
grams, follow-up has been short or absent. Some of these
programs are summarized in Table 25.16.

Other researchers have employed partial or no supervi-
sion of longer training programs, and these are also found
in the table. While supervised programs present advan-
tages in terms of ensuring exercise adherence and improv-
ing fitness, they are often burdensome to maintain, and it
is unknown whether their benefits can be sustained in the
long term without continued participation in the struc-
tured activity. Unsupervised exercise programs pose fewer
logistical concerns but are likely to be dependent on
patients’ intrinsic motivation, and only a few published
studies [104–106] have documented improvements in
exercise tolerance with unsupervised training. It is difficult
to ascertain why training effects have not been evident in
more of the unsupervised studies. It may be that (a) the
training was not maintained; (b) the training stimulus was
insufficient; (c) the subjects were relatively healthy and/or
active with little potential for improved fitness; or (d) some
combination of these factors.
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Figure 25.6 Survival among 109 patients with cystic fibrosis,
according to fitness level. Reprinted with permission from [91].

Table 25.16 Aerobic exercise interventions in CF.

Exercise mode Program specifics Outcome Reference

Running Supervised/controlled/non- qpeak V
.
O2; [92]

random; 30-mins, three qPWC;
times a week for 3 months pHR at submax; no

change in controls
Cycling Adults; oxygen-assisted; qpeak V

.
O2; [93]

3–13 weeks qWmax;
Cycle ergometer/treadmill In-hospital; children; qpeak V

.
O2; no change in controls [97]

controlled two control groups
– no exercise, resistance
exercise; 30 mins, five
times a week for 18 days

Treadmill In-hospital; qpeak V
.
O2 [98]

adolescents/young
adults;12 weeks

Swimming qtreadmill time [94]
Multimodal Camp (mountain climbing, qpeak V

.
O2; [96]

swimming, ‘ball games’, qPWC
trampoline; three times a week

Trampoline Three times a week for 8 weeks qpeak V
.
O2 [95]

Cycling At home; semi-supervised; 6 months qpeak V
.
O2 [102]

Stair-stepping Controlled/randomized; 1 year qPWC [103]
Cycling At home; 2 months qpeak V

.
O2; [104]

qPWC
Cycling At home; 3 months qpeak V

.
O2; [105]

q PWC
Multimodal Upper body weights; p blood lactate [106]

walk/jog, cycling;
swimming, sport; adults

PWC, peak working capcity; V
.
02, oxygen consumption.
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ANAEROBIC TRAINING

Daily activities of adults and especially children frequently
entail repeated bouts of anaerobic exercise rather than sus-
tained aerobic efforts. Although an understanding of the
positive outcomes of anaerobic exercise performance is of
practical importance, little attention has been given to the
effects of anaerobic training programs for individuals with
CF. One group [107] found that, after a 3-month super-
vised anaerobic training program, aerobic performance
was increased in a sample of children with CF and mild-
to-moderate pulmonary disease severity. The training group
showed significant increases in V

.
O2peak and Wmax, and

decreases in serum lactate levels at the end of the training
period, compared to controls. They also demonstrated sig-
nificantly improved anaerobic fitness, as measured by peak
power (PP) and mean power (MP), PP and MP per kilo-
gram of body weight , and PP and MP per kilogram of fat-
free mass (see Chapter 25a). Unfortunately, as is often true
in any population, the training benefits were not main-
tained after the intervention.

INSPIRATORY MUSCLE TRAINING

As ventilatory factors may be central to exercise limitation
in CF, it seems reasonable to think that ventilatory muscle
training might help overall exercise tolerance, but few
studies have addressed this question directly. Keens and
colleagues [108] were the first to examine the effects of any
exercise training program in patients with CF; they focused
on upper body (canoeing and swimming) exercise and spe-
cific ventilatory muscle training (of which more later).
They found increased ventilatory muscle endurance, but
no change in overall exercise tolerance, with 4 weeks of
either approach. Despite the Keens study’s groundbreak-
ing work, the impact of inspiratory muscle training (IMT)
on exercise tolerance in patients with CF has been largely
overlooked. One study [109] examined the effect of a 
10-week program using an inspiratory threshold loading
device, and reported increased treadmill time in the inter-
vention group and no change in controls. A more recent
study [110] addressed inadequacies of previous IMT
research by fixing the workload and resetting it (according
to maximal inspiratory pressure generated) before each
training session. CF patients were randomly assigned to
three groups (training intensity of 80% of maximal inspi-
ratory effort, 20% of maximal inspiratory effort, or con-
trol). High-intensity (80% of maximum) IMT significantly
improved physical working capacity. Unfortunately, no
follow-up was conducted after the 8-week, at-home,
supervised training period.

HABITUAL PHYSICAL ACTIVITY

Although habitual physical activity (HPA) of children with
CF has not been experimentally manipulated, correlational
studies have shown relationships between HPA and exer-
cise tolerance parameters. Habitual activity levels of CF

children have been monitored by various methods, includ-
ing motion-sensing devices and questionnaires [111–113]
and in general have been described as being equal to [112]
or lower than [113] those of healthy peers, with boys with
CF reporting greater activity than girls [112,114]. One
study looking at gender differences in HPA in CF children
[115] found that the activity levels of the children, with
varying levels of disease severity, correlated significantly and
most strongly with anaerobic power and aerobic capacity. 
In addition, two studies have shown relationships between
activity levels and V

.
O2 peak [113,114]. Schneiderman-Walker’s

group [114] reported a significant correlation between week-
day total activity and V

.
O2 peak in 109 boys and girls with CF,

and Nixon’s [113] analyses for a subgroup of patients
(n � 10) with the worst lung function (those in the lowest
tertile; FEV1 �80% predicted) revealed strong and signifi-
cant correlations between hours per week spent in vigorous
activity and VO2 peak.

SUMMARY

The results of these training interventions and correla-
tional analyses continue to substantiate the use of exercise
programs to improve exercise tolerance in patients with
CF. For further validation, studies are needed with 
longer follow-up, ideally with more patients, and with more
emphasis on the best ways to assure continued patient 
participation.

Improvement and maintenance of 
pulmonary function

In a smaller number of studies, exercise has also been shown
to preserve and even improve lung function in individuals
with CF. Several investigators have reported that pulmonary
function improves in patients with CF after implementation
of swimming [116], cycling [93,105] and combined exercise
regimens [117]. One of the earliest studies documented
improvements in pulmonary function during an intensive
multimodal exercise program, but did not include non-
exercise control groups [117]. Another uncontrolled study
found improvements in FEV1 in 16 patients with CF after a
cycle training program [93]. And, with 10 patients with CF
serving as their own controls in a cycling intervention trial, a
different group found increases in FEV1 values as well [102].
In our 3-month jogging study [92], no pulmonary function
measure changed significantly in either exercise or control
patients, except that FEV1 fell significantly in the controls.

In randomized, controlled studies of exercise as part of 
in-hospital treatment of pulmonary exacerbations, Cerny
[118] and Selvadurai and colleagues [97] reported improve-
ments in FEV1. In Cerny’s study of moderately-to-severely ill
patients, pulmonary function increased for both the exercise
and control group. The intent of this study was not to see if
exercise by itself could improve pulmonary function, but
rather if daily exercise could be substituted for standard 
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airway clearance (chest physiotherapy) during in-hospital
treatment of pulmonary exacerbations. Selvadurai and col-
leagues performed a similar study, but with patients assigned
to different exercise regimens during their in-patient treat-
ment of pulmonary exacerbation. The exercise conferred a
differential effect: FEV1 increased more among the exercise
groups (resistance 
 aerobic) than it did for the controls.
Patients in both of these studies received aggressive intra-
venous antibiotic therapy throughout their hospital stays.

Changes in pulmonary function were reported in two
unsupervised aerobic training studies. One three-times-
per-week program [119] consisted of a variety of exercise
modalities, including running, swimming, cycling and soc-
cer. In the control group, there was a greater annual
decline in FVC and a trend for the same in FEV1 compared
to the exercise group. Patients maintained participation
with the regimen over the long study period of 3 years.
Similarly, in another individualized, 1-year exercise train-
ing program of upper and lower body exercise in adults
with CF [106], exercising patients showed a trend for bet-
ter preservation of lung function (FEV1) and a significant
improvement in FVC compared to controls.

The length of the trial is particularly important in studies
of patients with CF because the goal is to prevent deteriora-
tion in function. The expected annual decline in pulmonary
function in patients with CF is as low as 1% [120]. This sug-
gests that studies of patients with CF may be unable to detect
a difference in pulmonary function between control and
intervention subjects if the study period is less than 1 year,
unless very large numbers of patients are included.

There is also some support for the use of weight training
and inspiratory muscle training (IMT) to achieve pul-
monary benefits in CF patients. One early study [121]
employed largely upper-body variable weight training in
12 teenagers and adults with cystic fibrosis for 6 months.
Compared to a 3-month control period, the subjects
demonstrated significant decreases in residual volume and
RV/TLC after training (suggesting less air trapping). More
recently, CF patients showed improved lung volumes after
an 8-week controlled, randomized program of IMT in
which the training intensity was set at either 80% or 20% of
maximal effort [110]. Significant increases in vital capacity
(VC) and total lung capacity (TLC) were evident only in
the 80% IMT group. These findings supported previous
work [109] that tested inspiratory muscle training in 20
children with CF and found significant increases in VC and
TLC in the experimental group that trained at a high-
pressure load (�29 cmH2O) compared to the control group
that trained at a minimal pressure load (�15 cmH2O). The
effects of exercise training on ventilatory muscle function
are discussed later.

Most recently, habitual physical activity has been cor-
related with pulmonary function. Schneiderman-Walker’s
group [114] evaluated unsupervised habitual physical activ-
ity in children with CF and its relationship to lung function
decline. They found that, in girls with CF, those in the two
lowest activity quartiles had a significantly more rapid rate of

decline in FEV1 than those in the two highest activity quar-
tiles. This adds to the increasing evidence for the benefits of
exercise training and physical activity on respiratory health,
and possibly survival, in patients with CF, although it leaves
unanswered the question of the direction of causality. Might
those girls with better lung function be more active because
they feel better, rather than the activity slowing pulmonary
decline?

Increased sputum clearance

Many patients and families report that exercise stimulates
cough and sputum expectoration, and many teenaged
patients with CF ask if they can substitute physical activity
for the drudgery of airway clearance. Whole-body training
regimens and inspiratory muscle training (IMT) have been
examined alone and as adjuncts to standard physiotherapy
to enhance sputum expectoration in CF patients. Salh and
colleagues [104] assessed the roles of physiotherapy and
home cycle ergometer exercise in sputum production and
found that exercise contributed to expectoration but that
more sputum was produced during and after physiother-
apy than during and after exercise. Similarly, Bilton and col-
leagues [122] found that physiotherapy and the combination
of exercise and physiotherapy produced a significantly
higher sputum weight than did exercise alone. However,
perhaps not surprisingly, patients preferred exercise as the
treatment option for use at home. A recent study evaluated
the impact of repeated maximum inspiratory vital capacity
maneuvers against a fixed resistance on sputum clearance
compared to standard physiotherapy that included pos-
tural drainage with percussion and active cycle of breath-
ing techniques [123]. Twenty CF patients were randomly
allocated to alternate-day treatment (with inspiratory
maneuvers or standard physiotherapy) for the first 4 days
of hospitalization and antibiotic therapy for pulmonary
exacerbation. All patients received both treatments twice,
on days one and three or on days two and four. The resistive
inspiratory maneuvers increased the weight of the sputum
2-fold compared to the standard approach, independent of
treatment order or day. Exercise appears to have some
value in facilitating sputum expectoration in CF patients,
but in order to determine its exact role more investigation
is required.

Decreased breathlessness

Breathlessness, likely the most distressing symptom experi-
enced by patients with CF, can be diminished by exercise
training. O’Neill and colleagues [124] assessed breathless-
ness with a visual analogue scale in 8 patients with CF before
and after a 2-month daily exercise program, and docu-
mented a significant decrease in breathlessness after the pro-
gram. Moorcroft and colleagues [106] also showed a trend
for a small reduction in breathlessness in their active group
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during submaximal arm ergometry exercise, compared to
controls. Improvements in the subjective experience of dys-
pnea may facilitate daily living in CF patients who are lim-
ited in what they can do by difficult breathing.

Increased peripheral and ventilatory muscle
strength and endurance

Efforts to increase muscular strength and endurance in CF
patients have focused on both inspiratory and peripheral
muscles. In the earliest such study, Keens and colleagues
[108] showed that 4 weeks of upper-body exercise (swim-
ming and canoeing) or specific ventilatory exercise (daily ses-
sions breathing against resistance) could each induce an
increase in ventilatory muscle endurance in patients with CF;
the study did not include a non-exercise control group.
Similar improvements in ventilatory muscle endurance were
seen after a 6-week low-intensity (40% of maximal static
inspiratory pressure) inspiratory threshold loading program
[125]. Further, 8 weeks of inspiratory muscle training at 80%
and 20% intensity resulted in significant increases in maxi-
mal inspiratory pressure and sustained maximal inspiratory
pressure compared to controls but without differences
between the training groups [110], and 10 weeks of high- and
low-pressure load inspiratory muscle training produced sig-
nificant increases in inspiratory muscle strength in the high-
pressure load group [109]. Increases in inspiratory muscle
strength and endurance have been shown following even
shorter programs of inspiratory muscle training (4 weeks)
[126]. A 3-month supervised running program also resulted
in increased ventilatory muscle endurance in the training
group, compared to a non-exercise control group [92], 
presumably because of the increased minute ventilation
required for the metabolic demands of the leg exercise.
Preservation of inspiratory muscle function and averting
inspiratory muscle fatigue may delay dyspnea [125].

Peripheral muscle strength changes have been reported
after a 6-month cycling program, where 14 CF patients serv-
ing as their own controls demonstrated significant increases
in muscle strength of knee extensors and ankle dorsiflexors
[102] and following a 6-month variable weight training pro-
gram in which the CF patients, serving as their own controls,
showed significant improvements in upper-arm muscle size
and strength [121]. Similarly, CF children who received
weight training in a more recent randomized, controlled
study achieved better leg strength than the children in the
aerobic training or control group [97]. In another recent
study, both those who received weight training and those
randomly assigned to stair-stepping aerobic exercise
increased peripheral muscle strength [103].

Urinary incontinence treatment

Urinary incontinence can be embarrassing and under-
reported. It has only recently been recognized as a problem

in women with CF. It can reduce their quality of life and
may interfere with their ability to perform adequate pul-
monary function testing, and, more importantly, carry out
airway clearance routines. Over the past 15 years, a small
number of studies have explored the incidence of urinary
incontinence in women with CF [127–129], and one has
investigated treatment options [130]. Prevalence of uri-
nary incontinence in CF women has been reported as rang-
ing from 37.9% [129] to 59% [127] or even 68% [128]. As
pelvic floor muscle exercises have been shown to be effective
in the treatment of urinary incontinence in other groups of
patients, McVean and colleagues [130] tested individual-
ized pelvic floor muscle exercise. The 19 women with CF in
the study were those who requested help for their urinary
incontinence. At the end of the 3-month program, endurance
(hold time) had increased significantly, but pelvic floor
muscle strength remained unchanged. Continued study of
how exercise can be used as a therapeutic modality for this
problem is warranted.

Enhanced nutritional status

Several cross-sectional studies [77,131,132] and one longi-
tudinal study [133] have shown that aerobic fitness in
patients with CF is associated with nutritional status.
Anaerobic performance in CF patients also has been reported
to correlate with fat-free mass [134–137]. Independent 
of aerobic performance, nutritional status is associated 
with prognosis and survival in this population [138,139].
Exercise burns calories and acutely stimulates appetite, and
in non-CF populations has been shown to improve nutri-
tional status, both in those who are above [140] or below
[141] their ideal body weight. Data are lacking, however,
regarding the effects of exercise training on nutritional sta-
tus in CF patients. One sample of 16 adult CF patients with
advanced lung disease [93] showed a statistically significant
improvement in body weight after a 3-week oxygen-assisted
cycle ergometer program; however, some patients who
were considered to be malnourished also received hyperal-
imentation (a possible confounding variable) during the
training period, and no controls were used. Significant
increases in weight gain have also been demonstrated after
6 months of variable weight training in 12 adolescents and
adults with CF [121]. Two recent studies provide further
reassurance that caloric expenditure during exercise need
not be detrimental to patients with CF. Gulmans and col-
leagues [142] carried out a 3-month exercise (cycle
ergometer) study with 10 patients age 12–17 years, all with
FEV1 � 80% predicted. After each of the five-times-weekly
training sessions, patients drank a high-carbohydrate
drink, in doses calculated to replace calories expended dur-
ing the exercise. Subjects began the program with lower-
than-normal levels of insulin-like growth factors I and II,
yet experienced significant increases in these important
anabolic hormones over the course of the study. In a study
comparing aerobic and resistance training in hospitalized
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children with CF, Selvadurai and colleagues [97] found
that the children who received resistance training had bet-
ter weight gain at discharge and at 1-month follow-up than
children in the aerobic training or control groups. All
patients received nutritional supplementation as part of
standard care.

The relationship between habitual physical activity and
nutritional status has also been explored. Boucher and col-
leagues [112] evaluated the relationship between activity
level as measured by the Habitual Activity Estimation Scale
and nutritional status as measured by body mass percentile
(BMP) in 36 CF children. These researchers showed that
time spent active or somewhat active was significantly
related to BMP in the patients with significant lung disease
(FEV1 � 75% predicted). As with many correlational stud-
ies, this finding does not answer the question of the direc-
tion of causality. Are better nourished patients better able
to be active, and does activity help contribute to overall
health, including nutrition? However, the correlation at
least suggests that activity is not associated with worse
nutritional status.

Increased bone mineral density

Decreased bone mineral density (BMD) and increased risk
of fractures have been documented in children [143–145]
and adults [146–148] with CF. The pathophysiology of
bone disease is discussed in more detail in Chapter 18. In
non-CF children, physical activity and weight-bearing
exercise have been shown to be important for optimal
bone health [149]. Correlational support can also be found
for the relationship between physical activity and BMD in
individuals with CF [150–152]. In a descriptive study of 68
CF adults [152], exercise capacity (VO2 peak) was shown to
be a significant predictor of BMD. Similarly, in a controlled
cross-sectional study of Australian children, adolescents and
adults, an activity questionnaire score was the only signifi-
cant predictor for lumbar spine BMD in the regression
model for the adults with CF [151]. For all ages of CF
patients, there were significant associations between BMD
and activity questionnaire scores. Positive correlations were
also shown between hours of physical activity and lumbar
spine BMD in the children and adolescents with CF, and
between the activity questionnaire score and physical/seden-
tary ratio and lumbar spine BMD in the adult CF subjects.
Physical activity was found to be one of the most important
predictors of change in BMD Z scores over a 1.5-year period
in pediatric and adult patients with CF [150].

Although pharmacotherapy has been used for improv-
ing BMD in CF, not all medications are suitable for chil-
dren [153]. Weight-bearing exercise and physical activity
appear to represent safe and promising treatment options
to promote bone health is this population. Randomized
clinical trials are needed to assess the impact of exercise
training programs on BMD in patients with CF and to help
define treatment guidelines.

Enhanced health-related quality of life

Cystic fibrosis patients are faced with long-term, burden-
some daily treatment routines as well as new health 
challenges that may affect a number of physical and psy-
chosocial domains. Health-related quality-of-life (HRQoL)
measures can provide a broad picture of this impact over
time. Although some progress has been made over the past
two decades in defining and measuring HRQoL, method-
ologically sound studies examining HRQoL and CF are
limited. The crux of the problem is that there is no ‘gold
standard’ against which to validate HRQoL measures. Both
generic and disease-specific questionnaires have been applied
to patients with CF and continued use of both in future
studies will provide meaningful information. Instrument
selection should be developmentally appropriate and
based on specific study aims as well as sound psychometric
properties.

Some researchers have found correlations between
HRQoL and exercise performance [154,155], and a few
studies have shown improvements in HRQoL after exer-
cise training [97,107]. Our group [155] along with de
Jong’s [154] used generic measures to assess HRQoL. We
administered the Quality of Well-Being (QWB) scale [156]
to 44 patients (aged 7–36 years) with CF and found that
QWB scores were significantly related to VO2 peak values.
Also, with 15 similarly aged patients (16–40 years), de Jong
and colleagues [154] used the Sickness Impact Profile (SIP)
[157] and showed that the overall SIP score had a signifi-
cant correlation to maximal exercise capacity.

In the randomized three-group, in-hospital exercise
study [67] (aerobic training, resistance training, control),
only the children who received aerobic training showed sig-
nificant improvements in quality of life as measured by the
QWB scale. These changes correlated better with changes in 
VO2 peak than changes in FEV1. In another randomized,
controlled trial [107], effects of an anaerobic training pro-
gram were evaluated using a disease-specific measure of
HRQoL, the Cystic Fibrosis Questionnaire (CFQ) [158].
CF children in the training group achieved significantly
higher scores in the domain of physical functioning, while
there was no change in the controls. The regression analy-
sis revealed that peak power accounted for 41% of the 
variance in this domain. Finally, a 3-year, home-based trial
[119] explored patients’ feelings about being involved in
regular exercise compared to not being involved. Of those
who responded, from both the training and control
groups, 88% gave positive responses, including feeling 
better about themselves with more energy and less chest
congestion.

Physical training may help patients with CF improve
their ability to perform normal daily activities. It is difficult
to isolate the mechanism by which this enhancement
occurs. Improvements in abilities to implement daily rou-
tines are most likely nested within other results of exercise,
such as increased exercise tolerance, improved pulmonary
function, and increased muscle strength. De Jong and 
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colleagues [105] studied 10 adolescent CF patients who
participated in a semi-supervised, 3-month home cycling
program. Pretraining assessment was done during the 
2 months prior to the start of the exercise program; a 
1-month follow-up period in which the patients were
instructed to continue exercising without supervision was
also included in the study. At the end of the training
period, patients had significantly less limitation in carrying
out activities of daily living, with no significant differences
between post-training and follow-up values, indicating
maintenance of the benefits. What patients with CF can
actually do from day to day makes a difference to how 
they live their lives, and because they are living longer,
exploration of ways to improve the quality of this increased
quantity of life is becoming increasingly important.
Exercise seems to be a prime candidate for bringing about
such improvements. The mechanism by which this can
occur is not completely clear. Exercise may directly affect
some of the physical components of HRQoL, and/or it may
influence psychosocial functioning indirectly. More train-
ing studies are needed that include generic and CF-specific
quality-of-life outcome measures so that a comprehensive
picture of the full effects of the exercise interventions can
be gained.

Improved psychosocial status

The effects of exercise on a few other psychosocial variables
have also been assessed in children and adults with CF. In a
6-month home cycling program, Gulmans and colleagues
[102] examined perceived competence using the Dutch
version [159] of the Self-Perception Profile for Children
[160] in 12 children with CF who served as their own con-
trols. After training, they found significant improvements
in total perceived competence scores as well as in subscale
scores for feelings about physical appearance and general
self-worth. After 8 weeks of a randomized, controlled trial
of IMT (without an aerobic training component) [110] in
29 adults with CF, depression and anxiety scores measured
by the Hospital Anxiety and Depression Questionnaire
[161] were significantly lower in the high-intensity IMT (at
80% of maximal effort) intervention group than in the
control group. These findings begin to highlight the multi-
dimensional benefits of exercise on the complex and inter-
related physical and psychosocial sequelae of CF. Other
areas worthy of investigation might include health beliefs,
social support, coping, self-image, self-management strate-
gies, and attitudes as they relate to exercise.

Comparison to non-CF populations

Similar to its positive influences on people with CF, exer-
cise has multiple benefits for healthy people too. With the
right amount, intensity and type of exercise, healthy people

can increase their cardiorespiratory fitness and strength and
can also enhance their emotional well-being. However, the
pulmonary benefits of exercise in CF patients are not evi-
dent in their non-CF counterparts.

EXERCISE PRESCRIPTION

See Table 25.17.
There is substantial evidence to support the use of exer-

cise as a therapy for CF patients. Because of its numerous
benefits, known or suggested, the most compelling being
improved survival, exercise must be emphasized as part of
comprehensive treatment for children and adults with CF.
Several considerations influence how best to prescribe this
treatment. First, it depends on the overall health of the
patient, and second, it depends on the desired outcome. In
patients with severe disease (those with resting FEV1 below
50% predicted), an exercise test should be performed prior
to the prescription of any exercise regimen [162]. The pur-
pose of this test is primarily to ascertain whether, and at
what intensity of exercise, the patient develops hypoxemia
(see Chapter 25a for more on exercise testing). In patients
who experience oxyhemoglobin desaturation, exercise can be
prescribed at an intensity (measured most readily by heart
rate, perhaps by the patient’s own perception of exertion, or
by direct pulsoximetry) below that at which SaO2 fell during
the test. Alternatively, especially for those with profound
desaturation, exercise can be prescribed with supplemental
oxygen. It is worth noting, perhaps, that recommendations
to avoid desaturation are nearly universal, yet based more
on emotion than data. We are aware of no data that brief
periods of desaturation are detrimental, and in fact in our
laboratory we never stop an exercise test because of hypox-
emia. In addition, since maintaining weight is a concern

Table 25.17 Guidelines for exercise prescription in cystic
fibrosis.

● Pre-training exercise test: required for those with FEV1 � 50%
predicted to identify patients who require oxygen
supplementation

● Selection of type of exercise: encourage several different forms
of exercise to avoid boredom and overuse injury

● ‘FIT’ (Frequency, Intensity, Time)
Frequency: 3–5 times per week
Intensity: ‘pleasantly tired’ (see text)
– 4 to 7 on 10-point scale
– 70–85% of patient’s own maximum heart rate
Time: goal � 30 minutes per session
1st week: 10 minutes per session
2nd week: 12 minutes per session
3rd week: 14 minutes per session, etc.

● Exercising in the heat: drink more than thirst calls for; drink
electrolyte-rich sports drinks [167]

● Safety: similar to exercise in non-CF populations



370 Exercise: use in therapy

for people with CF, and since exercise burns calories, it is
important to emphasize that mealtimes should not be com-
promised by exercise activity.

For most CF patients with mild to moderate airway
obstruction, programs with traditional guidelines for fre-
quency and duration of exercise, identical to those that are
prescribed for healthy people, are appropriate. The intensity
of aerobic exercise prescribed for non-CF populations to
bring about improved exercise tolerance is usually expressed
in terms of target heart rates (HR), equivalent to a given
percentage (typically 70–85%) of the individual’s age-
predicted maximum heart rate. As many patients with CF
are limited in exercise by their ventilatory capacity well
before they are able to achieve age-predicted maximal heart
rates, HR-based exercise prescriptions should be founded
on the patient’s own maximum heart rate as measured in a
formal progressive exercise test, rather than healthy norms.
Even this method is imperfect, as changes in fitness result-
ing from exercise training or deteriorations in clinical sta-
tus could render target HRs derived from baseline graded
exercise tests inaccurate.

Ideally, exercise intensity could be regulated on the
basis of something other than heart rate. Perceived exer-
tion is a prime candidate for determining the appropriate
intensity of exercise for an exercise training program for
patients with CF, for several reasons:

● Exercise that is unpleasantly intense is unlikely to be
sustained, or repeated, and therefore unlikely to result
in improved fitness.

● Exercise that is too easy is likely to be inadequate to
improve fitness.

● Exercise that is in the ‘in-between’ range, specifically
between 4 and 7 on a 10-point scale of perceived exer-
tion, where 1 is ‘very, very easy’ and 10 is ‘as difficult as
it ever could be’, is likely to be sustainable and adequate
to result in improved fitness [163].

Both healthy children [164] and those with CF [165] are
capable of learning to produce exercise at intensities graded
on a 1 to 10 scale. Until CF centers become comfortable
with teaching this formal system of regulating exercise pro-
grams based on perceived exertion scales, we have had suc-
cess asking children with CF to strive for feeling ‘pleasantly
tired’ during and following exercise sessions. We stress that
exercise programs are useful only if they can be sustained
in the long term, so if the patient is only tired he or she is
working harder than necesary and won’t want to repeat the
exercise. Conversely, exercise that is just pleasant is
unlikely to be accomplishing anything. Exercise does burn
calories, so exercise sessions should not compete with
mealtimes.

Other tricks to enhance long-term maintenance of an
exercise treatment program include providing a program
that is home-based, enjoyable, has a choice of activities,
and includes a self-care component balanced with available
support from healthcare professionals and family. Having

an exercise partner is also useful. Moreover, patients and
families must be educated about the benefits of exercise so
that they understand the rationale for the treatment and are
motivated to adhere to it. It has been shown that patient
and parent knowledge of prescribed CF therapies can
enhance compliance with treatments [166]. It certainly is
encouraging that with exercise we (caregivers, patients and
families) have a tool with the potential to make a big differ-
ence in patient comfort, satisfaction, ability to participate in
normal essential and recreational activities, and perhaps
even extend longevity. We should make every effort to use
that tool.
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Clinical outcome measures to assess new
treatments for CF lung disease
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INTRODUCTION

The design of clinical trials in cystic fibrosis (CF) is becom-
ing more complex and challenging. Whereas, several
decades ago, patients deteriorated rapidly and had a short
life expectancy, predicted survival of today’s children is
around 40 years and many live relatively healthy lives, albeit
at the cost of time spent on multiple treatments. This means
that certain previously appropriate outcome measures (rate
of decline in lung function, mortality) are now inappropri-
ate for the vast majority of trials, and that more sophisti-
cated surrogate measures have to be designed and applied.

Which of these surrogates are chosen will depend in
part on the intervention being applied, on the severity of
the group being studied, and the time period available over
which change can be measured. Certain assays are precluded
in young children because of their reduced ability to coop-
erate or because the assays are invasive (bronchoscopy) or
may pose a risk (radiation exposure), whereas others may
be more sensitive in this age group. Outcome measures
range right through from the most basic, molecular assays,
to standard clinical measurements. Whereas the relationship
between the latter and disease status might be clear, many of
these assays are noisy (both within and between patients),
leading to the requirement for higher patient numbers and
a longer study duration. In contrast, it is hoped that some of
the more basic assays, at the molecular and cellular levels,
may be more sensitive to change, but for many of them the
relationship with the clinical picture is poorly understood.

In this chapter, we outline the assays available for human
studies, beginning with the most basic molecular and leading
on to clinical measurements, illustrating with examples
from trials where appropriate, although these examples are

by no means exhaustive. Finally, we mention briefly some
potential assays that are, as yet, insufficiently developed to
be useful clinically but which may hold promise for the
future. As the majority of clinical trials are aimed at the
lung, disease of which is the main cause of both morbidity
and mortality in CF patients, we have concentrated on this
organ. Assays involved in trials for example of liver, pan-
creas or bone disease will be mentioned, where relevant, in
the chapters on these organs.

MOLECULAR ASSAYS

CFTR mRNA

Reverse transcriptase polymerase chain reaction (RT-PCR)
based methods of quantifying mRNA are now readily
available, for example using TaqMan technology [1].
mRNA levels are unlikely to be relevant for the majority of
interventions, but have been used in studies of CFTR gene
transfer, where, unlike detection of transgene DNA, detec-
tion confirms cell transfection and gene transcription.
However, endogenous levels of CFTR in airway epithelial
cells are very low [2] and detection of levels adequate for
clinical benefit pose technical challenges related to assay
sensitivity. Further, the assay is most commonly performed
on either airway brushings or, less commonly, biopsies,
both of which contain abundant cells of non-epithelial ori-
gin, including leukocytes and connective tissue cells. Gene
transfer to such cells could lead to false positive results, mak-
ing either enrichment of the sample for epithelial cells, or
some method to render the assay epithelium-specific, highly
desirable. Finally, the complex post-translational biogenesis
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of CFTR means that mRNA levels may not necessarily 
correlate with CFTR protein levels or function and so this
assay should not be relied upon in isolation.

CFTR protein

Antibody-based assays to confirm the presence of CFTR
protein, such as immunoblotting, immunoprecipitation
and immunohistochemical staining, have been employed
in the context of both preclinical drug development [3]
and clinical trials including gene transfer agents, trafficking
drugs [4,5] and aminoglycosides [6]. One of the major
advantages of immunohistochemistry is the ability to visu-
alize the localization of the protein on the apical surface and
to co-stain for proteins such as cytokeratin, confirming
epithelial expression. However, a paucity of specific, high-
affinity anti-CFTR antibodies make these techniques and
quantification difficult.

ASSAYS DIRECTLY MEASURING THE ION
CHANNEL FUNCTIONS OF CFTR

Ex-vivo

HALIDE EFFLUX ASSAYS

In these assays, cells are loaded with halide-sensitive fluo-
rescent dyes [7]. Intracellular fluorescence is quenched by
the addition of high concentrations of halides, most com-
monly iodide, loaded into the cells by hypotonic shock.
Subsequently, the response to drugs such as forskolin and
isoproterenol, which stimulate CFTR channels to open,
can be measured by the rate of increase in fluorescent sig-
nal. These assays thus directly measure CFTR ion transport
function. However, although the techniques work well on
cultured cells, they are technically much more challenging
with non-adherent cells, such as those removed from the
nose or lower airway by brushing, particularly in the pres-
ence of ciliary beating. The challenges are even greater with
biopsy tissues where success has not been reported to date.

SHORT-CIRCUIT CURRENT MEASUREMENTS

Tissue pieces such as rectal biopsies have been successfully
mounted in Using chambers and used to measure short
circuit current (Isc) [8]. In contrast to the potential differ-
ence measurements discussed below, which can be heavily
influenced by a single corrected cell, changes in Isc are more
reflective of the numbers of cells corrected and may there-
fore be of more clinical relevance. However, the technique
is technically challenging and time-consuming and has not
been reported as possible with the necessarily small airway
biopsies which might be of more interest in the context of
most clinical lung trials.

In-vivo

POTENTIAL DIFFERENCE MEASUREMENTS

The passage of charged ions across an intact epithelial sur-
face generates a measurable millivoltage potential differ-
ence (PD) across the epithelium, whereby the outside of
the cell is negatively charged compared to the inside. For
many years, measurement of nasal PD has been available as
an aid to diagnosis in difficult cases: CF subjects have more
negative baseline PD and a greater response to the sodium
channel blocking agent, amiloride (both reflecting increased
sodium absorption), with reduced or absent responses to
attempts to induce chloride secretion [9]. The latter is con-
ventionally done in two ways. First the outside of the cell is
exposed to a low or zero chloride solution, which results in
secretion of Cl� through any open channels. Second, CFTR
channels are activated by the cAMP-agonist, isoproterenol,
inducing further Cl� secretion. The combined response to
these two interventions is widely accepted as providing the
best distinguishing test between CF and non-CF epithelia.
However, the limited data available suggest that patients
with so-called ‘mild’ mutations, which appear to protect
from severe lung disease, may have nasal PD measurements
similar to more classic CF patients [10,11], raising ques-
tions over its clinical applicability and how much change
should be enough. Nasal PD has been used as an outcome
measure in clinical trials of CFTR gene therapy (reviewed
in [12]), aminoglycosides in patients with class I (stop)
mutations [6], and many novel pharmacological agents
including those aimed at restoring CFTR function [13,14],
stimulating chloride secretion [15,16] and blocking sodium
absorption [17,18]. Recently, the technique has been
adapted for use in the lower airway via a flexible broncho-
scope, with similar CF/non-CF differences being observed 
as far out as seventh- or eighth-generation airways [19].
However, this technique does require a general anesthetic
and is therefore less suitable for studies requiring repeated
measurements. Rectal PD is also abnormal in CF patients
and could be a useful surrogate in the context of a systemi-
cally applied drug; one small study showed changes in the
rectal PD of children after systemic administration of 
N-acetyl-cysteine [20]; the chemical chaperone, TMAO
(trimethylamine N-oxide), also resulted in changes in rectal
PD when administered to CF mice [21].

SWEAT ELECTROLYTES

The sweat test is used as the gold standard diagnostic test
for patients suspected of having CF. Abnormally raised lev-
els of both sodium and chloride are detected, resulting in
increased conductivity of the sweat, an alternative assay being
used by some laboratories. Although limited in applicabil-
ity to systemically applied drugs acting on the basic defect
and predicted to influence ion channel activity, the test 
has the advantage of being easy, quick, relatively cheap 
and reproducible. It has been used as an outcome assay in
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clinical trials of 4-phenylbutyrate [22], CPX (8-cyclopentyl-
1,3-dipropylxanthine) [14] and essential fatty acid supple-
ments [23].

ASSAYS RELATED TO OTHER FUNCTIONS 
OF CFTR

Pseudomonas aeruginosa adherence

Pseudomonas aeruginosa adheres in greater numbers to the
surface of epithelial cells of CF origin than to wild-type,
related at least in part to increased abundance of one of its
receptors, asialoGM1 [24]. Whether or not this is relevant
in disease pathogenesis remains uncertain; if it is an impor-
tant mechanism, it is likely only so in the early stages of
acquisition, because in the end-stage lung the bacteria appear
not to be in contact with the cell surface, but are present as
microcolonies in the airway lumen [25]. However, we have
previously shown that ex-vivo CFTR gene transfer reduced
the numbers of Pseudomonas adhering to respiratory
epithelial cells [26], and subsequently we explored this as
an assay in a clinical trial of CFTR gene therapy [27]. The
noise of the assay and the small numbers of samples studied
led to no statistically significant differences being observed
after treatment, although there was a trend towards a reduc-
tion in the active group. We have used the same assay, on
nasal brushings, in a study exploring the mechanisms of
macrolide antibiotics, where we concluded that the benefi-
cial clinical effects were unlikely to relate to changes in bac-
terial adherence [28]. Macrolides have been shown to
reduce adherence to buccal cells, however, although only
after the bacteria were pre-incubated with the drug [29].
Thus, despite the uncertainty over pathogenic significance,
this assay, or perhaps similar assays with other bacteria,
could form a useful surrogate end-point.

Glutathione levels

There is some evidence in support of a role for CFTR in
transport of glutathione, which is pivotal in the antioxi-
dant response in the lungs. Attempts to boost levels with
exogenous supplements have been explored [30], and
recently a clinical trial of oral N-acetyl-cysteine was reported
to lead to significant increases in both local and systemic
glutathione levels which were associated with decreases in
inflammatory markers including sputum cells and
cytokines [31].

MUCOCILIARY CLEARANCE

The low-volume hypothesis of CF disease pathogenesis
relates to reduced Cl� secretion and hyperabsorption of Na�

ions leading to osmotic dehydration and reduced volume
of the airway surface liquid (ASL) [32]. This hypothesis is

discussed in more detail in Chapter 4. The volume of ASL
is maintained in normal health to facilitate optimal
mucociliary clearance (MCC), one of the pivotal innate
defence mechanisms of the lung. Impairment of this mech-
anism in CF is thought to lead to mucus stasis, with failure
to clear inhaled particles, such as pollutants, viruses and
bacteria, allowing infection and inflammation to ensue.
Moreover, MCC may be further impaired by these second-
ary processes, as demonstrated by the abnormalities in lung
MCC reported in patients with bronchiectasis of other eti-
ologies [33]. The difficulties inherent in the techniques to
measure lung MCC have resulted in a paucity of informa-
tion about this process in early CF disease, so it is uncertain
how much of the impaired MCC seen in older children and
adults relates to the primary ion transport defect and how
much to secondary damage. Studies in the nose have pro-
duced conflicting results, with some groups reporting pre-
served MCC in the absence of mucosal disease [34].
However, the fully ciliated epithelial surfaces of the nose
may not reflect mechanisms in the sparsely ciliated distal
small airways, where CF disease is thought to begin. For
certain interventions, a full understanding of the relative
contributions of primary and secondary mechanisms 
may be unimportant. For example, lung MCC has been
improved by rhDNase [35], mannitol [36] and hypertonic
saline (HS) [37]. Improvements in trials of ion channel-
related drugs, amiloride and uridine triphosphate (UTP)
[38,39], lend some support to the importance of the pri-
mary defect, although some recent clinical data suggest that
– in the case of sodium channel blockers at least – these
drugs may be ineffective [40]. The technique requires spe-
cialized skills and equipment and is time-consuming for
the subject (most protocols requiring a scan at 24 hours),
but involves relatively modest radiation levels and is thus
likely to be considered ethically acceptable as a clinical trial
end-point. Nasal MCC has also been assessed with the sac-
charin clearance technique in trials of saline and amiloride
[41], gene therapy [27] and topically applied corticosteroid
agents [42].

INFECTION

Quantification of bacterial load

Patients with CF are commonly chronically infected with a
narrow range of organisms, in particular P. aeruginosa,
Staphylococcus aureus, Haemophilus influenzae and less fre-
quently Burkholderia cepacia. All of these organisms can
infect the airways in huge numbers (up to 109 CFU/mL),
often coexisting with other pathogens. Many conventional
treatments are aimed at reducing the numbers of (or less
frequently, eradicating) these pathogens, including contin-
uous nebulized anti-pseudomonal antibiotics, systemic
antibiotics and lung clearance techniques. Accurate quan-
tification of bacterial load can be performed by serial dilu-
tion and culture allowing a reduction in infective load to be
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assessed as a treatment outcome. One caveat to this is that
different numbers, and even varying pathogens, have been
obtained from different areas of individual patients’ lungs,
making this measurement prone to noise. Despite this, sig-
nificant reductions in CFU have been reported after intra-
venous antibiotics [43,44] and inhaled tobramycin [45].

Time to next positive culture

Once P. aeruginosa infection becomes chronic, it is rarely
eradicated. However, studies have shown convincingly
that, in the early stages of acquisition, the organism can be
successfully cleared, sometimes for several years; so con-
ventional management guidelines now include eradication
regimens. The time until the second positive culture could
therefore be used to assess additional interventions, and
was employed in a clinical trial of anti-pseudomonal
immunoglobulin (IgY) gargles [46]. Although the study was
not performed in a randomized, controlled fashion, which
limits interpretation of the findings, there appeared to be
an increase in the time to next positive culture and a reduced
proportion of patients experiencing a recurrence in the
treated group. One potential downside to the use of this as a
surrogate outcome is that most initial isolates of P. aeruginosa
are experienced in childhood. Many clinical trials exclude
children for safety and ethical reasons in the early stages,
and those that do recruit them may experience problems
with reliability of culture methods; many children cannot
repeatedly and reproducibly expectorate sputum, and other
methods of assessing airway infection, such as cough swabs
or cough plates, may be limited in sensitivity or specificity.
These caveats may also apply to adults with milder lung
disease, and induction of sputum may be helpful in both
groups.

Number of antibiotic courses or pulmonary
exacerbations (including time to next
exacerbation)

It should be relatively easy to collect information on the
number of courses of antibiotics (both intravenous and oral)
prescribed to patients over a given time period and look for
a reduction in a trial intervention group. However, patients
are prescribed antibiotics for a variety of reasons, including
a true exacerbation, an impending exacerbation prior to an
event such as an examination or a holiday, or even on occa-
sions prophylactically for such events. It is unlikely that
prescribing habits are consistent between centers or even
clinicians within a center. This outcome measure will there-
fore be noisy and possibly prone to yielding false negative
results. This has probably contributed to attempts by many
investigators to quantify, instead, numbers of pulmonary
exacerbations, which are usually defined by the presence 
of a set number of features in a list of symptoms and 
signs, including increasing cough, sputum production,

breathlessness, fever, weight loss, etc. Such ‘protocol-defined’
exacerbations have been shown to be reduced by rhDNase
[47,48], azithromycin [49], inhaled tobramycin [45] and
hypertonic saline [37]. However, in many cases, patients
will be treated before becoming unwell enough to fulfil all
these criteria, meaning that numbers experiencing an exac-
erbation may be smaller than initially anticipated, leading
to underpowering. As a reflection of an outcome measure
that would be of direct clinical relevance to the patient,
however, it may be one of the best to choose.

INFLAMMATION

Sputum

CF sputum contains high levels of inflammatory cells, pro-
inflammatory cytokines and proteolytic enzymes. Certain of
these appear to correlate with other measures of pulmonary
severity, such as spirometry, although whether they are
causative of the pulmonary damage is less clear. There is also
a well-described deficiency of anti-inflammatory cytokines,
such as IL-10, and a relative deficiency of antiproteases.
Cytokines can be measured reproducibly, even in sputum
from young children [50], and several of these have been
shown to be reduced by treatment with conventional intra-
venous antibiotics [51,52]. Studies of other agents including
the cystenyl leukotriene receptor antagonist, montelukast,
have also reported decreased levels of IL-8, eosinophil
cationic protein (ECP) and myeloperoxidase (MPO), and
increased IL-10 [53].

The effects of antibiotics and anti-inflammatory agents
may not be surprising; more so perhaps are the results from
studies of other agents. For example, decreased levels of 
sputum IL-8 were observed after a single dose of liposome-
mediated CFTR gene therapy [27] and after the first, but not
subsequent, doses of AAV-mediated CFTR gene therapy
[54]. Nebulized heparin, which in addition to its anticoagu-
lant properties thins sputum and is anti-inflammatory, was
shown to decrease sputum cytokines after a 1-week period,
over which time a change in spirometric parameters could
not be detected [55]. This may either suggest that these meas-
ures are more sensitive to detect change than conventional
lung function, or may simply reflect the fact that changes 
in lung function occur only later. RhDNase has also been
shown to reduce levels of sputum neutrophil elastase over a
12-week time period, an effect that was significant despite 
the very small patient numbers included (n � 15) [56].
Although investigators have looked specifically, there has to
date not been a consistent significant effect produced by
either inhaled corticosteroid agents or the macrolide group
of antibiotics. Encouragingly, results suggest that sponta-
neously expectorated sputum and samples obtained by
induction methods based on nebulization of HS are not sig-
nificantly different with respect to inflammatory markers,
and this technique has been confirmed as safe in CF children,
the group in which it is most likely to be required [57].
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One limitation of the interpretation of these data is the
varied, and often unvalidated, methodologies used in the
processing stage. For example, mucolytics such as dithio-
threitol (DTT) are often used. This substance, by cleaving
disulphide bonds, affects the levels of many proteins [58].
A second concern relates to the lack of standardization with
regard to the nature and concentration of protease inhibitors
used. There is an urgent need for these methodological
issues to be addressed, specifically for CF sputum, before
results from different studies can be compared.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) fluid is often considered the
gold standard of airway sampling techniques. Similar pat-
terns of inflammation have been described as in sputum,
with an excess of proinflammatory cytokines, cells and
proteases and relative deficiencies of anti-inflammatory
cytokines and antiproteases, although there is a paucity of
data comparing inflammation in the two types of sample.
One recent study looking at inflammatory cell counts
described a better correlation between sputum and the first
aliquot of BAL (believed to sample bronchi and bronchi-
oles) than pooled BAL (thought also to contain fluid from
the alveolar region) [59]. The recently published BEAT study
assessing anti-inflammatory effects of rhDNase described
significant reductions in total neutrophil count in BAL
from young children with early-stage disease after 18 months
of treatment [60]. BAL, whether bronchoscopic or non-
bronchoscopic, is however invasive and not easily repeated
in a short time period. Side-effects such as fever have been
reported, although this is rarely significant in our experi-
ence. Further limitations include the large and unknown
dilution factor (markers for dilution are of limited use and
recent guidelines suggest they are not helpful [61]), and the
fact that the technique samples only a small part of the air-
way, which may be problematic in a disease known to be
inhomogeneous [62].

Exhaled breath and breath condensate

Both exhaled breath and exhaled breath condensate (EBC)
are easy and non-invasive to obtain, and can be used repro-
ducibly even in young children as long as attention is paid
to methodological detail. Much interest has focused on the
observation that levels of exhaled nitric oxide (NO) are
reduced in CF. Given the described anti-inflammatory and
anti-infective properties of the compound, some consider
that this may play an important primary role in the patho-
physiology of the disease, a hypothesis supported by the
finding of low levels of NO mRNA in relatively undamaged
airways. An alternative view is that NO production is itself
adversely affected by inflammation and that the low levels
observed are secondary to CF lung disease [63]. Levels of
NO are extremely low in primary ciliary dyskinesia (PCD),

a disease with a generally much better outlook than CF [64].
A recent clinical trial of orally administered L-arginine, an
NO donor, used eNO as an outcome measure, reporting a
sustained increase in NO production, which was not mir-
rored by any significant effect on lung function [65].
Condensate can be collected by asking the subject to exhale
during tidal breathing into a cold tube. The resulting fluid
contains a small (but variable and undetermined) volume
of airway lining fluid. The pH of this fluid has been shown
to be abnormally low in CF [66] and other inflammatory
airway diseases [67], potentially providing an ‘inflam-
mamometer’ to assess interventions. Attempts to measure
other substances in CF have met with variable success, pos-
sibly related in part to methodological issues [68–70].

Blood

Serum inflammatory markers, including inflammatory
cells and cytokines, acute phase reactants such as C-reactive
protein (CRP) and immunoglobulin (Ig)G, have been used
both as efficacy [71–73] and safety [74] outcome measures
in CF clinical trials. In many studies in both these contexts
they have proved useful, but although there are not the
same methodological issues as exist with the airway sam-
pling techniques described above, serum would probably
be considered by most to be an adjunct to, rather than a
substitute for, such direct measures.

Urine

Several groups have reported increased levels of tissue
degradation products such as desmosine and isodesmosine
in the urine of patients with chronic lung diseases includ-
ing CF [75,76]. However, variable and rapidly fluctuating
levels have been observed, which might limit applicability
in the clinical trial context.

OTHER SPUTUM PROPERTIES

The main purpose of airway clearance techniques such as
conventional chest physiotherapy is to clear the airways of
the copious amounts of thick, viscous sputum produced in
CF. If such sputum can be expectorated instead of swal-
lowed, its weight or volume may provide a measure of suc-
cess for the intervention applied, as has been the case in
studies of physiotherapy [77]. In addition to simply meas-
uring the amount of sputum produced, ratios of wet and
dry weights [78], which could provide a measure of mucus
hydration, could be particularly useful in trials of therapies
aimed at restoring ion transport or providing an osmotic
stimulus to rehydrate the airway surface. Sputum color is
potentially a much more subjective outcome, but was used
with success in a recent study of inhaled glutathione [79].
The mucus produced by CF patients is abnormally viscous



380 Clinical outcome measures to assess new treatments for CF lung disease

and possesses reduced elasticity, both properties that can
be measured in the laboratory. Significant effects on these
properties have been reported in several clinical studies,
including of physiotherapy [80], rhDNase [81] and
azithromycin [82]. One of the reasons for this greatly
increased viscosity of CF sputum is the extremely high lev-
els of DNA, released by large numbers of necrotic inflam-
matory neutrophils. Measurement of DNA content could
therefore provide a surrogate measure of airway inflamma-
tion and a direct measure of the efficacy of the enzymatic
properties of rhDNase.

IMAGING

Chest radiographs

Chest x-rays (CXRs) have been employed as end-points in
clinical trials, both independently [51] and as part of global
disease scores [83]. The use of a variety of different scoring
systems and the relative lack of sensitivity compared with
other imaging modalities are significant limitations. How-
ever, the low levels of radiation employed and their low
cost renders them useful, particularly perhaps in the con-
text of safety studies, if required on a repeated basis.

Computerized tomography (CT)

The use of CT in cystic fibrosis has been the subject of several
recent reviews and editorials [84–86]. Changes at different
disease stages have been described (e.g. air trapping and
bronchial wall thickening), some of which can be reversible,
rendering them useful markers of clinical success in interven-
tional trials [87,88]. Several scoring systems, of varying com-
plexity, have been devised and reported, with some authors
strongly favoring composite scores with, for example, spiro-
metric indices [89]. Alternatively, CT could provide a sensi-
tive safety measure, and has been employed in some studies
of novel therapies to this end. The levels of radiation involved
need of course to be borne in mind, although they may be
significantly reduced by some of the more modern scanning
equipment and by using protocols with limited cuts.

Other imaging

Ventilation/perfusion scanning, although not widely
employed in CF, was reported as being useful in a clinical
study examining the effects of both intravenous antibiotics
and the sodium channel blocker, amiloride [90]. Magnetic
resonance imaging (MRI) was until recently widely regarded
as lacking sufficient resolution for imaging the lung; how-
ever, the additional use of hyperpolarized helium 3 (HHe)
has recently been shown to improve sensitivity to such an
extent that significant differences were visible after bron-
chodilator treatment in a small clinical trial [91].

PHYSIOLOGY

Spirometry/plethysmography

Many studies have used lung function parameters, in par-
ticular FEV1, as primary end-points, a logical choice based
on the correlation of this measurement with prognosis and
life expectancy. The reproducibility, repeatability and lim-
itations of spirometric measurements are well established;
and for interventions predicted to produce an increase in
lung function over a relatively short period (e.g. anti-
biotics, rhDNase or other mucus-clearing agents), inclu-
sion of this end-point is likely appropriate and, based on a
widespread familiarity with the technique, may facilitate
interpretation of the findings. However, many novel thera-
peutic agents are more likely to lead to a slowing in the rate
of decline, or at best stabilization, of lung function. Patients
receiving medical care in specialist CF centers are now
declining very slowly over time (between 1% and 3% of
baseline FEV1 annually), making it extremely difficult to
power such studies to detect significant changes in response
to treatment. (Davis and co-workers have recently calcu-
lated that up to 500 patients would need to be studied for a
2-year period [92].) However, even in studies unlikely to
achieve this sort of power, spirometric assessment is likely
to be included, perhaps more appropriately as a secondary
end-point. Further, inclusion can help to exclude the pos-
sibility that a novel agent is detrimental, for example by
triggering bronchospasm, and as such it has been included
in many phase I safety studies. The requirement for spe-
cialized equipment, trained staff and the time-consuming
nature of plethysmography probably explains the fact that
these measurements are infrequently used in the context 
of clinical trials. Gas transfer measurements (KCO and
TLCO) have been used in some, for example to assess
potential toxicity of gene transfer agents [27].

Infant pulmonary function tests

Before the last decade, lung function measurements relied
entirely on the cooperation of the individual, and were
therefore rarely attempted on children under 6 or 7 years
of age. More recently, equipment has been developed to
allow reproducible measurements to be made in both
infants [93] and pre-school children [94]. They are dis-
cussed in more detail in Chapter 23a.

Multiple-breath washout and lung clearance
indices

Changes in spirometry reflect mainly the larger airways, and
are insensitive to loss of distal airway function. Spirometric
measurements that are believed to represent small airway
function (such as FEF25–75) have very high coefficients of
variability, and are likely also measuring more proximal
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airways. In addition, it is well recognized that patients can
maintain normal spirometry in the presence of significant
airway inflammation and damage, and so there has been a
search for tests representing both more distal airways and
possessing greater sensitivity. Lung clearance tests measure
the time taken to completely wash out an inert gas, this
period increasing with increased inhomogeneity of ventila-
tion, airway plugging, gas trapping etc. The earliest of these
used 100% oxygen to wash out nitrogen, and newer tech-
niques have been developed using gases such as sulphur
hexafluoride (SF6). The test can be reliably performed in even
very young children, and is, at this stage of disease, signifi-
cantly more sensitive to airway damage than FEV1 [95]. It
may be less useful in the later stages of disease, where it also
becomes more cumbersome to administer, because of long
wash-in and wash-out periods.

Exercise testing

A variety of tests ranging from simple timed walks and
shuttle tests through to more complex techniques to mon-
itor cardiopulmonary status and maximum oxygen con-
sumption (VO2max) have been used in CF patients in clinical
trials. In general, such tests have proved, at best, compli-
mentary to others such as spirometry, with little evidence
of any increased sensitivity to change, although one might
argue for their inclusion into study protocols on the basis
of relevance to the patient themselves.

Weight gain

Although this chapter has focused on pulmonary outcome
measures, one adverse effect of pulmonary disease, increased
work of breathing and infection/inflammation, is poor
weight gain. Thus, changes in body weight or mass index
(BMI) could reflect an improvement in pulmonary status.

QUALITY-OF-LIFE AND SYMPTOM SCORES

Quality of life is becoming increasingly accepted as a rele-
vant outcome measure of trials in many varying diseases.
There are now CF- and age-specific questionnaires that
have been well tested and validated [96,97] and translated
into several languages, some of which have been used in CF
clinical trials.

SUMMARY AND FUTURE DIRECTIONS

The focus of this chapter has been on assays that have been
used in clinical trials, although as described, many of these
could benefit from further refinement and standardization.
Others are currently under investigation, either at the 

preclinical or early clinical stage, by several groups including
the UK CF Gene Therapy Consortium (www.cfgenetherapy.
org.uk). These may not yet have not yet been validated and
published in the clinical trial context, but include measure-
ments of airway surface liquid height, which is reduced in
the CF murine nose, on human biopsy material; detection
methods for novel protein markers, including the use of
SELDI-TOF and proteomics; microarray technology to com-
pare gene expression profiles in response to clinical change;
molecular analysis of bacterial pathogens; and further non-
invasive measures of inflammation such as assessment of
bronchial blood flow, which is raised in asthma. The search
continues for the ideal assay(s) that are (a) able to be accu-
rately measured, (b) reproducible with little ‘noise’, (c)
sensitive to change, (d) relatively non-interventional and
can be performed, if required, on a repeated basis, and (e)
known in some way to relate to clinical status. Determining
which of these qualities are possessed by either individual
assays or composite scores based on several assays will
require the rigorous testing and comparison of multiple
measures in the context of clinical trials. The development
of multicenter groups following the same protocols for
sample collection and analysis will allow the resulting data
to be as widely applicable as possible and for progress in
this field to be advanced most quickly.

REFERENCES

1. Rose AC, Goddard CA, Colledge WH et al. Optimisation of real-
time quantitative RT-PCR for the evaluation of non-viral
mediated gene transfer to the airways. Gene Ther 2002;
9:1312–1320.

2. Engelhardt JF, Zepeda M, Cohn JA et al. Expression of the
cystic fibrosis gene in adult human lung. J Clin Invest 1994;
93:737–749.

3. Lim M, McKenzie K, Floyd AD et al. Modulation of deltaF508
cystic fibrosis transmembrane regulator trafficking and
function with 4-phenylbutyrate and flavonoids. Am J Respir
Cell Mol Biol 2004; 31:351–357

4. Dormer RL, Derand R, McNeilly CM et al. Correction of
delF508-CFTR activity with benzo(c)quinolizinium compounds
through facilitation of its processing in cystic fibrosis airway
cells. J Cell Sci 2001; 114:4073–4081.

5. Dormer RL, Harris CM, Clark Z et al. Sildenafil (Viagra) corrects
DeltaF508-CFTR location in nasal epithelial cells from patients
with cystic fibrosis. Thorax 2005; 60:55–59.

6. Wilschanski M, Yahav Y, Yaacov Y et al. Gentamicin-
induced correction of CFTR function in patients with cystic
fibrosis and CFTR stop mutations. N Engl J Med 2003;
349:1433–1441.

7. Munkonge F, Alton EW, Andersson C et al. Measurement of halide
efflux from cultured and primary airway epithelial cells using
fluorescence indicators. J Cyst Fibros 2004; 3(Suppl 2):171–176.

8. Veeze HJ, Sinaasappel M, Bijman J et al. Ion transport
abnormalities in rectal suction biopsies from children with
cystic fibrosis. Gastroenterology 1991; 101:398–403.

www.cfgenetherapy.org.uk
www.cfgenetherapy.org.uk


382 Clinical outcome measures to assess new treatments for CF lung disease

9. Middleton PG, Geddes DM, Alton EW. Protocols for in-vivo
measurement of the ion transport defects in cystic fibrosis
nasal epithelium. Eur Respir J 1994; 7:2050–2056.

10. Walker LC, Venglarik CJ, Aubin G et al. Relationship between
airway ion transport and a mild pulmonary disease mutation
in CFTR. Am J Respir Crit Care Med 1997; 155:1684–1689.

11. Pradal U, Castellani C, Delmarco A, Mastella G. Nasal
potential difference in congenital bilateral absence of the vas
deferens. Am J Respir Crit Care Med 1998; 158:896–901.

12. Griesenbach U, Geddes DM, Alton EW. Advances in cystic
fibrosis gene therapy. Curr Opin Pulm Med 2004;
10:542–546.

13. Zeitlin PL, Diener-West M, Rubenstein RC et al. Evidence of
CFTR function in cystic fibrosis after systemic administration
of 4-phenylbutyrate. Mol Ther 2002; 6:119–126.

14. McCarty NA, Standaert TA, Teresi M et al. A phase I
randomized, multicenter trial of CPX in adult subjects with
mild cystic fibrosis. Pediatr Pulmonol 2002; 33:90–98.

15. Zeitlin PL, Boyle MP, Guggino WB, Molina L. A phase I trial of
intranasal Moli1901 for cystic fibrosis. Chest 2004;
125:143–149.

16. Knowles MR, Clarke LL, Boucher RC. Activation by
extracellular nucleotides of chloride secretion in the airway
epithelia of patients with cystic fibrosis. N Engl J Med 1991;
325:533–538.

17. Middleton PG, Geddes DM, Alton EW. Effect of amiloride and
saline on nasal mucociliary clearance and potential
difference in cystic fibrosis and normal subjects. Thorax
1993; 48:812–816.

18. Rodgers HC, Knox AJ. The effect of topical benzamil and
amiloride on nasal potential difference in cystic fibrosis. Eur
Respir J 1999; 14:693–696.

19. Davies JC, Davies M, McShane D et al. Potential difference
measurements in the lower airway of children with and
without cystic fibrosis. Am J Respir Crit Care Med 2005;
171:1015–1019.

20. Ballke EH, Wiersbitzky S, Mahner B, Konig A. The effect of 
N-acetyl-cysteine (Mucosolvin) on the transmural potential
difference of the mucosa in children. Padiatr Grenzgeb 1992;
31(2):97–101.

21. Fischer H, Fukuda N, Barbry P et al. Partial restoration of
defective chloride conductance in DeltaF508 CF mice by
trimethylamine oxide. Am J Physiol Lung Cell Mol Physiol
2001; 281:L52–L57.

22. Rubenstein RC, Zeitlin PL. A pilot clinical trial of oral sodium
4-phenylbutyrate (Buphenyl) in deltaF508-homozygous cystic
fibrosis patients: partial restoration of nasal epithelial CFTR
function. Am J Respir Crit Care Med 1998; 157:484–490.

23. Dodge JA, Custance JM, Goodchild MC et al. Paradoxical
effects of essential fatty acid supplementation on lipid
profiles and sweat electrolytes in cystic fibrosis. Br J Nutr
1990; 63:259–271.

24. Saiman L, Prince A. Pseudomonas aeruginosa pili bind to
asialoGM1 which is increased on the surface of cystic fibrosis
epithelial cells. J Clin Invest 1993; 92:1875–1880.

25. Hoiby N. Understanding bacterial biofilms in patients with
cystic fibrosis: current and innovative approaches to
potential therapies. J Cyst Fibros 2002; 1:249–254.

26. Davies JC, Stern M, Dewar A et al. CFTR gene transfer reduces
the binding of Pseudomonas aeruginosa to cystic fibrosis
respiratory epithelium. Am J Respir Cell Mol Biol 1997;
16:657–663.

27. Alton EW, Stern M, Farley R et al. Cationic lipid-mediated
CFTR gene transfer to the lungs and nose of patients with
cystic fibrosis: a double-blind placebo-controlled trial. Lancet
1999; 353:947–954.

28. Equi AC, Davies JC, Painter H et al. Exploring the mechanisms
of macrolides in cystic fibrosis. Respir Med 2006; 100:687–697.

29. Baumann U, Fischer JJ, Gudowius P et al. Buccal adherence
of Pseudomonas aeruginosa in patients with cystic fibrosis
under long-term therapy with azithromycin. Infection 2001;
29:7–11.

30. Grey V, Mohammed SR, Smountas AA et al. Improved
glutathione status in young adult patients with cystic fibrosis
supplemented with whey protein. J Cyst Fibros 2003;
2:195–198.

31. Abstracts of the 19th Annual North American Cystic Fibrosis
Conference, Baltimore, MD, 20–23 October 2005. Pediatr
Pulmonol Suppl 2005; 28:263.

32. Matsui H, Grubb BR, Tarran R et al. Evidence for periciliary
liquid layer depletion, not abnormal ion composition, in the
pathogenesis of cystic fibrosis airways disease. Cell 1998;
95:1005–1015.

33. Currie DC, Pavia D, Agnew JE et al. Impaired tracheobronchial
clearance in bronchiectasis. Thorax 1987; 42:126–130.

34. McShane D, Davies JC, Wodehouse T et al. Normal nasal
mucociliary clearance in CF children: evidence against a
CFTR-related defect. Eur Respir J 2004; 24:95–100.

35. Robinson M, Hemming AL, Moriarty C et al. Effect of a short
course of rhDNase on cough and mucociliary clearance in
patients with cystic fibrosis. Pediatr Pulmonol 2000; 30:16–24.

36. Robinson M, Daviskas E, Eberl S et al. The effect of inhaled
mannitol on bronchial mucus clearance in cystic fibrosis
patients. a pilot study. Eur Respir J 1999; 14:678–685.

37. Donaldson SH, Bennett WD, Zeman KL et al. Mucus clearance
and lung function in cystic fibrosis with hypertonic saline. 
N Engl J Med 2006; 354:241–250.

38. Olivier KN, Bennett WD, Hohneker K et al. Acute safety and
effects on mucociliary clearance of aerosolized uridine
5-triphosphate	amiloride in normal human adults. Am J
Respir Crit Care Med 1996; 154:217–223.

39. Bennett WD, Olivier KN, Zeman KL et al. Effect of uridine 
5-triphosphate plus amiloride on mucociliary clearance in
adult cystic fibrosis. Am J Respir Crit Care Med 1996; 153(6
Pt 1):1796–1801.

40. App EM, King M, Helfesrieder R et al. Acute and long-term
amiloride inhalation in cystic fibrosis lung disease: a rational
approach to cystic fibrosis therapy. Am Rev Respir Dis 1990;
141:605–612.

41. Middleton PG, Geddes DM, Alton EW. Effect of amiloride and
saline on nasal mucociliary clearance and potential
difference in cystic fibrosis and normal subjects. Thorax
1993; 48:812–816.

42. Graham SM, Scott SN, Launspach J, Zabner J. The effects of
fluticasone propionate on nasal epithelial potential
difference. Am J Rhinol 2002; 16:145–149.

www.ebook3000.com

http://www.ebook3000.org


References 383

43. Smith AL, Redding G, Doershuk C et al. Sputum changes
associated with therapy for endobronchial exacerbation in
cystic fibrosis. J Pediatr 1988; 112:547–554.

44. Ordonez CL, Henig NR, Mayer-Hamblett N et al.
Inflammatory and microbiologic markers in induced sputum
after intravenous antibiotics in cystic fibrosis. Am J Respir
Crit Care Med 2003; 168:1471–1475.

45. Ramsey BW, Pepe MS, Quan JM et al. for the Cystic Fibrosis
Inhaled Tobramycin Study Group. Intermittent administration
of inhaled tobramycin in patients with cystic fibrosis. N Engl
J Med 1999; 340:23–30.

46. Kollberg H, Carlander D, Olesen H et al. Oral administration
of specific yolk antibodies (IgY) may prevent Pseudomonas
aeruginosa infections in patients with cystic fibrosis: a phase
I feasibility study. Pediatr Pulmonol 2003; 35:433–440.

47. Fuchs HJ, Borowitz DS, Christiansen DH et al. for the
Pulmozyme Study Group. Effect of aerosolized recombinant
human DNase on exacerbations of respiratory symptoms and
on pulmonary function in patients with cystic fibrosis. N Engl
J Med 1994; 331:637–642.

48. Quan JM, Tiddens HA, Sy JP et al. for the Pulmozyme Early
Intervention Trial Study Group. A two-year randomized,
placebo-controlled trial of dornase alfa in young patients
with cystic fibrosis with mild lung function abnormalities. 
J Pediatr 2001; 139:813–820.

49. Saiman L, Marshall BC, Mayer-Hamblett N et al. for the
Macrolide Study Group. Azithromycin in patients with cystic
fibrosis chronically infected with Pseudomonas aeruginosa: a
randomized controlled trial. J Am Med Assoc 2003;
290:1749–1756.

50. Ordonez CL, Kartashov AI, Wohl ME. Variability of markers of
inflammation and infection in induced sputum in children
with cystic fibrosis. J Pediatr 2004; 145:689–692.

51. Colombo C, Costantini D, Rocchi A et al. Cytokine levels in
sputum of cystic fibrosis patients before and after antibiotic
therapy. Pediatr Pulmonol 2005; 40:15–21.

52. Ordonez CL, Henig NR, Mayer-Hamblett N et al.
Inflammatory and microbiologic markers in induced sputum
after intravenous antibiotics in cystic fibrosis. Am J Respir
Crit Care Med 2003; 168:1471–1475.

53. Stelmach I, Korzeniewska A, Stelmach W et al. Effects of
montelukast treatment on clinical and inflammatory
variables in patients with cystic fibrosis. Ann Allergy Asthma
Immunol 2005; 95:372–380.

54. Moss RB, Rodman D, Spencer LT et al. Repeated adeno-
associated virus serotype 2 aerosol-mediated cystic fibrosis
transmembrane regulator gene transfer to the lungs of
patients with cystic fibrosis: a multicenter, double-blind,
placebo-controlled trial. Chest 2004; 125:509–521.

55. Ledson M, Gallagher M, Hart CA, Walshaw M. Nebulized
heparin in Burkholderia cepacia colonized adult cystic
fibrosis patients. Eur Respir J 2001; 17:36–38.

56. Costello CM, O’Connor CM, Finlay GA et al. Effect of
nebulised recombinant DNase on neutrophil elastase load in
cystic fibrosis. Thorax 1996; 51:619–623.

57. Suri R, Marshall LJ, Wallis C et al. Safety and use of sputum
induction in children with cystic fibrosis. Pediatr Pulmonol
2003; 35:309–313.

58. Woolhouse IS, Bayley DL, Stockley RA. Effect of sputum
processing with dithiothreitol on the detection of
inflammatory mediators in chronic bronchitis and
bronchiectasis. Thorax 2002; 57:667–671.

59. Reinhardt N, Chen CI, Loppow D et al. Cellular profiles of
induced sputum in children with stable cystic fibrosis:
comparison with BAL. Eur Respir J 2003; 22:497–502.

60. Paul K, Rietschel E, Ballmann M et al. for the Bronchoalveolar
Lavage for the Evaluation of Antiinflammatory Treatment
Study Group. Effect of treatment with dornase alpha on
airway inflammation in patients with cystic fibrosis. Am J
Respir Crit Care Med 2004; 169:719–725.

61. Haslam PL, Baughman RP. Report of ERS Task Force:
guidelines for measurement of acellular components 
and standardization of BAL. Eur Respir J 1999;
14:245–248.

62. Gutierrez JP, Grimwood K, Armstrong DS et al. Interlobar
differences in bronchoalveolar lavage fluid from children
with cystic fibrosis. Eur Respir J 2001; 17:281–286.

63. de Winter-de Groot KM, van der Ent CK. Nitric oxide in cystic
fibrosis. J Cyst Fibros 2005; 4(Suppl 2):25–29.

64. Van Gravesande KS, Omran H. Primary ciliary dyskinesia:
clinical presentation, diagnosis and genetics. Ann Med 2005;
37:439–449.

65. Grasemann H, Grasemann C, Kurtz F et al. Oral L-arginine
supplementation in cystic fibrosis patients: a placebo-
controlled study. Eur Respir J 2005; 25:62–68.

66. Tate S, MacGregor G, Davis M et al. Airways in cystic fibrosis
are acidified: detection by exhaled breath condensate. Thorax
2002; 57:926–929.

67. Carpagnano GE, Barnes PJ, Francis J et al. Breath condensate
pH in children with cystic fibrosis and asthma: a new
noninvasive marker of airway inflammation? Chest 2004;
125:2005–2010.

68. Ojoo JC, Mulrennan SA, Kastelik JA et al. Exhaled breath
condensate pH and exhaled nitric oxide in allergic asthma
and in cystic fibrosis. Thorax 2005; 60:22–26.

69. Carpagnano GE, Barnes PJ, Geddes DM et al. Increased
leukotriene B4 and interleukin-6 in exhaled breath
condensate in cystic fibrosis. Am J Respir Crit Care Med 2003;
167:1109–1112.

70. Rosias PP, Dompeling E, Hendriks HJ et al. Exhaled breath
condensate in children: pearls and pitfalls. Pediatr Allergy
Immunol 2004; 15:4–19.

71. Greally P, Hussain MJ, Vergani D, Price JF. Interleukin-1
alpha, soluble interleukin-2 receptor, and IgG concentrations
in cystic fibrosis treated with prednisolone. Arch Dis Child
1994; 71:35–39.

72. Schmitt-Grohe S, Eickmeier O, Schubert R et al. Anti-
inflammatory effects of montelukast in mild cystic fibrosis.
Ann Allergy Asthma Immunol 2002; 89:599–605.

73. Konstan MW, Davis PB, Wagener JS et al. Compacted DNA
nanoparticles administered to the nasal mucosa of cystic
fibrosis subjects are safe and demonstrate partial to
complete cystic fibrosis transmembrane regulator
reconstitution. Hum Gene Ther 2004; 15:1255–1269.

74. Davies JC, Alton EW. Airway gene therapy. Adv Genet 2005;
54:291–314.



384 Clinical outcome measures to assess new treatments for CF lung disease

75. Starcher B, Green M, Scott M. Measurement of urinary
desmosine as an indicator of acute pulmonary disease.
Respiration 1995; 62:252–257.

76. Bode DC, Pagani ED, Cumiskey WR et al. Comparison of
urinary desmosine excretion in patients with chronic
obstructive pulmonary disease or cystic fibrosis. Pulm
Pharmacol Ther 2000; 13:175–180.

77. Warwick WJ, Wielinski CL, Hansen LG. Comparison of
expectorated sputum after manual chest physical therapy
and high-frequency chest compression. Biomed Instrum
Technol 2004; 38:470–475.

78. Braggion C, Cappelletti LM, Cornacchia M et al. Short-term
effects of three chest physiotherapy regimens in patients
hospitalized for pulmonary exacerbations of cystic fibrosis. 
a cross-over randomized study. Pediatr Pulmonol 1995;
19:16–22.

79. Bishop C, Hudson VM, Hilton SC, Wilde C. A pilot study of the
effect of inhaled buffered reduced glutathione on the clinical
status of patients with cystic fibrosis. Chest 2005;
127:308–317.

80. App EM, Kieselmann R, Reinhardt D et al. Sputum rheology
changes in cystic fibrosis lung disease following two
different types of physiotherapy: flutter vs autogenic
drainage. Chest 1998; 114:171–177.

81. Griese M, App EM, Duroux A et al. Recombinant human DNase
(rhDNase) influences phospholipid composition, surface
activity, rheology and consecutively clearance indices of
cystic fibrosis sputum. Pulm Pharmacol Ther 1997; 10:21–27.

82. Baumann U, King M, App EM et al. Long term azithromycin
therapy in cystic fibrosis patients: a study on drug levels and
sputum properties. Can Respir J 2004; 11:151–155.

83. Conway SP, Etherington C, Peckham DG, Whitehead A. A
pilot study of zafirlukast as an anti-inflammatory agent in
the treatment of adults with cystic fibrosis. J Cyst Fibros
2003; 2:25–28.

84. Robinson TE. High-resolution CT scanning: potential outcome
measure. Curr Opin Pulm Med 2004; 10:537–541.

85. Brody AS. Scoring systems for CT in cystic fibrosis: who
cares? Radiology 2004; 231:296–298.

86. Sibtain NA, Padley SP. HRCT in small and large airways
diseases. Eur Radiol 2004; 14(Suppl 4):L31–L43.

87. Nasr SZ, Kuhns LR, Brown RW et al. Use of computerized
tomography and chest x-rays in evaluating efficacy of
aerosolized recombinant human DNase in cystic fibrosis
patients younger than age 5 years: a preliminary study.
Pediatr Pulmonol 2001; 31:377–382.

88. Robinson TE, Goris ML, Zhu HJ et al. Dornase alfa reduces air
trapping in children with mild cystic fibrosis lung disease: a
quantitative analysis. Chest 2005; 128:2327–2335.

89. Robinson TE, Leung AN, Northway WH et al. Composite
spirometric-computed tomography outcome measure in early
cystic fibrosis lung disease. Am J Respir Crit Care Med 2003;
168:588–593.

90. Lagerstrand L, Hjelte L, Jorulf H. Pulmonary gas exchange in
cystic fibrosis: a basal status and the effect of i.v. antibiotics
and inhaled amiloride. Eur Respir J 1999; 14:686–692.

91. Mentore K, Froh DK, de Lange EE et al. Hyperpolarized HHe 3
MRI of the lung in cystic fibrosis: assessment at baseline and
after bronchodilator and airway clearance treatment. Acad
Radiol 2005; 12:1423–1429.

92. Davis PB. The decline and fall of pulmonary function in cystic
fibrosis: new models, new lessons. J Pediatr 1997;
131:789–790.

93. Stocks J, Godfrey S, Beardsmore C et al. for the ERS/ATS Task
Force on Standards for Infant Respiratory Function Testing.
Plethysmographic measurements of lung volume and airway
resistance. Eur Respir J 2001; 17:302–312.

94. Aurora P, Stocks J, Oliver C et al. for the London Cystic
Fibrosis Collaboration. Quality control for spirometry in
preschool children with and without lung disease. Am J
Respir Crit Care Med 2004; 169:1152–1159.

95. Aurora P, Bush A, Gustafsson P et al. for the London Cystic
Fibrosis Collaboration. Multiple-breath washout as a marker
of lung disease in preschool children with cystic fibrosis. Am
J Respir Crit Care Med 2005; 171:249–256.

96. Quittner AL, Buu A, Messer MA et al. Development and
validation of the Cystic Fibrosis Questionnaire in the United
States: a health-related quality-of-life measure for cystic
fibrosis. Chest 2005; 128:2347–2354.

97. Klijn PH, van Stel HF, Quittner AL et al. Validation of the
Dutch cystic fibrosis questionnaire (CFQ) in adolescents and
adults. J Cyst Fibros 2004; 3:29–36.

www.ebook3000.com

http://www.ebook3000.org


PART 6

MULTIDISCIPLINARY CARE

27 Cystic fibrosis center care 387
Penny Agent and Susan Madge

28 Nursing care 399
Susan Madge and Christine Hockings

29 Physiotherapy 407
Craig Lapin, Anne Lapin and Jennifer A. Pryor

30 Nutritional aspects 421
Sue Wolfe and Sarah Collins

31 Psychological aspects of cystic fibrosis 431
Alistair J. A. Duff and Helen Oxley

32 Palliative care in cystic fibrosis 441
Calherine E. Urch and Margaret E. Hodson



This page intentionally left blank 

www.ebook3000.com

http://www.ebook3000.org


27
Cystic fibrosis center care

PENNY AGENT AND SUSAN MADGE

WHAT IS CYSTIC FIBROSIS CENTER CARE?

Cystic fibrosis (CF) is a multisystem disease that requires a
holistic approach to care by a multidisciplinary team of CF
specialist health professionals. The aims of CF care are to:

● prevent chronic infection;
● minimize deterioration;
● maintain independence;
● optimize quality of life;
● maximize life expectancy [1].

It is generally agreed that specialist CF centers provide
the optimum approach to CF care, but shared care may be
set up between the specialist CF center and a shared-care
CF clinic, usually in pediatric services [2–6]. Whether a
local shared-care CF clinic or specialist CF center provides
CF care, regular communication is essential to ensure that
individual care is optimized.

Specialist CF centers usually manage at least 50 adult or
pediatric patients, with CF being the predominant special-
ist area of expertise of the staff who carry out research as
well as clinical activity in this area. These major centers
provide full care not only for all local patients with CF, but
also for patients living further away who are prepared to
travel [7]. Local shared-care CF clinics tend to manage
fewer than 50 patients, so it is the specialist CF centers that
link up with local hospitals to plan the provision of shared
care (discussed later in this chapter). The functions of major
specialist CF center care are summarized in Table 27.1.

In the last few years, standards of care have been pro-
duced by national and international committees [1,8] and
are widely recognized and acknowledged as a benchmark for
services. These standards provide an overview of complete
CF care from staffing recommendations, services provided,

and recommendations for all inpatient and outpatient
clinical services.

THE MULTIDISCIPLINARY TEAM

Cystic fibrosis is complex and multisystem, so it is inevitable
that care should be provided by a team of specialists.
Multidisciplinary care is consequently generally accepted
as essential in the management of long-term chronic dis-
eases such as CF [9]. Staffing requirements of specialists
involved in CF multidisciplinary teams have been developed
by working parties in the UK, Europe and North America,
but no two CF teams will be the same. Most teams will adapt
the recommendations to meet the local needs of their
patient group such as patient ages and patient numbers.
Unfortunately most CF teams around the world are subject
to a limitation of resources and therefore have to work
within imposed boundaries. This section will briefly describe
the roles of professionals in an ideal CF multidisciplinary
team as other chapters discuss the roles in more detail (except
the roles of the pharmacist, occupational therapist and social
worker, whose roles will be discussed in more detail here).

The ‘primary’ CF multidisciplinary team

THE MEDICAL TEAM

The consultant leading a CF multidisciplinary team (usu-
ally the Clinical Director or Lead Clinician for CF) must
have a major commitment to CF care. It is useful for the
consultant to have a senior colleague with knowledge of CF
who is able to take over during periods of absence. A jun-
ior team will support the consultant, with one or more spe-
cialist registrars fulfilling a more dedicated role such as CF
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Table 27.1 Functions of a specialist CF center.

Local patients Provide treatment and advice
Regular clinic/hospital assessment
Specialist multidisciplinary team (MDT)

24-hour access Advice available from staff experienced in CF
Patients made aware of other CF centers if travelling, out of area and require advice

Annual assessments For all patients attending the center (unless performed at local CF center)
Full discussion of results with consultant physician
Specialist multidisciplinary team

Specialized procedures Expertise in procedures common to CF:
– insertion of totally implantable venous access devices
– gastrostomy
– non-invasive ventilation
– bronchial artery embolization
– fiberoptic bronchoscopy
Diagnostic and specialized lab services

Neonatal screening Coordination of CF neonatal screening program (if available)
Coordination of care at diagnosis, usually by CF nurse specialist

Home care Organization of home intravenous antibiotic therapy
Regular assessment/follow-up
Provision of home compressor/nebulizer equipment service
Provision of home enteral feeding equipment

Transition Coordination of a regular transition clinic by specialist CF MDT members

Shared care Provision of specialist advice and consultation for patients who have:
– infections 
2 weeks unresponsive to conventional treatment
– deteriorating pulmonary function unresponsive to conventional treatment
– pneumothorax
– significant hemoptysis (
20 mL)
– allergic bronchopulmonary aspergillosis
– persistent atelectasis
– respiratory/cardiac failure
– distal intestinal obstructive syndrome
– failure to thrive/severe unexplained weight loss
– new-onset glucose intolerance
– vasculitis
– CF arthropathy
– pregnancy
– serious psychological problems

Transplantation Assessment of possible suitable patients prior to referral to transplant center (may
not be at same center)
Optimization of full medical treatment

Education Comprehensive education and advice regarding all aspects of CF care from
specialist multidisciplinary team
Attendance of specialist staff at national and international CF meetings

Research Database information, local and national
Clinical trials
Audit
Reporting and presentation of experiences for peer review/discussion
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Fellow. These doctors will manage the day-to-day needs of
the patients and work closely with the specialist nurses [1].

THE SPECIALIST NURSE

The nurse provides a clinical, educational and support serv-
ice for patients and their families. Living with a life-limiting
disease impacts on all areas of life as balancing treatment
regimens with school, employment, social and family life
can become overwhelming. Parents of young children find
living with CF intrusive, isolating and time-consuming.
Adolescents and young adults share those feelings as well as
finding it differentiating at a time when they want to fit in
with a peer group. Through the provision of both practical
and emotional support and advice, the nurse can help to
minimize adherence issues, maintain independence and
improve quality of life. The role of the specialist nurse is
discussed further in Chapter 28.

THE SPECIALIST PHYSIOTHERAPIST

Assisting, teaching and supporting patients and their fam-
ilies in chest physiotherapy techniques is the primary role
of the physiotherapist. There are, however, many other areas
that the physiotherapist has become involved in, such as
osteoporosis and posture management, urinary inconti-
nence, exercise programs, pregnancy care (pre- and postna-
tally), nebulizer therapy and non-invasive ventilation. To
find out more about the role of the physiotherapist, refer to
Chapter 29.

THE SPECIALIST DIETITIAN

As with the physiotherapist, the role of the dietitian has
developed over the years. At the same time as ensuring
good nutritional status in patients, dietitians have found
themselves offering advice and support in a number of dif-
ferent areas. The expanded role of the dietitian includes
feeding problems, CF-related diabetes, distal intestinal
obstructive syndrome (DIOS) and other gastrointestinal
problems, enteral feeding and pregnancy. Good communi-
cation and referral within the team is essential as the role of
the dietitian often overlaps with other team members such
as the nurse, physiotherapist and psychologist. See Chapter
30 for further discussion of this role.

THE SPECIALIST PSYCHOLOGIST

The provision of psychological services to the management
of CF is essential. Psychologists work closely with the CF
team supporting colleagues in psychological aspects of care
and providing advice and opinion on particular issues. Areas
generally covered by a psychologist include adherence to
treatment, quality of life, management of procedural dis-
tress, management of feeding and behavioral difficulties,
learning to live with a secondary diagnosis, and end-of-life
issues. Typically the psychologist identifies patient needs

through referral from team members or during psycholog-
ical assessment carried out at annual review. Problems are
identified and then in discussion with the team the most
appropriate methods of resolving these problems are
planned.

The psychological service is often run in parallel with
the CF service, with the psychologist working as a gate-
keeper for the onward referral of patients to mental health
services. Further discussion of the role of the psychologist
can be found in Chapter 31.

THE PHARMACIST

The specialist pharmacist has started to play a major part in
the multidisciplinary team in the care of both inpatients
and outpatients. The overall role of the pharmacist in the
CF team is to ensure safe, appropriate and cost-effective
drug treatment, and this falls into three main areas: advice
to the team, advice to the patient, and managing the avail-
ability of medicines.

Pharmacists offer advice to the team around issues such
as the appropriateness of therapies, adverse drug reactions
and alternative choices. The pharmacist is also involved
with discharge planning, ensuring liaison with the primary
healthcare team and providing an accurate discharge drug
summary. Liaison with other members of the CF team is
important and the pharmacist works closely with the CF
nurse in the provision of home intravenous antibiotics and
the equipment needed for administration.

The pharmacist also works behind the scenes, taking
responsibility for issues such as the procurement of unli-
censed and named-patient medicines as appropriate and
ensuring the managed entry of new drug therapies. The
introduction of new therapies can cause problems in a
resource-stressed service, and the pharmacist is involved
with collaborating in finding funding and the commission-
ing of new therapies.

Many services have introduced self-medication schemes
and the pharmacist helps with these initiatives by supporting
ward staff in the introduction and maintenance of the
scheme and empowering patients to take control of their
treatment. The pharmacist offers medication counselling
and meets with individual patients to enhance knowledge
and understanding of their treatment regimens. This is done
through completion of an accurate drug history at admis-
sion or annual review; then through reviewing the medica-
tion with the patient the pharmacist provides education and
support, often recommending changes where necessary
such as a change in formulation or method of administra-
tion. This also helps patients with adherence issues and the
pharmacist often works in partnership with the nurse and
psychologist with these problems (www.cftrust.org.uk).

THE SOCIAL WORKER

The hospital-based social worker works closely with all
members of the CF team, taking referrals directly from
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colleagues. The role will differ between centers depending
on availability, need and particular patient groups. Although
social workers are commonly used as a resource for their
knowledge on support benefits and allowances, in most CF
centers the social worker is available both for patients
attending outpatients and for those who are admitted. In
some centers the social worker will visit patients in their
homes to undertake an assessment of needs.

The tasks of the social worker working in a CF team
have been summarised as:

● assessment of psychological care needs, including dis-
charge planning and risk assessment;

● planning care in the community;
● assisting and supporting parents, partners or informal

carers;
● counselling for personal and family difficulties encoun-

tered as a result of illness, changing ability or needs;
● bereavement counselling;
● practical assistance and advice on welfare rights,

employment, care of dependants, etc. [10].

Most of these tasks overlap with other members of the
CF team, particularly the occupational therapist, psycholo-
gist and nurse. Good communication and close working
relationships will ensure the patient and their family
receive optimum care.

Most countries offer a benefit system for people struggling
with disease or disability; unfortunately these systems are
often difficult to access and subject to delays and bureau-
cracy. The social worker can be helpful in negotiating the
system and advocating on behalf of the patients. The social
worker is often the link person in organizing packages of
care provided through social services by collating relevant
assessments and letters from other professionals and liais-
ing with the local authorities. As health deteriorates there
is often a need for adaptations in the home, so the social
worker and the occupational therapist will assess housing
needs and organize support (financial or practical) to help
with this.

When young people start school or college, the social
worker works with the nurse specialist in liaising with schools
and colleges about potential problems such as access, travel,
computer use, time extensions for course work, etc. Likewise
the social worker can also liaise with employers to discuss
short- or long-term needs for individuals.

Social workers may also be involved with assessing a
patient for transplantation. The social worker does not make
recommendations as to suitability; instead coping strategies,
emotional, financial and practical supports are identified.
Preparing the patient for the results of the assessment is also
important. Some will be accepted and have to deal with an
uncertain waiting period, some will not be accepted and
have to deal with loss of hope. Both groups will have deteri-
orating health and an increasing need for support.

As with other members of the CF team, the social worker
can offer psychological support, particularly around issues

such as acceptance of CF and the emotional and practical
implications of the disease, adherence to treatment, rela-
tionship issues and end-of-life issues. Medical advances are
improving the lives of people with CF, but to maximize
quality of life patients must be supported in living life as
independently as possible.

THE OCCUPATIONAL THERAPIST

Occupational therapy (OT) is focused on enabling the
continued occupations of everyday life through adapta-
tion, while living with an illness or disability. This may
involve problem-solving new ways of carrying out activi-
ties of daily living or utilizing adaptive equipment to assist
with independence and decrease energy requirements for
the task.

The purpose of the OT role is to work together with
patients and their families by identifying any areas of diffi-
culty within the realm of work, self-care and leisure tasks
that are currently impacting on daily life. The timing of
intervention is important when working with a population
with CF. It can be difficult for young adults to accept the
need for adaptations in the home environment in order to
enable an increased quality of life.

Introduction of OT is often during an admission where
information on the role of the occupational therapist as a
member of the CF team is provided. This allows the patient
later to address any concerns, being already aware of what
OT has to offer.

Assessment is carried out on the ward and an individu-
alized treatment plan is devised in consultation with the
patient that focuses on his or her current goals. Two of the
main goals from this initial meeting include trial and prac-
tice of adaptive and new techniques. To start with patients
are encouraged to practise personal and domestic activities
of daily living in order to enhance confidence and learn
adaptive techniques. Alternatively – or parallel to this –
they are also encouraged in the trial of adaptive equipment
that can aid in independence and decrease the endurance
required for the task.

Advocacy is another key part of the OT role through
liaison with local authorities and social service occupa-
tional therapists. This includes providing a detailed func-
tional assessment report that will include information on the
disease process and the demands of daily treatments regi-
mens. This will provide the community therapists with suf-
ficient information to meet the needs of the patient when
he or she returns home.

The occupational therapist is an active member of the
CF multidisciplinary team. Although all members of the
CF team make referrals, most are made through the clini-
cal nurse specialists who bridge the gap between hospital
and home. As the adult CF population increases, so will their
demands for more home support, so it is essential that the
role of the occupational therapist in CF constantly evolves
in order to meet needs of the patients, the CF team and the
organization [11,12].
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THE SECRETARIES

Secretaries working in CF teams often find themselves the
hub of communication for the service, with the CF team,
patients and families all finding themselves making contact
throughout the day. As well as the usual secretarial duties
(e.g. typing clinic letters/summaries, collating clinic lists,
test results, etc.) the secretary will get to know patients and
families, and perhaps be involved in database management
and liaison between different services.

THE DATA MANAGER

To audit and research CF, and to follow the natural history
of the disease, it is necessary that individual patient clinical
data from all CF centers is recorded, collated and analyzed.
In many countries around the world specialist CF services
are requested to contribute to their national databases. The
data are usually collected from annual reviews or outpa-
tient attendances, but entry of such complex data can be
time-consuming. Many centers have found it invaluable to
employ a data entry manager who becomes an essential
member of the CF team.

The ‘secondary’ CF multidisciplinary team

Owing to the complexities of CF it is often necessary to
involve other specialist health professionals to manage the
range of disorders that CF can present with, such as liver
disease and diabetes. This may be viewed as a second tier of
the multidisciplinary team; access to these team members
will be by referral only. It is the combination of the primary
and secondary multidisciplinary teams working collectively
that ensures the patient with CF receives the best care.

SPECIALIZED LABORATORY SERVICES

Laboratory services that offer specialized (non-routine)
testing for patients with CF are paramount to accurate
treatment plans being instigated. They may include spu-
tum culture sensitivities being reported for a large range of
antibiotics, and occasionally synergistic antibiotic sensitiv-
ities, which can prove invaluable when faced with multi-
resistant organisms. Molecular biology provides services
such as DNA and genotyping studies. Biochemistry is par-
ticularly useful in CF-related investigations such as levels
of fat-soluble vitamins (A, D and E), analyzing fecal fats
and pancreatic elastase-1 in determining pancreatic suffi-
ciency/insufficiency. Immunology provides services such
as identifying Pseudomonas antibodies, Aspergillus precip-
itins, radioallergosocbut test (RAST) and total IgE.

THE GASTROENTEROLOGIST

Individuals with CF present with a multitude of gastroin-
testinal issues such as gastroesophageal reflux (GER), liver

disease, pancreatitis and distal intestinal obstructive syn-
drome (DIOS), all requiring specialist gastroenterologist
intervention. Gastroenterology services also carry out
endoscopic investigations, and placement of gastrostomy
tubes for supplementary feeding. Close liaison with the
specialist dietitian and medical team is paramount. See
Chapter 15a for further discussion of this.

THE TRANSPLANT TEAM/THORACIC SURGEON

Lung transplantation for people with CF is carried out in a
few transplant centers in the UK. Specialist CF centers are
encouraged to make early contact to plan referrals at an
appropriate time. Ongoing communication is essential
between the two teams as the transplant team requires con-
stant updating on a patient’s medical status and patients
need constant reassurance that they are not forgotten.

With a variety of complications such as pneumothorax
or the need for implantable venous access devices, thoracic
surgeons can frequently be part of the ‘secondary’ multi-
disciplinary team – see Chapter 21 for further details.

THE DIABETOLOGIST

Most CF specialists have knowledge of CF-related diabetes
(CFRD), which is commonly managed day-to-day with a
CF specialist dietitian. However, regular review with a dia-
betologist is recommended, especially for some of the
more complicated cases. Manipulation of different insulin
preparations, and specialist diabetic monitoring (eyes and
feet), are essential in a population who are growing older.

THE EAR NOSE AND THROAT (ENT) SPECIALIST

ENT complications such as rhinosinusitis, nasal obstruc-
tion and nasal polyps are common in CF and may require
specialist medical intervention or surgery. The CF team
should therefore have an active working relationship with
the ENT department for the investigation and manage-
ment of severe sinus disease [8]. This is particularly impor-
tant when surgical techniques such as polypectomy and
endoscopic submucus resection are indicated.

THE OBSTETRICIAN/GYNECOLOGIST/FERTILITY SPECIALIST

It is now thought that women with CF are probably as fer-
tile as non-CF individuals [8]. The CF team can often pro-
vide contraceptive advice and pre-conception support.
However, close liaison with an obstetrician with experience
in CF is essential throughout pregnancy and around the
time of delivery. As the female CF population grows older
further complications arise either directly or indirectly
related to CF, so the support of a gynecologist with knowl-
edge of CF can be invaluable.

Male infertility in CF has been transformed with the
introduction of sperm aspiration from the epididymis and
intracytoplasmic injection into eggs [13]. In the UK, men



392 Cystic fibrosis center care

with CF can request either the CF team or their family doc-
tor for referral to an assisted conception unit.

ANNUAL REVIEW

An annual review is a comprehensive assessment of every
aspect of an individual’s condition and treatment (Table
27.2). It is used to assess progress and identify areas where
treatment could be improved [14]. It is now accepted as

being beneficial in achieving the best care managing this
changing, progressive, complex, multisystem disorder, and
is usually performed at a specialist CF center [15].

The aims of the review can be summarized as:

● a thorough review of all aspects of an individual’s dis-
ease status;

● identification of suboptimal treatment that can be
improved;

● formalization of an individual treatment strategy;

Table 27.2 Annual review.

CF multidisciplinary team review

Review of medical history Detailed assessment/review of medical history, progress, medically relevant life events since last
review by an experienced CF clinician
Includes assessment of patient/family’s knowledge of own clinical condition

Assessment by a CF clinical nurse Detailed assessment/review of progress, social/family life events since last review – to include
specialist managing school, work, help with care, housing, benefits

Assessment by a CF specialist To include:
physiotherapist Assessment of airway clearance techniques (competence, frequency, appropriateness)

Review of treatment strategy for inhaled medications
Assessment/replacement of home nebulizer equipment
Exercise test (shuttle walking test/modified shuttle test/3-min step test/cycle ergometry)
Incontinence advice
Postural advice

Nutritional assessment by a CF Current diet
specialist dietitian Assessment of need for nutritional supplementation

Adequacy and knowledge of pancreatic enzyme replacement therapy
Vitamin supplements
Weight profile over time

Review by a psychologist and Conduct a psychological assessment, to include adherence to treatment, quality of life,
social worker living with CF

Clinical measurements
In addition to those performed at standard clinic visit (height, weight, sputum culture, pulse oximetry, spirometry)

Full clinical examination
Pulmonary function testing Full lung function including lung volumes, gas transfer in adolescents and adults

Spirometry in children over age 5 years
Bronchodilator reversibility testing
Arterial/capillary blood gases in adults, if SaO2 � 92% on air

Imaging Chest x-ray (may use a recognized scoring system)
Dual energy x-ray absorptiometry (DEXA) scanning to assess bone mineral density

Blood sampling Full blood count and film
Routine inflammatory markers (ESR, C-reactive protein, IgG)
Serum electrolytes (including sodium, chloride, bicarbonate, calcium, magnesium levels)
Renal and liver function including serum albumin
Iron status
Prothrombin time
Fat-soluble vitamin A, D, and E (plus K if available)
Aspergillus species RAST (radioallergosocbert test) and precipitins, IgA, IgG, IgM and IgE
Pseudomonas antibodies if available

(Continued)
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Table 27.2 (Continued)

Glucose Oral glucose tolerance testing in non-diabetic pancreatic-insufficient patients aged over
10 years

Serum glycosylated hemoglobin (HbA1c) measured in those with established diabetes

Sputum Culture for microbiology, culture and sensitivity
Culture for non-tuberculous mycobacteria

Evaluation of intestinal Combination of clinical and laboratory methods (e.g. semi-quantitative estimation of fecal fat
absorption by microscopy)

Further evaluation by 3-day fecal fat collection

Urine Urinalysis for: glucose, protein and blood

Results
Fully reviewed – patient may be asked to return to the CF center on a different day to when the tests were completed to enable a

comprehensive analysis and assessment to take place after collation of all the results
Full discussion with patient/family with relevant follow-up as appropriate
Full annual review report and recommendations (preferably written by the CF consultant) sent to patient’s general practitioner, local CF 

center (if applicable) and patient/parent (if requested)
Collection of data for audit and research (specialist CF center and national CF database)

● review by CF multidisciplinary team specialists;
● provision of information for center and national CF

databases.

If the annual review includes the first visit to the specialist
CF center, the following should be included [1,7]:

● diagnosis review – to include repeat sweat test, genotyping;
● confirmation of pancreatic status – by fecal pancreatic

elastase-1;
● introduction to CF multidisciplinary team members and

facilities;
● provision of local CF information and literature.

DISCHARGE PLANNING

The majority of CF care is managed in the home, with
admission only for management of exacerbation of prob-
lems, for example chest infection, CF-related diabetes, com-
mencement of enteral feeding or DIOS. During a hospital
admission, a complete review of all aspects of the ongoing
medical and psychological care should take place prior to
discharge [1]. It is essential that individuals be provided
with a clear treatment plan (from relevant multidisciplinary
team members), including all medications and follow-up
clinic/homecare arrangements [1]. It is hoped that there
will be a return to baseline of clinical parameters such as
spirometry and weight. If there has been deterioration or
new therapies instigated, such as home oxygen therapy,
non-invasive ventilation or nocturnal gastrostomy feeding,
it is important that the relevant team members give ade-
quate instruction and support both during admission and
at discharge, with the opportunity for this to continue after
discharge (either through continued contact with the CF
center or local community services if appropriate).

Maintaining regular communication with the patient’s
general practitioner (GP) and other local community serv-
ices is important, as these may be the first-line contact for
patients. The primary healthcare teams need to be adequately
informed regarding the complexities of medications rec-
ommended and receive timely discharge, clinic attendance
and annual review summaries to ensure continuity of care.
The inpatient team needs to liaise closely with any homecare,
community services or home antibiotic support services to
ensure appropriate notifications of discharge are given and
that the process is a smooth transition.

As CF is a chronic, multisystem disorder requiring daily
medications and treatments, it is imperative that the indi-
vidual (or his/her carer/family) be competent in managing
the daily maintenance program. This can be assessed dur-
ing any admission, but particularly after initial diagnosis or
any change in the overall treatment plan. Key elements of
maintenance therapy are medications, physiotherapy and
nebulized antibiotics; adherence to treatment needs to be
emphasized during every admission and clinic visit.

TRANSITION FROM PEDIATRIC TO 
ADULT CARE

Adolescence is both a frightening and exciting time, full of
many transitions as the young person develops from a
dependent child to an independent young adult. For young
people with CF this extra transition can interrupt a natural
progression to self-sufficiency experiencing life as their
peers with all the same concerns, problems and desires.
There are issues that are of concern to all young adults but
are of particular concern to those with CF such as further
education, employment, fertility and pregnancy [16].
Likewise, some risk-taking behavior such as recreational
drug use or smoking, otherwise normal teenage behaviors,
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can have a detrimental effect on CF. The CF team therefore
plays an essential role in supporting both parents and
young people with CF to survive this transition period and
to make the move from pediatric to adult care [17].

Nowadays the majority of children with CF will have
their care transferred to adult services. A successful transi-
tion plays a key role in disease management and under-
standing of the treatment regimens. It can be argued that
the period of transition influences coping for many years
into the future, so with early involvement of the patient
and family, planning and good communication between
the pediatric and adult CF teams and the patient and fam-
ily, this can be a smooth process (Table 27.3).

Transition takes time, planning and the full support of
both the pediatric and adult multidisciplinary teams.
Recommendations suggest the formal planning of guide-
lines that have been agreed by both the pediatric and adult
CF teams. Although CF populations differ between centers
in a number of patients, geographical position of the adult
CF center and staff available to coordinate the process, all
guidelines should include the following:

● identity of the coordinators, both pediatric and adult;
● the age when discussions should start to take place;
● the upper age limit by which transition should have

taken place;

Table 27.3 A formal plan for transition of care.

A formal plan of transition must be in place Planned and agreed by the pediatric and adult teams

Discussion about transition to adult care Carried out before the age of 16 years and regularly discussed
with patient and carer must take place

Pediatric and adult teams must have The coordinators meet regularly to plan either individual patient transition or 
coordinators who work together transition clinics

Dates and times of clinics are agreed
Suitable patients are identified (usually by age) and invited to meet the adult CF team.
Invitations are sent to patients for transition (clinic) dates

The coordinators inform both the pediatric It is recommended that pediatric and adult CF teams both attend the transition clinics
and adult teams of transition clinic dates
in advance

A referral letter/form about each patient is This is an introduction of each patient to the adult team and should include:
to be completed and sent to the adult team – demographic data including siblings with and without CF
in preparation of the transition clinic – date and method of diagnosis with results

– date of insertion of gastrostomy/indwelling venous access device
– microbiological status
– physiotherapy techniques used
– details of surgical procedures
– medication
– lung function
– height, weight and BMI (or equivalent)
– details of CF-related complications
– details of non-CF-related problems
– general medical update

Preparation with each patient can be made Has the patient decided where to go for their adult care (if there is a choice)?
in advance Will they be moving away from home (college/work)?

Do they know the names and doses of all their medication?
Do they know how to obtain more when they run out?
Have boys had a discussion about infertility?
Have boys and girls had a discussion about contraception?

At the transition clinic the same professionals This allows the patient and their family to see that:
in each team should work together – the teams communicate

– information about each patient is shared
– there can be joint discussion about treatment
– the patient and their family can talk about their concerns

Clinic letters should be sent to the adult This allows all present to have a record of what was discussed, especially questions 
team and the patient asked and their answers

The follow up appointment will be made at Following the transition clinic the adult team will deal with all queries from patients.
the adult service If the patient or their family contact the pediatric team they will be asked to call

the adult team instead
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● information about the process and about the adult cen-
ter available to the adolescent and his/her parent;

● evidence of good communication between pediatric
and adult teams.

Without this structure and commitment from profes-
sionals, parents and adolescents find themselves reluctant
to accept the inevitable. What should be welcomed as
recognition of adulthood becomes something that is feared
and avoided [18]. Problems in this process can be due to a
number of issues:

● no formal plan of transition agreed between the pedi-
atric and adult services;

● no coordinator;
● patient/family’s reluctance to move;
● no obvious adult service to liaise with;
● concern about the potential adult service.

The process of transition does not end after the transition
clinic. Follow-up during the changeover period must be han-
dled carefully between the pediatric and adult teams, with an
agreement as to which team takes responsibility. During the
first few outpatient visits to the adult clinic familiarity is
important and the patient and their family must meet the CF
team members who were introduced to them during the
transition clinic. Likewise, if the patient requires an admis-
sion soon after moving, the ward staff need to be informed of
their status so that the admission can be handled sensitively.

A well-planned transition program, with good coordi-
nation and communication between the pediatric and adult
teams, will ensure a successful move from pediatric to adult
care for most patients [19]. There will be some young peo-
ple, however, who cannot be managed within guidelines.
These include siblings who are close in age, the terminally ill
and those who do not attend appointments. Siblings who
are close in age often go through the transition process
together when they are both near an appropriate age. This
often means keeping the older one past the guideline age
and moving the younger at an early age; nevertheless, flexi-
bility is important as families usually find this preferable.

Over the years a close relationship develops between
patients, families and CF teams, especially when the disease
deteriorates. Moving the young person and his or her fam-
ily to an unknown team and unknown surroundings at
such a vulnerable time should not be considered.

Finally, some patients, despite everyone’s best efforts,
fail to attend transition clinics. Unfortunately this group of
young people miss out on the process and usually find that
their next outpatient appointment is with the adult team.
The adult team in this instance must spend time acquaint-
ing the individual with the changes.

HOMECARE

From diagnosis parents are encouraged to learn proce-
dures such as chest physiotherapy, how to administer oral

and inhaled medication and pay attention to diet so that
children can be at home living as normal a life as possible.
As children grow older they are supported in becoming
independent in all aspects of their treatment including how
to carry out chest physiotherapy and manage their diet.
Support in the home environment therefore helps both
children and young adults to fully participate in school,
work and family life while maintaining their health.

The treatment demands of CF are burdensome and
stressful. When a child or adult with CF is in good health
this may take a few hours a day, but when they become
more unwell treatment times will increase substantially.
With decreasing health comes increasing needs – nebulizer
therapy, home intravenous therapy, enteral feeding, oxygen
therapy, physiotherapy aids, wheelchairs and non-invasive
ventilation for example. Arranging delivery or collection,
storage and maintenance of this extra equipment also
places enormous practical and psychosocial demands on
parents, carers and patients. Parents of children with CF
may have other children, work, or care for other family
members. Adults with CF may themselves have a family, be
in employment or full-time education or care for other
family members. Leading a busy and active life while main-
taining CF treatment regimens is a major undertaking.

Most specialist CF services in the UK offer a home-
based care service. The CF clinical nurse specialist usually
provides this service, but in some places CF specialist phys-
iotherapists and dietitians are also involved (Table 27.4). A
comprehensive service therefore can often make a differ-
ence with adherence to treatment, hospital admissions,
and coping with the day-to-day demands of CF [20].

Much of the equipment needed in home care today is
readily available, easy to use and often disposable – for
example, physiotherapy adjuncts, intravenous delivery sys-
tems or nebulizer pots. Technological advancements make
communication with the CF team much easier. Develop-
ments such as webcams, online monitoring, telephone
messaging and SMS texting means that the patient and the
professional can discuss problems and check clinical meas-
urements such as lung function in real time. Patients today
live in a technology-driven society and have no problem in
adapting their knowledge of electrical game devices or
mobile telephones to using clinical equipment.

Advantages and disadvantages of homecare

Although a homecare service may appear an obvious
model, CF teams need to evaluate its usefulness in relation
to each patient at every exacerbation and be sensitive to the
needs of the carers. For some families admitting a patient
to hospital is important as a respite for carers, to prevent
home becoming hospital, employment pressures of the
carer, isolation of the adult patient, issues with non-adher-
ence, or because of demands from other family members
[21]. In some centers, resources will dictate and perhaps
limit the level of service available, so it is essential in these
instances that the homecare offered is appropriate for each
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patient. For the CF team an admission can provide an
opportunity to monitor treatment closely, especially if there
has been a problem with previous homecare treatment.

On a clinical level, homecare may not always be suitable.
For example, reports indicate that treatment for exacerba-
tions is more effective in hospital than at home – although
more expensive for the health service [22]. Equally, when
treated in the home there are economic savings for the
patients in terms of being able to continue at work (for both
parents or adults with CF) [23]. There is no doubt that
patients and families prefer treatment at home and much of
the literature supports the psychosocial benefits of home-
care – such as ability to sleep, mood and overall energy 

levels [21,24]. As with all CF treatment, care has to be indi-
vidualized: in exploring methods to improve outcome for
home treatment, patients and family preference must be
balanced between home visiting and hospital attendance.

The homecare professional

From diagnosis onwards, parents and eventually the young
person are involved in a collaboration of care with the CF
team. Treatment decisions are planned with the involvement
of parent and patient; their views and comments are impor-
tant in final decision-making. It is inevitable, therefore, that

Table 27.4 Provision of CF specialist care in the home.

Nurses Physiotherapists Dietitians

Clinical assessments at home Optimizing airway clearance techniques Monitoring and advising on feeding problems

Support for patients/family Problem-solving with non-invasive Advice on adherence issues
ventilation and liaising with respiratory
support services

Health education Lung function/oxygen saturation monitoring Advice on oral supplements

Blood tests during an intravenous Encouraging exercise programs when well and Advice on vitamins
course of antibiotics after long hospital admissions

Maintaining intravenous access Discussing posture Problem-solving and giving advice with the
during a course of intravenous administration of pancreatic enzyme 
antibiotics therapy

Lung function/oxygen saturation Discussing continence issues Problem-solving and giving advice with
monitoring managing CF-related diabetes

Flushing of implantable venous Problem-solving with nebulizers Problem-solving and giving advice on the
access devices management of enteral feeding

Liaison with multidisciplinary Support for patients and family Advising on pre- and post-pregnancy
hospital team including doctors, nutrition including breast-feeding
nurses, physiotherapists, dietitians,
occupational therapists, social
worker

Liaison with GP/local healthcare Liaison with multidisciplinary hospital team Problem-solving and advice about distal
providers including doctors, nurses, physiotherapists, intestinal obstructive syndrome (DIOS)

dietitians, occupational therapists,
social worker

Liaison with community services
such as social services and
housing departments

Support to women planning
pregnancy and during pregnancy

Post-natal support

Support to patients waiting for
a transplant

Bereavement support to family
members
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an often close and trusting relationship develops between
parents, patient and CF team members. Where the CF team
member is involved with providing homecare this relation-
ship may become stronger and over many years can become
difficult to manage on an emotional level. Crossing profes-
sional boundaries can become a risk for the patient, the
family and the professional, and the CF team have a respon-
sibility to be aware of colleagues and their workload.

The term ‘burnout’ is commonly used to describe the
overloading of an emotional and physical burden. It is
almost inevitable that professionals involved over many
years with children, distraught parents and young adults –
often peers – who have a life-limiting disease can become
‘burnt out’. CF care is palliative with no cure, and working
with a patient population that will die may unavoidably
lead to emotional involvement. This may not be a problem
in itself, but over-involvement can lead to serious prob-
lems. Individuals must be conscious of their working rela-
tionships and be alert to potential issues.

Managing a homecare team

Paying for a homecare service can often stretch the financial
restrictions of many of CF centers. However, for managers
of the service it is essential to make sure that it is properly
resourced and include funding for such extras as secretarial
support, professional development, and computer/printers.
Individuals providing a homecare service can find their
work rewarding. Meeting families in their own homes leads
to a greater understanding of disease management and how
families have adapted their lives to cope. However, the role
can also be isolating and dangerous, especially when travel is
over large areas. Safety is an issue – many of the profession-
als carrying out this role are women who are driving through
busy traffic or visiting families in remote on dangerous
areas. Planning a visiting program so that the visiting
timetable is know by team members based in the hospital,
keeping in contact throughout the day, and carrying per-
sonal alarms can reduce many of the problems.

WHY CF CENTER CARE IS RECOMMENDED

Cystic fibrosis is a multisystem disease requiring the expertise
of a multidisciplinary team of experts working together in a
specialist center [25–27]. Patients with CF may present with
a variety of both physical and psychological complications
that often increase with age. CF care aims to prevent these
complications for as long as possible through the mini-
mization of risks and optimization of health status –
mainly respiratory and nutritional. The members of a CF
multidisciplinary team work together with often overlapping
roles, but communication between all professionals within
the team ensures that patients receive optimum care with a
good quality of life. Children and adults with CF would like
to have all the resources of a specialist CF center at their local

hospital, but unfortunately this will never be possible.
Consensus throughout the world is for CF center care, while
shared-care strategies have been adopted in some places [28].
Shared care is primarily used to optimize CF care in children.

Many specialist CF centers, owing to the number of
patients and particular expertise of staff, are able to use and
maintain specialist equipment. Resourcing such equip-
ment, maintaining it and training operators may not be a
priority in local hospitals. However, good communication
and liaison between both services ensures that the patient
receives the best of both.

In most specialist CF centers the multidisciplinary team
attends the local hospital’s Outpatients department two or
more times a year to hold a clinic with the host consultant.
For patients, these outreach clinics are alternated with a
visit to the specialist CF center. Although this is the model
of choice, in some instances only the consultant visits the
outreach center; however this is usually due to resource
limitations rather than preference.

When the specialist CF center is in a large area, it is essen-
tial that support be provided by the local hospital. This local
service should meet the same requirements and standards as
a specialist CF center and must be supported and supervised
in liaison with staff from the specialist center [1].

CONCLUSION

Cystic fibrosis is not the only disease to have benefited
from a more vigorous approach to treatment by specialized
teams. Many other chronic conditions of childhood such
as hemophilia have found that a team approach to deliver-
ing complex care increases efficiency and effectiveness. The
initial success of these specialist pediatric teams has led to
increased survival over the years and the adoption of this
model in the provision of adult care.

Individuals with CF are now surviving well into adult-
hood, so CF can no longer be regarded as a fatal disease of
childhood. Improving prognosis in can without a doubt be
attributed to medical and scientific advances. However, 
the attention to detail in day-to-day management, the 
evaluation and introduction of more effective treatment
regimens and the specialist knowledge of professionals
working in large centers has also made a significant contri-
bution to increasing survival.
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SUSAN MADGE AND CHRISTINE HOCKINGS

INTRODUCTION

Advances in medical management over the last few years
have improved both quality of life and longevity for people
with cystic fibrosis (CF). The multidisciplinary team works
together to ensure a holistic approach to the care of these
complex patients. All specialist CF centers in the UK have a
clinical nurse specialist (CNS) with expert knowledge of
cystic fibrosis. The role of the CNS is varied but in general
offers care and support to patients attending hospital and
those at home. In some centers the CNS coordinates and
facilitates community care in liaison with local or generic
community nursing teams. However, other centers have a
dedicated CNS who is able to offer direct care to patients in
the community. The CNS, whether based in the commu-
nity or in hospital, can provide skilled support, advice 
and care directly to the patient and family wherever it is
needed. Nurses working in hospitals where there is no
opportunity to work with a CF team are strongly advised to
make contact with the nearest specialist CF center, both for
their own support and to assure optimum care for their
patients [1].

This chapter will first discuss the role of the CNS – pro-
viding both the hospital service and the homecare service –
and then describe the various key events throughout the
life of a child and young adult where the role of the nurse is
important in ensuring optimum clinical and psychosocial
care. Further information on the role of the nurse (partic-
ularly the provision of a homecare service) can be found in
Chapter 27.

THE ROLE OF THE CLINICAL NURSE
SPECIALIST

Nurses looking after children or adults with CF have a vari-
ety of responsibilities, not only to patients and their families

but also to other staff involved in the care of those patients
[2,3]. These roles include the following:

● support, advocacy and communication;
● service planning;
● clinical skills and practice (e.g. teaching intravenous ther-

apy, care of intravascular devices – Tables 28.1 and 28.2);
● education and research;
● professional skills and development.

Specialist CF centers and patient groups have differing
requirements, so the CNS role varies not only between
countries but also between centers within countries. It is
inevitable that the CNS role will develop to meet the needs
of the local CF population [4].

The CNS working with cystic fibrosis has a unique role
in being involved with the patient and the family through-
out a lifetime – from helping them to come to terms with
the diagnosis to supporting them with end-of-life manage-
ment. There are, however, certain key times in the patient’s
and family’s life when more intensive support is required,
such as at diagnosis, at first admission, planning transition
from pediatric to adult care, discussion about lung trans-
plantation, and planning care at the end of life. The CNS
should also be involved in providing support and informa-
tion in areas such as dealing with adolescence, adherence
issues, fertility and pregnancy or following a secondary
diagnosis (e.g. CF-related diabetes).

Cystic fibrosis is a demanding disease to manage for the
patient, the family and the CF team. Patient well-being and
satisfaction are principal aims of the CNS and providing
support and advocacy to the patient and family helps to
achieve this. The CNS is actively involved in treatment deci-
sions and monitoring care. In addition to the practical care
that they support (e.g. intravenous therapy, nebulizer and
inhaler therapy and enteral feeding), the CNS has a respon-
sibility to ensure that every patient receives optimum care
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for his or her individual needs. The CNS coordinates care
between patient and family, community services and hospi-
tal, both practically and through support and advice.
Attention to these aspects of a nursing role should help to
ensure patients receive lifelong support and quality care [5].

COPING WITH STRESS AND PROFESSIONAL
BOUNDARIES

Commonly there are two models of care adopted by pro-
fessionals in the healthcare setting, the expert model where
the carer assumes responsibility and the partnership model
where professionals and patients negotiate care through

mutual trust and collaboration. Management of CF demands
a partnership model of care, and working with a popula-
tion of patients who have a life-limiting disease demands a
certain intensity of involvement. Supporting day-to-day
management and managing acute crises requires a constant
level of communication. It is inevitable and often helpful
that a relationship of friendship and trust develops between
not only the CNS and the patient/family but also other
members of the CF team.

There is a danger that this relationship may change
from a caring one to one that becomes more intense and
intimate. Maintaining professional, caring boundaries 
and coping with stress for any member of the CF team 
can be difficult. The UK Nursing and Midwifery Council
states that a nurse should ‘maintain appropriate profes-
sional boundaries in relationships you have with patients
and clients’ [6]. Of course this may be true for any member
of the CF team, so good support and regular communica-
tion within the team and supervision from colleagues 
outside the team will ensure that a caring relationship is
maintained and that no member of the CF team is put 
at risk.

Table 28.1 Knowledge and skills required for a nurse working 
in CF.

Psychosocial Diagnosis
issues Living with a life-limiting disorder

Adherence to treatment

Respiratory Chest physiotherapy
symptoms Nebulizer therapy

Oxygen therapy
Spirometry
Oxygen saturation
Collection of samples for sputum microbiology
Cross-infection policies

Nutritional Measuring height and weight accurately
requirements Knowledge of nutritional supplements available

Enteral feeding (nasogastric, gastrostomy)
Administration of pancreatic enzyme therapy
Care of CF-related diabetes

Intravenous Care of venous access
therapy Care of indwelling venous access devices

Administration of intravenous antibiotics
Teaching self-administration of intravenous
antibiotics
Monitoring of safe antibiotic plasma levels

Adolescence Transition from pediatric to adult care

Adulthood Fertility and contraception
Pregnancy/pre- and post-natal care
Further education/employment
Smoking/substance abuse

Advanced Support in decision-making
disease Pre- and post-transplantation management

Care of chest drains
Pain management and symptom control
Dealing with complications
Options for and management of respiratory
support
Bereavement support

Table 28.2 Recommendations for best nursing practice: 
nursing care.

Inpatient care Nurses caring for patients with CF will 

Outpatient care have access to a CF clinical nurse 

Community care
specialist

Ensure that the patient has access to a 
CF team

Assess, plan, implement and monitor 
care according to the needs of each
patient ensuring equity of care
between hospital and home

Ensure a partnership of care between 
the patient/family/carers

Ensure continued psychosocial advice,
support, counselling and education
for the patient and family

Ensure discharge planning with special 
reference to the GP, primary
healthcare team, shared care center
and school/work where appropriate

Surgical management Ensure appropriate postoperative 
For example: insertion monitoring with special attention to
of gastrostomy, respiratory status
indwelling venous Ensure suitable pain management to
access device, chest allow continuation of chest 
drains physiotherapy and early mobilization

Monitor wound healing (potentially
influenced by diabetes, compromised 
respiratory status, etc.)

Ensure timely removal of sutures
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DIAGNOSIS

Diagnosis through postnatal screening is common in many
countries throughout the world. In the UK the CNS plays
an active role in talking to parents at diagnosis and then
offering ongoing support and continuing education fol-
lowing the initial discussion (Table 28.3). Where screening
is not available most babies are diagnosed within the first
year of life, through identification of meconium ileus at
birth (or suspected prenatally on ultrasound), failure to
thrive or repeated respiratory problems. Again, the CNS
plays a similar role in offering ongoing support and educa-
tion to the parents.

Although professionals can be relatively positive in talk-
ing to parents about CF, it is inevitable that parents will 
initially focus on the life-limiting nature of the disease.
Receiving a diagnosis of CF is therefore devastating for par-
ents, as it can be perceived as a death sentence for their new-
born baby. Most parents will never have heard of CF and
may not fully understand the implications of genetic inheri-
tance; blame, guilt and confusion are often the most fre-
quent reactions at this time.

Not only will parents have been given devastating news,
from diagnosis onwards they will have to learn clinical skills
that will become part of their daily lives. Performing chest
physiotherapy or administering medication routinely to an
infant may feel unnatural and the parenting role can become
confused with a more medicalized role at this early time.
Individuals experience different reactions on an emotional
and practical level at different times. The support, educa-
tion, advice and understanding that the nurse offers has
therefore got to be individualized at a level and frequency to
meet differing needs. Frequent contact between the nurse
and the new parent is essential, either in hospital, through
home visiting or by telephone.

The impact of this diagnosis on families – immediate
and extended – cannot be exaggerated. Reproductive issues
for both the new parents and their siblings become an
issue, and nurses provide ongoing education and genetic
counselling for both the parents and their families.

Although the majority of individuals with CF are diag-
nosed within the first year of life, there remains a minority
who are diagnosed later. Diagnosis in adolescence and young
adulthood is not uncommon, but there are also a very small
number of older adults often with rare mutations who are
being diagnosed in general respiratory or infertility clinics.

Receiving a diagnosis of CF in adolescence, early or later
adulthood can be devastating. For the adolescent or young
adult the introduction of the medicalized treatment regi-
mens can be complicated. Much of the CF literature
reports a life expectancy of approximately 30 years [7];
many late-diagnosed young adults report feeling alarmed
of this prognosis and, however well they feel, expect to die
at that age. Young adults from various age groups find
dealing with a much shortened life expectancy, coupled
with a complex treatment regimen, very hard to cope with
and the nurse needs to spend a great deal of time support-
ing this particular group of individuals.

BEFORE SCHOOL

For many, after coming to terms with the diagnosis and
learning how to carry out treatment regimens while adjust-
ing back to family life, the early years can become almost
normal. However, there are a few areas where CF manage-
ment remains a nagging reminder of the disease.

Armed with the knowledge that the recommended treat-
ment regimens are planned to optimize their child’s health,
many parents follow a family routine that is centered around
CF care. For many parents the child with CF may not be
their first, so not only are they having to organize life with a
new baby and the demands of CF treatment, they are also
looking after their other children. The CNS can be very
helpful in supporting and guiding parents through the pre-
school period particularly with issues such as:

● nutrition;
● pancreatic enzyme replacement therapy (judging the

correct amount or refusal to take the enzymes) in con-
junction with the dietitian;

● early treatment of chest infections and making deci-
sions about when to ask for advice or start treatment;

● management of chest physiotherapy in conjunction
with the physiotherapist and clinical psychologist;

● starting nursery;
● dealing with siblings;
● planning further children.

AT SCHOOL AGE

A child starting school for the first time can be a traumatic
experience for any parent – control is suddenly lost and
trust of other adults is demanded. As a parent of a child
with CF this loss of control is even greater. Parents will have
been exclusively carrying out CF treatment and monitoring
their child’s every cough up until this point. Once at school
another adult will have to be trusted to continue with this
close monitoring. Issues such as eating properly at school,
forgetting to take pancreatic enzymes and involvement of a
school nurse need to be considered in advance.

Table 28.3 Recommendations for best nursing practice:
diagnosis.

Ensure that pre-diagnosis support and counselling is available.
Be present when the diagnosis is given
Help determine the appropriate timing for the introduction of 

new information
Offer continued psychosocial advice, support, counselling and 

education to the patient and family
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Starting school is often not the only concern for parents
at this time; there are mixed feelings about their child
growing up and staying well. Starting school may also coin-
cide with a change in treatment – for example the intro-
duction of nebulizer therapy, an admission to hospital for
intravenous antibiotic therapy or the commencement of
overnight enteral feeding. Coupled with additional treat-
ments their child will be starting to assert his or her own
independence, so that issues surrounding non-adherence
can start to become more of a problem, especially with eat-
ing and physiotherapy.

An established and trusting relationship with the nurse
can be helpful for parents. Homecare particularly can be
useful as it gives parents time away from the clinical setting
and allows them to discuss their anxieties in a safe environ-
ment. The nurse may also, with or without parents (but
always with their permission), go to the school to talk
about CF and how it relates to the child in particular, with
teachers and school nurses.

Most school-age children with CF are relatively well and
take part in all the academic, sporting and social activities
provided by the school. Being an accepted part of a peer
group is important, and taking time off for outpatient vis-
its or hospital admissions can interrupt this. Children have
reported feelings of isolation and losing friends after repeated
hospital admissions. Supporting treatment in the home
such as intravenous therapy or enteral feeding often allows
children to carry on at school. The provision of a homecare
service can help as routine checks and early identification
of problems can be carried out by the nurse in the patient’s
home, often after school has ended for the day. Some chil-
dren, however, have to continue with their academic studies
during admission to hospital. The hospital school teacher is
invaluable as a liaison between hospital and school and as a
support for ongoing school work.

ADOLESCENCE

Adolescents with CF go through the same physical and
emotional changes, experience the same rites of passage and
have the same expectations as their healthy peers. This
expectation is irrespective of the severity of lung disease [8].
To this end the nurse should be able to have open and hon-
est discussions about such issues as recreational drug use
and the effects on CF, sexuality and safe sex, fertility, preg-
nancy, university, employment, body image, self-esteem
and adherence to treatment regimens [9,10]. Relationships
between adolescents and parents can become difficult and it
is often left to the nurse to encourage and support the pro-
motion of self-care and responsibility, as well as answer
some difficult questions.

Becoming accountable for self-treatment involves young
people with CF having access to accurate information about
their disease and its treatment, and with this knowledge
comes a greater understanding of their prognosis. Nurses
need to be sensitive and honest when giving information to

young people with CF. Much of the information they (and
their families) receive is from peers, the media and the
Internet, so nurses caring for this group of patients have a
responsibility to ensure that the information they receive is
correct. Preparing for complications such as hemoptysis,
monitoring diabetes, the introduction of new drugs into
the current treatment regimen and pregnancy are just a few
of the possible topics where clear and accurate information
is important. The CNS therefore plays a major role in the
education of both the adolescent and the family of new
treatments and complications that are part of adult life
with CF.

Most children with CF will move from pediatric to adult
care and it has been widely recognized that the transition
process is important to get right (Table 28.4). Adolescents
with CF have to deal not only with the usual challenges 
of growing up, but also with the challenges of assuming
responsibility of care from their parents and transitioning of
their care from a pediatric to an adult center [11]. Transition
from pediatric to adult care happens at a time when the
young person with CF is moving into adulthood in other
areas of life, such as further education or employment,
forming relationships and taking more responsibility for
his or her own lifestyle. Transition therefore can be diffi-
cult for many reasons. Nurses involved with the transition
process need to be aware of the many barriers that can pre-
vent this process being successful [12]. See Chapter 27 for
further information.

Nowadays children with CF are generally quite well and
some adolescents have never needed an inpatient admission

Table 28.4 Recommendations for best nursing practice:
adolescence and transition.

Adolescence and Promotion of self-care and responsibility
adulthood Support and advice to parents

Liaison with schools and colleges to support
continuing education
Ensure the adolescent receives appropriate
knowledge regarding issues such as: fertility,
pregnancy, contraception, safe sex, cross-
infection, further education, employment,
smoking and substance abuse
Allow opportunity for discussion between
patient, parent and CF team members when
problems arise

Transition Use experience and knowledge to advise on
the most appropriate time for transition
Assist in the coordination of joint transition
clinics
Provide information and ongoing support for
patients and parents during the transition
period
Consider the implications for the future such
as further education, employment, families,
housing, mortgages, etc
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prior to transferring to adult services. However, it often
happens that the age of transition coincides with deteriora-
tion in health status and many young people find their first
admission is to an unfamiliar ward where they do not know
anyone. Many parents and young people consider the first
admission for any kind of deterioration in health a ‘life
event’; this, coupled with a change in hospital and CF team,
can often exacerbate their anxiety. For these individuals 
and their families, the first inpatient admission requires an
increase in awareness and sensitivity from the ward staff
and further support to both the patient and the family from
the CNS.

Cross-infection has become an important topic in CF
care, with most young people and their families aware of
the problems and associated risks. All specialist CF centers
have policies that have been written to meet the needs of a
particular patient population [13]. As young people become
more independent, education about good hygiene and cross-
infection practices are essential, with particular emphasis
on hand-washing, covering their mouths when coughing
and the risks of close, intimate contact with others who
have CF.

Death in the pediatric setting is rare due to the advances
in CF care over the last 30 years. Hence moving to an adult
center not only brings these young people with CF into an
environment where they will see others much sicker than
themselves, it also signifies a step closer to death. Nurses
need to be aware of the impact that a death can have on
other patients in the ward. It is important to allow patients
time to discuss their feelings and worries about their own
mortality and be aware that these events can also impact on
future hospital admissions [14].

ADULTHOOD

Cystic fibrosis is no longer a disease of childhood. Today,
half the population of people with CF in the UK are adults
and this number is increasing. Data from the UK CF 
database show that, of the 6861 patients registered in 2003,
51% were 16 years or older, and 9% were 35 years or 
older [15].

As with adolescents, adults with CF have the same anx-
ieties and worries as their healthy peers. Studies from the
UK, Canada and Australia have all identified health, family
and financial matters as being concerns in the adult CF
population [16,17]. As people with CF live longer a greater
number of them will live away from their parents, marry,
become parents, own homes, work full time and may also
become carers themselves of their aging parents. They will
do all of these things while their disease progresses and their
treatments become more complex and time-consuming
[18]. Nurses play a vital role in helping adults maintain a
balance between treatment and lifestyle, recognizing the
need to help individuals to adapt treatment regimens to
suit them. This is most effectively done in collaboration
with the multidisciplinary team.

The CNS working with adult patients can have a varied
role, which often includes:

● educating employers and work colleagues;
● liaison with government agencies and the workplace to

ensure maximum support (financial and practical) to
enable patients to stay employed or retrain;

● advocating on a patient’s behalf with local social 
services;

● educating family doctors;
● educating local pharmacists;
● negotiating easier access to classes at school or university;
● advising patients on how to access services such as life

insurance and mortgages, which may not have been
such an issue in previous generations;

● increasingly, working in collaboration with the family
doctor, social services and the CF team to support
patients caring for their aging parents.

As the adult CF population continues to increase it is to
be expected that more will become parents. Nurses work-
ing with adults with CF need to be aware of the reproduc-
tion options available to both males and females with CF 
to ensure that both men and women are able to make
informed choices and are supported whatever their deci-
sion. These discussions should also involve the extended
family if they plan to be involved with the care of future
children in later years.

It has previously been thought that motherhood was a
significant risk factor in the morbidity and mortality in
women with CF. However, research has shown that, with
close monitoring, liaison with an obstetric team and a rea-
sonable lung function before conception, the outcome for
both baby and mother can be good [19,20]. The nurse not
only helps to coordinate this multidisciplinary approach to
care, but often carries out the care needed for a successful
outcome [21]. Where possible, regular visits by the CNS in
the community can provide invaluable support for the
mother with CF both pre- and postnatally. These visits can
be arranged to compliment regular appointments with the
obstetric team, allowing for close monitoring of the mother
as well as improving communication between the two
teams, thereby optimizing the care given.

Parents with CF who have children involve them in CF
in a variety of ways. Some try to keep the reality of the dis-
ease hidden away by carrying out treatments in separate
rooms, not talking about CF and not taking the children to
the hospital with them. Others involve their children from
an early age through talking about the disease, carrying out
treatment with the children around – often with the chil-
dren helping – and taking them to hospital appointments
with them. When providing care for adults with CF who
have children, nurses need to recognize the individual
beliefs and attitudes of patients and support them with 
a plan of care that will only involve their children if they
wish it.
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ADVANCED DISEASE

It is widely recognized that complications such as pneu-
mothorax, hemoptysis and CF-related diabetes occur more
commonly in older patients with CF [22–24]. Other com-
plications in aging patients include osteoporosis, liver dis-
ease, cancer of the gastrointestinal tract and arthropathy.
These complications develop at the same time as lung func-
tion starts to deteriorate, increasing the daily treatment
requirements individuals have to maintain to continue with
their level of health. Nurses providing a homecare service
may have to manage one or more of these complications in
the home. Complicated medication regimens and organizing
care to help maintain a lifestyle/treatment balance requires
nurses to plan care on an individual basis using their expert
knowledge.

Respiratory disease is the main cause of morbidity and
mortality in CF [25]. Oxygen therapy and non-invasive
ventilation (NIV) are all commonly employed in advanced
disease to combat decreased lung capacity. These new
treatments are not always readily accepted, so part of the
nurse’s role is to investigate the barriers to accepting these
treatments and educate patients about the potential bene-
fits to promote independence.

When admissions become more frequent, longer in
duration and the burden of treatment increases, patients or
their families may wish to raise the issue of lung transplan-
tation. The initial discussion can be a shock for both the
patient and their families, and nurses should allow plenty
of opportunity to encourage discussion of these thoughts
and feelings with various members of the team [14]. Early
discussion with the team can raise many questions and
concerns, for both patients and their families, individually
or together – they may come to the nurse with queries or to
seeking further information and support. The nurse’s role
as advocate and educator for the patient is vital in this deci-
sion process.

Once the decision has been made, the CNS is heavily
involved in the assessment process as well as supporting
patients and families whether or not they have been
accepted onto the transplant list. Home visiting allows reg-
ular monitoring of patients without the ordeal of attending
outpatient appointments with NIV, oxygen or a wheel-
chair. Often when patients are waiting for a lung transplant,
a trip to the hospital can leave them physically exhausted
for the following two or three days. Assessment at home by
the nurse allows for fewer hospital visits and regular phys-
ical and psychosocial assessment; it also facilitates early
admission.

END OF LIFE

Cystic fibrosis continues to be a life-limiting disease, so that
many young people with CF die before their thirtieth birth-
day [26]. Unlike other chronic diseases, the end stages of CF
can be difficult to recognize, and during the terminal stages

treatment can often be both active and palliative. Although
CF teams have traditionally provided a lifetime of care, pal-
liative care specialists are starting to augment CF care by
becoming usefully involved in end-of-life management.

Although patients and their families have known about
the prognosis of CF since diagnosis, even with some prepa-
ration and expectation every death brings shock and great
pain. Individuals with CF – children and adults – know
when they are dying. They often need opportunities to dis-
cuss their fears and anxieties but may feel uncomfortable or
protective talking about these issues with their family for
fear of upsetting them or ‘letting them down’. Advocacy
allows the nurse to facilitate discussion between the patient
and family, providing an opportunity for final words and
goodbyes. Early discussion about an individual’s wishes for
the terminal stage of his or her disease is essential to aid
appropriate care planning. Issues that may be raised include
transplantation, a will, funeral arrangements, writing of let-
ters or diaries to the family and where they would like to be
when they die (Table 28.5). For some patients early discus-
sion may be upsetting, but for others it can be a relief. The
nurse needs to use judgment to assess each patient and fam-
ily member individually when starting such conversations.
When these discussions are well organized patients’ wishes
can be documented and filed away until needed. Nurses
also need to be sensitive to the possibility that there may be
more than one member of the family with the disease who
may be affected by the end-of-life plans [27,28].

Occasionally there can be a lack of understanding
between the patient and the CF team; again this is often
due to a degree of protection. This can sometimes prevent
the patient and family from making their wishes known
about any last requests. The nurse can play an important
role by ensuring the provision of accurate information for
both the patient and the family, enabling them to make
choices, providing practical and emotional support for the
patient and caregivers and liaising between the medical
team and the patient.

Although the option of dying at home or in hospital is
discussed with the patient (however old) and their family,
the majority of both children and adults with CF are in
hospital at the time of death. The ward has been described
as a place of familiarity and security and children and

Table 28.5 Recommendations for best nursing practice: end-
stage care.

Transplantation Be aware of the concerns involved with
transplantation as a treatment option
Ensure the patient and family receives sufficient
knowledge to make informed decisions

End stage Advocate on the patient and family’s behalf
Recognize the patient’s complexity of care and
changing needs and be able to offer support to
the patient and family to help them come to
terms with and adapt to the changes
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adults have often said that they feel most comfortable
spending their last days on the ward they have been admit-
ted to frequently in the past. Due to the complex nature of
CF it can often be difficult to determine when patients are
in the final stages of their disease, with patients often receiv-
ing active treatment and medication until the last few hours
of life. Nurses caring for patients at this stage are delivering
a combination of preventive, therapeutic and palliative
care. These treatment regimens can be quite complex and
the family may not be able to cope with such regimens in
the home.

End-of-life management is a collaboration of care
between the patient and the family, the nurse on the ward
and the CF team. The nurse administering these regimens
must combine regular assessment of the patient’s condi-
tion and regular discussion with the multidisciplinary team.
This collaboration provides optimum care for the patient
and the family. It can also be helpful to access specialist
advice providing the nurse with further ideas with which to
offer better care for the patient [29].

In the UK, hospice facilities are not always available or
appropriate for people with CF, with most based on an
oncology model of care. However, unlike other patients
with life-limiting diseases, people with CF may choose the
security of hospital as a place to die. Many children and
adults prefer the familiar surroundings of the ward with care
being provided by staff who they may have known for many
years. For the few who choose to die at home it is occasion-
ally possible to liaise with local community symptom-care
teams. For this to be successful the nurse plays a collabora-
tive role, working closely with the symptom-care team, the
patient and family, and the CF team. Wherever the patient
and family choose for the end stages of life, the nurse offers
emotional and practical support allowing the individual to
die in comfort and dignity. See Chapter 32 on palliative
care for further information.

BEREAVEMENT

Parents and carers of a child or adult with CF develop a
close and trusting relationship with the CF team, often over
many years. Although the CF team have a primary respon-
sibility for the patient, there is no doubt that the sudden
cessation of this relationship at death can cause additional
feelings of loss to already bereaved families. It is now widely
accepted that ongoing bereavement care can be provided by
the CF team – often through the CNS.

People cope with grief in different ways. At a time when
families most need support from each other, there can be
difficulty in recognizing and accepting different reactions.
Men and women respond differently, especially when their
child has died (at whatever age). Mothers are more likely to
experience a wide range of emotions including anxiety,
anger, guilt and despair. Fathers are more likely to focus
their grief, experiencing social isolation and hostility. As
well as feeling different there may well be a mismatch in the

highs and lows of coping and unfortunately this can lead to
feelings of irritation and anger towards each other. The
nurse plays a key role in these circumstances by providing
individual emotional support and by helping parents to
understand each other’s grief reaction, thereby allowing
them to support each other.

Although some families are willing to return to the hospi-
tal following a death, many find this very difficult. Visiting
the family at home allows bereavement support to be offered
in a safe and comfortable environment. Home visiting also
allows other family members, siblings or grandparents for
example, to receive some support. Unfortunately, although
bereavement support is regarded as a role that nurses or
clinical psychologists take on, workload excludes this as a
long-term commitment. Instead nurses and clinical psy-
chologists must be aware of alternatives and be ready to refer
on to other agencies at an appropriate time.

THE FUTURE

The population of adults with CF is increasing as deaths in
childhood become rare and adults survive longer. The
need for nurses with expertise in CF will increase as the
adult population demand increasing support and interven-
tion allowing them to live full and active lives away from
the hospital setting. Pharmaceutical and technological
advances will improve the management of CF care in the
future; and with greater access to information, people with
CF are also exploring alternative options available to them.
Nurses will have to become familiar not only with the cur-
rent research and potential new therapies, but also the
options of complementary and alternative therapies.

Unfortunately, CF will continue to remain a life-limiting
disease for many years to come. An increasing life expectancy
inevitably leads to an older and sicker group of adults.
Nurses will find a rise in the numbers of older patients they
have to support through the end of their lives. Many of
these adults will have partners, children and maybe grand-
children and bereavement care and support will become an
important part of the nurse’s role.

Nurses in the future will find themselves providing a
service that will include increased support in the home, col-
lege and workplace. This service, however, may not always
be face to face – nurses will be have to become familiar with
the developing e-technology of telemedicine, using webcams,
SMS texting and video phones. However, whether consult-
ing by video-link or face to face, nurses will continue to offer
both practical and emotional support to children and adults
with CF, their parents, partners and families.
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INTRODUCTION

Physiotherapy or physical therapy for people with cystic
fibrosis (CF) has historically been associated with postural
drainage and percussion (PD&P), but today there are
numerous effective and efficient airway clearance tech-
niques (ACTs). Airway clearance techniques are an impor-
tant component in the management of people with CF, but
the physiotherapist’s role goes beyond that of airway clear-
ance alone. Additional and important aspects of the role of
the physiotherapist, and as a member of the multidiscipli-
nary team, include exercise prescriptions (Chapters 25a
and 25b), inhalation therapy (Chapter 13), non-invasive
ventilation (Chapter 12), continence management and
support during pregnancy (Chapter 20), exacerbations of
pulmonary infection, terminal care, body awareness and
posture, as well as liaison between CF center, school and
the community for physiotherapy issues and delivery.

Hypersecretion and lung disease

Inflammation and infection start to occur shortly after
birth in children with cystic fibrosis, usually long before
the development of any respiratory symptoms. Beginning
therapy, including airway clearance from infancy, is there-
fore logical (see later section on infants and young chil-
dren), although efficacy is unproven. Adherence to the
multiple modalities of CF care is problematic, and in air-
way clearance is known to be poor [1,2]. Starting airway
clearance in infancy makes it part of a daily routine and the
toddler or young child will be less likely to rebel than if
started later. There is, however, active debate regarding the
initiation of airway clearance in asymptomatic infants and
young children.

Airway clearance techniques have been shown to improve
mucociliary clearance in some studies. Hypothetically airway
clearance techniques can decrease mucus plugging and aid
the removal of secretions containing inflammatory cells and

by-products, thus decreasing damage to epithelia. Removal
of secretions containing bacteria, especially Pseudomonas,
may decrease local inflammatory responses and delay the
change of Pseudomonas to mucoid morphology.

Mucociliary clearance factors

Mucociliary clearance is affected by quantity of mucus, vis-
cosity of mucus, size of bronchi or bronchiolar aperture,
ciliary beat frequency and the shear forces generated by 
airflow from breathing. The greater the shear force, the
more movement of mucus. A very important corollary is,
therefore, that without airflow airway clearance techniques
cannot enhance secretion clearance [3]. It has also been
suggested that mucus viscoelasticity will be decreased 
due to the strain caused on mucus cohesitivity from these
shear forces [4]. Factors that can affect airflow include 
airway resistance, expiratory pressures, bronchial wall 
stability and elastic recoil. Airway clearance techniques
employ maneuvers that can affect airflow by physiological
means.

In health and in people with CF with minimal disease,
ciliary action is normal, moving mucus up the smaller air-
ways at a rate of 3–5 mm/min, and at a rate of 20 mm/min in
the trachea. Later in the disease process, mucociliary clear-
ance is impaired with tracheal transit being 3–5 mm/min [5]
but approaches normal when patients are placed in the
head-down position.

Medications can affect the viscosity of mucus (dornase
alfa, hypertonic saline), airway caliber and possibly ciliary
beat frequency (bronchodilators). The only study to exam-
ine whether dornase alfa is more effective given before or
after airway clearance found no significant difference in
FEV1, VO2 max or quality of well-being, although patients
chronically infected with Pseudomonas aeruginosa may
have more improvement in FEV1 if delivered after physio-
therapy [6].
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Airway clearance physiology

Mucus is produced by bronchial glands in the bronchi and
goblet cells in bronchioles. Terminal and respiratory bron-
chioles have little to no mucus-producing capacity. Elastic
recoil pressure is affected by thoracic expansion and lung
compliance. Bronchial wall stability is determined by carti-
lage and ‘elastic resistance’ and, while bronchioles lack car-
tilage, tethering by alveoli adds to elastic resistance. These
oppose the tendency of positive pleural pressures during
cough and forced exhalation to collapse the airway. Larger
airways have more cartilage which helps combat collapse.
Bronchi of the sixth to seventh generation lie within lung
parenchyma, have muscular walls and may be less com-
pressible but subject to bronchospasm.

Many techniques utilize the concepts of asynchronous
ventilation, collateral ventilation channels and the equal
pressure point (EPP). Asynchronous ventilation refers to
different filling times for different regions of the lung – faster
for healthier and unobstructed areas, slower for more dis-
eased and obstructed regions. Alternate or collateral ventila-
tion channels exist between bronchi and/or alveoli [7], but
are not present in infants and toddlers. In healthy lungs and
with regular breathing, little gas movement occurs through
these channels. By performing breath-holding maneuvers,
patients can improve aeration in obstructed, less healthy
areas by maximizing filling time for slow-filling regions,
promoting ventilation through collateral channels and
interdependence (Pendelluft – see later) [8]. The EPP is the
site at which the pressure within the airway is equal to the
pleural (extramural) pressure and hence the pressure differ-
ence across the airway wall is zero. With tidal volume
breathing to functional residual capacity (FRC), the EPP lies
in the trachea and main bronchi. As exhalation moves into
lower lung volumes (expiratory reserve volume), the point
at which dynamic compression takes place moves more
peripherally [9,10].

Coughing is the body’s natural mechanism for 
airway clearance. Usually, a deeper inspiration is followed
by closure of the glottis. High intrapulmonary pressures
build up behind the glottis and, when the glottis opens,
supramaximal expiratory, turbulent airflows (flow tran-
sients) are generated. The EPP plays an extremely impor-
tant part in the effectiveness of cough, because a significant
jump in airflow velocity occurs at the points of narrowing
(choke points). High linear airflow velocity is associated
with turbulent flow, high shearing forces at the airway
walls and high kinetic energies. These conditions are ideal
for suspending and moving secretions adhering to the 
airway walls.

Another technique to produce supramaximal airflow and
high linear velocities is a ‘huff’. This is a forced expiratory
maneuver, usually initiated from mid to low lung volumes
and is performed with an open glottis [11,12]. The EPP aug-
ments the linear velocities occurring with this maneuver.
Although a huff does not produce the same magnitude 

of flow transients as a cough, it may have several other
advantages. A cough is generated by the build-up of
extremely high pressures, both intra- and extraluminal. The
potential for more significant airway collapse at the EPP
exists, especially if airway stability is lacking. Cartilaginous
support decreases from the trachea and larger bronchi to the
smaller bronchi, and is probably minimal within bronchi-
oles. Although smooth muscle may aid in maintaining the
patency of these smaller airways, a cough may compress these
airways so much that effective clearance is not possible.
Another mechanism contributing to markedly impaired
cough clearance is dynamic collapse which may occur in dis-
ease states with increased compliance of the airways. The
larger airways may become unstable where constant cough-
ing (barotrauma) and potentially inflammation from infec-
tion has damaged the cartilage (chronic bronchitis, CF).

Another advantage of huff over cough is that coughing
is mostly reflexive (although it can be ‘directed’) and as
such allows less significant conscious control of starting
lung volume or pressures developed than a huff. This
advantage means the patient and therapist can adjust a huff
to balance the potential of airway collapse against expira-
tory force. A huff may also be instituted at different lung
volumes, allowing the shift of the EPP into more peripheral
airways and maximizing airflow.

The question arises as to whether flows generated by a
huff or by moving the EPP would be sufficient to promote
mucus clearance. Studies have shown that mucus can be
mobilized with expiratory airflow velocities of 1–2.5 m/s
for annular flow, or greater than 2.5 m/s for mist flow mov-
ing sputum droplets suspended as an aerosol [13]. Airflows
of sufficient magnitudes to mobilize secretions, and mucus
transport itself, can occur during forced exhalations (huffs)
or even with tidal breathing in some circumstances [14].
Bennett and Zeman determined that airway clearance with
huff was faster than control, and similar to that generated
by voluntary cough (Fig. 29.1) [15].

(a) (b)

Figure 29.1 Flow/volume loops with superimposed flow
transients of (a) cough and (b) huff.
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AIRWAY CLEARANCE TECHNIQUES

Airway clearance techniques were limited to postural
drainage and percussion for decades, but since the late 1970s
other effective and efficient regimens have evolved and are
now practised internationally. The techniques of postural
drainage and percussion require help from an assistant, and
remain the easiest to deliver to infants, toddlers and some
young children. The other effective regimens can be under-
taken independent of an assistant, used in the sitting posi-
tion and may be preferred by the patient [16]. It is likely that
the regimens of the active cycle of breathing techniques
(ACBT), autogenic drainage (AD), positive expiratory pres-
sure (PEP), oscillating PEP (OscPEP) and high-frequency
chest compression (HFCC) are equally effective [17,18].
Each regimen can be adapted to suit the individual patient
and modified, by the patient, for each treatment session and
within a treatment session as necessary. The most effective
regimen for an individual patient may depend on personal
preference, as this may increase adherence to treatment.
Selection of a regimen is also likely to be influenced by the
knowledge and familiarity of the physiotherapist, and the
culture and health economics of the patient’s country. A
change of regimen at intervals may increase adherence to
treatment, but this is as yet unknown.

Postural drainage and percussion

PD&P for decades has been synonymous with chest physi-
cal therapy (CPT). Postural drainage consists of placing the
patient in a position that allows gravity to enhance mucus
movement centrally from the bronchopulmonary segment
to the larger airways. There are 12 different positions in
which a patient may be placed, either over the caregiver’s
lap or, for children and adults, over a postural drainage or
foam board. Percussion, vibration and shaking may be
used as an adjunct. In each position the chest is percussed
for 2–10 minutes, usually followed by deep breathing exer-
cises and huffing on exhalation.

The theory of PD&P hypothesizes that percussion over
the bronchopulmonary segment increases intrathoracic
pressure [19], transmitting vibration through the chest
wall and loosening secretions in the airways. As mentioned 
earlier, postural drainage is hypothesized to assist airway
clearance secondary to gravity assistance and subsequent
improved secretion transit [5]. An alternative theory 
speculates that the redistribution of ventilation that occurs
with changes in body position could alter the local airway
patency and gas/liquid movements [20]. Positioning can be
used for drainage of the uppermost lung segments or to
increase ventilation to the dependent lung in an adult 
and the uppermost lung regions in a child. The study by
Lannefors and Wollmer [21] demonstrated, in adults, an
increase in mucus clearance from the dependent lung
rather than uppermost lung, suggesting that the effect of the

increase in regional lung ventilation may be greater than the
direct effect of gravity on mucus in mucus clearance.

Studies have shown PD&P to be an effective technique
in clearing excessive bronchial secretions in patients with
cystic fibrosis [22–25]. Indeed, many of the studies of air-
way clearance over the past two decades have compared
the newer alternative techniques to PD&P. If gravity-
assisted positioning is indicated, it is likely that the lying
positions without a head-down tip will be as effective as
those with a head-down tip and will be preferred by the
patient [26].

Problems associated with PD&P may include time 
and energy used, discomfort and pain, hypoxemia [27],
arrhythmias [28] and bronchospasm [29]. Recently, the
head-down tip has become controversial due to concerns
over gastroesophageal reflux and increased pulmonary dis-
ease [30,31]. Modified PD&P excludes this position unless
a specific focal lesion warrants it, for example lung abscess,
and it is now suggested that modified PD&P (omitting the
head-down position) be used, especially for those with
symptoms of gastroesophageal reflux.

Active cycle of breathing techniques

The ACBT is a cycle of breathing control, thoracic expan-
sion exercises and the forced expiration technique (huffing
combined with breathing control) (Fig. 29.2) [12]. It can be
introduced as huffing games from about 18–24 months 
of age.

● Breathing control is tidal breathing, at the patient’s own
rate and depth, encouraging use of the lower chest with
relaxation of the upper chest and shoulders, to mini-
mize the work of breathing. It is used in between the
more active parts of the cycle.

Start

FET

BC

BC

BC

HUFF

TEE

Figure 29.2 Components of the active cycle of breathing
techniques (ACBT): BC – breathing control, TEE – thoracic
expansion exercises, FET – forced expiration technique, HUFF –
see text for explanation.
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● Thoracic expansion exercises are deep breathing exercises
emphasizing inspiration with a 3-second breath hold at
the end of inspiration. Exhalation is quiet and relaxed.
It is probable that there is an increase in airflow to less
well ventilated parts of the lungs with the increase in
lung volume and this is likely to be via the collateral
ventilatory channels [7]. Patients may be encouraged to
maintain an open glottis with the breath hold as this
may augment airflow through these channels [32].

● Forced expiration technique is one or two huffs (forced
expirations) combined with periods of breathing con-
trol [33]. Huffing to low lung volumes will assist in
mobilizing and clearing the more peripherally situated
secretions, and when secretions have reached the larger
proximal upper airways, a huff or cough from a high
lung volume can be used to clear them.

The regimen (Fig. 29.3) must be used flexibly. Patients
should understand how the different components work and
be trained to use the thoracic expansion exercises to get air
in behind secretions to loosen the mucus. Huffing combined
with breathing control (forced expiration technique) is used
to move the secretions from different parts of the airways,
utilizing the appropriate lung volume. If the patient has an
asthmatic component to his or her lung problem or is tired,
the length of the periods of breathing control (breathing
around tidal volume) should be increased. The movement of
secretions can be influenced from the choke point, the point
just proximal to the equal pressure point [9,10,34,35] where
collapse and compression, or the squeezing of the airways,
begins. The increase in airflow, as the air passes through
these narrowed segments of airways, may reduce the viscos-
ity of the mucus [34] and this would facilitate the movement
of the mucus up the airway. In addition to the squeezing
action of the airways there is also an inbuilt oscillatory action
of the airway wall [36].

The ACBT can be used in the sitting position or in mod-
ified postural drainage positions.

Autogenic drainage

The underlying concept of AD is to achieve high, optimal
expiratory flow rates in different generations of bronchi by
controlled breathing, but to avoid coughing or significant
airway closure [37–39]. The incorporation of a breath-
hold at the end of inspiration may improve asynchronous
ventilation by lengthening the time for airflow via the col-
lateral ventilatory channels. Autogenic drainage also
involves breathing at different lung volumes, changing the
position of the EPP to improve secretion clearance. The
technique of AD requires feedback to the patient until he
or she becomes attuned to the auditory and chest sensa-
tions to facilitate mucociliary clearance.

The treatment is initiated with an inspiration performed
slowly through the nose and completed with a breath-hold
of 2–3 seconds. Slowly breathing through the nose provides
optimal humidification, warming of the inspired air and
decreased turbulent airflow, all of which help to prevent
coughing. The breath-hold and slow inspiration will pro-
vide optimal filling of obstructed lung segments while at the
same time avoiding excessive intrapleural pressure.

Autogenic drainage consists of three phases (Fig. 29.4):

● The first phase is ‘unsticking’ the peripheral mucus by
breathing tidal lung volumes (TVs) with an open glottis,
down to low lung volume (into the expiratory reserve
volume, ERV) but not to residual volume. Exhalation
should be active, but without generating wheeze, bron-
chospasm or compression of collapsible segments of air-
ways. Repeated tidal volume breaths, each with a 2- to
3-second breath-hold, are performed in this manner.
After breathing at this level, the patient may feel and
hear peripheral secretions as they move into the more
central airways.

● The next phase, ‘collecting’, begins to gather central
secretions. The patient gradually moves his or her
breathing from low lung volumes to mid lung volumes

BC TE BC TE BC FET

IRV

TV

ERV

RV

Figure 29.3 Physiological representation of
the active cycle of breathing techniques: IRV –
inspiratory reserve volume, TV – tidal volume,
ERV – expiratory reserve volume, RV – residual
volume, BC – breathing control, TE – thoracic
expansion exercises, FET – forced expiration
technique.
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(above the functional residual capacity and into the
lower inspiratory reserve volume (TV-IRV)). Inspiration
of tidal-volume sized breaths continues to be punctu-
ated by the breath-hold. Exhalation should be active,
but not so great that there is compression of airways.
Coughing or expectorating should be discouraged if at
all possible.

● The final ‘evacuation’ phase is accomplished by moving
the secretions proximally using tidal volume breaths
with a breath-hold at mid to high lung volumes (low to
mid-IRV) followed by a forced expiratory maneuver
from high lung volume or gentle clearing of the throat.

The optimal expiratory airflow must be individually
adjusted at each phase, depending on the viscosity of the
mucus and the reactivity of the airways. Unproductive
coughing with forced exhalation is undesirable at this or
any other stage [14,15,39].

Unfortunately there have been few published studies of
AD. In the cystic fibrosis literature, Pfleger and co-workers
[40] compared AD to high pressure PEP (Hi-PEP) and both
regimens significantly improved pulmonary function. AD
caused the most significant change, although it produced
the least amount of sputum. An abstract [41] addressed
patient preference for AD, a complicated technique, to
PD&P. In a planned 2-year cross-over study there was no
difference in clinical status or pulmonary function and the
measures improved in both groups. Compliance was strictly
monitored. At the end of the first year, almost half the AD
group refused to change over to PD&P because they felt AD
was more effective [41]. One study comparing AD, the
ACBT and PD&P demonstrated improved ventilation by
nuclear medicine scans, with AD having an improved air-
way clearance rate centrally and for the whole lung com-
pared with ACBT. There was no significant effect on
pulmonary function or oxygen saturation [42].

A comparison of AD to PD&P showed a small but sta-
tistically significant desaturation with PD&P, and a small
but statistically significant improved saturation with AD

[43]. Comparison of sputum rheology following flutter
and AD showed no improvement with AD [44].

This technique and its instruction make it difficult to
teach successfully to young children under the age of 5 years,
although ‘passive’ AD is used in some countries on infants.
The therapist uses his/her hands to guide the thorax and res-
piratory movements to accomplish the goals of AD. The
treatment is passive, non-violent and is not uncomfortable.

Positive expiratory pressure

PEP probably increases airflow via the collateral ventilatory
channels [7]. Andersen and Jespersen [45] demonstrated the
existence of these channels in all lobes in normal lungs, but
it is unknown as to when, in the developmental process,
these channels become patent. In the presence of lung dis-
ease, at high lung volumes and when breathing out against a
positive expiratory pressure, it is possible that these channels
would enlarge, the resistance to airflow would fall and air
would flow along collateral channels, building up behind
secretions to assist in loosening and mobilizing them. More
slowly ventilating lung units may receive part of their
inspired volume, from the more rapidly ventilating units, via
the collateral channels. This is the Pendelluft flow [8]. From
in-vitro work, a lower respiratory frequency and larger tidal
volume should increase collateral ventilation [46]. The pos-
itive expiratory pressure may also reduce dynamic compres-
sion of unstable airways during expiration [47].

The definitive paper on PEP [48] demonstrated its
effectiveness as an airway clearance regimen and revolu-
tionized the management of patients with excess bronchial
secretions in Denmark, including those with cystic fibrosis.
The device consists of a mask and one-way valve system. 
A mouthpiece may be used if the patient does not like 
a mask, but this should be in conjunction with a nose-clip.
A resistor is attached to the expiratory limb and this is
adjusted to give a pressure of 10–20 cmH2O in mid-expira-
tion (Fig. 29.5d).

IRV

TV

ERV

Unstick Collect Evacuate

Phase 1

RV

Phase 2 Phase 3

Figure 29.4 Physiological representation of
the three phases of autogenic drainage: IRV –
inspiratory reserve volume, TV – tidal volume,
ERV – expiratory reserve volume, RV – residual
volume. White arrows indicate size of
respirations are similar to normal tidal volume
breaths. Although four breaths are shown in
this diagram, more will usually be required for
each phase for an actual treatment.
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The technique is one of tidal breathing, with a slightly
active expiration, and the lung volume is kept up by avoid-
ing complete expiration. Usually about 12 breaths are
taken through the mask and this is followed by the forced
expiration technique. The sequence is repeated as neces-
sary. The PEP mask is available in small sizes and the tech-
nique can be introduced in infancy.

Mortensen and co-workers [49] demonstrated improved
central and peripheral radioaerosol clearance with both PEP
and the ACBT compared with controls. A 1-year study [50]
showed improvements in lung function (FEV1 and forced
vital capacity) with PEP, compared with a decline in lung
function in the group using PD&P. An added advantage of
the PEP regimen was that of independence for the patient. A
Cochrane review of PEP [51] concluded that there was no
clear evidence that PEP was a more or less effective interven-
tion than other forms of physiotherapy.

High-pressure PEP (Hi-PEP) is a modification [52] in
which eight to ten breaths against a fixed resistor with 
pressures 10–20 cmH2O, similar to regular PEP, is followed
by one to two huffs or forced exhalations through the resis-
tor. The pressures generated are usually between 50 and
120 cmH2O, and the resistor selected is the one that maxi-
mizes forced vital capacity. The regimen of Hi-PEP requires
close and ongoing monitoring, using flow/volume loops to
select the resistor which optimizes the flow/volume loop for
the highest vital capacity. Care must be taken to ensure
exhalation continues to residual volume for the Hi-PEP
maneuver. This modality has been shown to be effective in
airway clearance in cystic fibrosis [53].

Oscillating positive expiratory pressure

This technique combines positive expiratory pressure with
high-frequency oscillations generating intermittent accel-
eration of expiratory airflow. When the positive expiratory
pressure build-up exceeds the device’s resistance to flow,
air escapes, pressure decreases and the device obstructs 

airflow again. Oscillatory endobronchial pressure pulses
cause flow transients within the airway. Flow transients are
microsecond (transient) periods when flow exceeds the
maximal expiratory flow able to be generated by a forced
expiratory maneuver. Coughing and huffing generate flow
transients (see Fig. 29.1). The flow transients generated
occur in oscillatory frequency from 2 to 32 Hz, with tran-
sient positive expiratory pressure 5–25 cmH2O (Fig. 29.6).

Endobronchial oscillating pressures are thought to act
as ‘micro-coughs’, transiently increasing the airflow and
shear forces over the mucus layer, thus promoting mucus
clearance [54]. It is also proposed that the positive expira-
tory pressure generated decreases dynamic collapse of
unstable airways, and endobronchial vibrations help to dis-
lodge secretions from the airway lumen [55]. Additionally,
studies have shown high-frequency oscillations are capable
of breaking mucus bonds and decreasing viscosity [44].
Finally, it is hypothesized that the oscillations may enhance
ciliary beat frequency as well as disrupting mucus adhesion
to airway walls.

The three main devices used in OscPEP are the Flutter®,
RC Cornet® and the Acapella® (see Fig. 29.5). The oscillation
frequency with the first two devices is modulated by adjust-
ing the position of the Flutter® or the ‘twist’ of the rubber
hose in the Cornet®. The Acapella® oscillation is dependent
solely on expiratory flow, and the Acapella® may also be set
to deliver a fixed exogenous positive expiratory pressure
beneath the endobronchial pressure pulses. In-vitro com-
parative studies of the Flutter® and Cornet® showed that the
Flutter® generated a higher peak pressure at a higher fre-
quency, but a lower amplitude of endobronchial pulse.
Comparison of the Flutter® versus Acapella® showed small,
but possibly not clinically relevant, differences [56,57]. Both
devices produced similar waveforms at median flows, but at
lower flows the Acapella® generated a more stable wave form
with lower frequency, higher amplitude and wider range of
positive expiratory pressure than Flutter® [58].

OscPEP technique is performed in the sitting position.
Patients are instructed to take an active inhalation (usually

Figure 29.5 (a) Cornet, (b) Flutter,
(c) Acapella, (d) positive expiratory pressure
(PEP) mask and manometer.
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through the nose) into the inspiratory reserve (but not to
total lung capacity), a breath-hold of 2–3 seconds is incorpo-
rated and then an active exhalation into the expiratory
reserve volume (but not to residual volume) is performed
over a 3- to 4-second period. After repeating 10 to 15 breaths
through the device to loosen secretions, the patient is
instructed to huff (a faster and larger inhalation and exhala-
tion) through the device to initiate expectoration [59].
Oscillation is maximized by tilting the Flutter® or twisting
the rubber tubing of the Cornet®, if these devices are used. 
If PEP is desired it may be set on the Acapella® to maintain
pressure at between 10 and 20 cmH2O; the Acapella® may
also be used without setting on exogenous PEP.

The Flutter® has been the subject of several studies in
cystic fibrosis showing equivalent or improved outcomes
compared with PD&P [60,61], but it did not improve
results when added to the active cycle of breathing (ACBT)
[62]. Individual patients may in the short term prefer
OscPEP over some of the other airway clearance regimens
(PD&P [63] and ACBT [64]). Although one study compar-
ing Flutter® with PEP showed no significant difference [65],
another demonstrated less effectiveness of the Flutter® ver-
sus PEP [66]. The decreased efficacy was found only after 
6 months into the study, whereas almost all other oscillatory
PEP studies have been short-term (days to weeks). The
authors hypothesize that lack of end-expiratory pressure 
at low lung volumes with the Flutter® may lead to airway
closure and air trapping. Theoretically, therapy with the
Acapella® would not encounter this problem.

OscPEP can be introduced as soon as a child can use the
device, usually around 4–6 years of age, as it is important
for the patient to exhale into expiratory reserve volume to
achieve oscillation of the smaller airways.

High-frequency chest compression

Mechanical ventilation via high-frequency oscillation had
been noted to cause an increase in bronchial secretions.

King and co-workers [67,68] in a set of early experiments
established that high-frequency chest wall oscillation
increased tracheal mucus clearance rates by as much as
240–340% of controls. These observations led to the devel-
opment of ‘The Vest®’.

HFCC is proposed to increase mucociliary clearance by
increasing an expiratory flow bias. This cephalad flow bias
is purported to be the main mechanism of mucus clearance
in smaller airways with ventilation (as opposed to con-
vection) airflow. It is associated with a tendency towards
shearing mucus and movement centrally [69,70]. Rubin
and co-workers [71] compared a percussor to an oscillator.
The percussor produced an expiratory flow rate of 0.25 L/s
at 40 Hz but no significant change in mucus velocity, whereas
the oscillator caused a 2–3 L/s flow with an unbiased sine
wave at 13 Hz and increased mucus velocity by 204% (p �
0.003) [72]. Another mechanism by which HFCC theoreti-
cally enhances secretion clearance is by decreasing the vis-
coelasticity of mucus. Tomkiewicz and co-workers [72] and
App and colleagues [44] demonstrated that high-frequency
oscillation applied in vitro to mucus or mucus analogues
caused a decrease viscoelasticity, and the higher the fre-
quency the greater the decrease.

Multiple versions of HFCC vests exist, but each consists of
a compressor system which delivers large volumes of air at
high frequencies attached to a non-stretchable inflatable vest
which is worn by the patient over the thorax (Fig. 29.7). The
waveform of the pressure pulse delivered varies with the vest
device used (square wave for ThAirPy, ABI and Hill-Rom
101 and 102; sine wave for 103, 104, MedPulse and Smart-
Pulse; and triangular wave for inCourage System®). Detailed
reading of the airway clearance technique literature is critical,
as variations and misinterpretations of techniques are com-
mon and possible differences due to wave form from the
device used should also be considered. Review and evalua-
tion of the literature on HFCC requires careful attention to
the device used [73,74].

Pressure pulses that inflate the vest and frequencies that
vibrate the chest wall are controlled by the patient. Pulse
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frequency is adjustable from 5 to 25 Hz, with pressure set-
tings varying from zero to 19 cmH2O. For most vests,
although lower frequencies oscillate more volume for a
given pressure setting, higher frequencies cause higher
oscillating flow rates and higher flows cause more shear
force. Increasing pressure settings increases both flow and
volume, but is usually associated with greater discomfort.

For HFCC from vests generating sine waveforms, ther-
apy is performed by fitting the vest snuggly but with
enough room to slide the flat of the hand between vest and
chest. The vest is set to oscillate for 5 minutes at frequen-
cies of 6, 8, 9, 18, 19 and 20 Hz (30 minutes) at the highest
pressure comfortable for the patient. At the conclusion of
each 5 minutes the tubing is disconnected from the vest to
allow it to deflate and to allow the patient to take a deeper
breath. The patient should then cough or huff for 1–2 min-
utes to clear secretions mobilized at that frequency setting.
The vest is then reconnected and the frequency advanced.
The advantage of the newest (inCourage System) vests 
is the delivery of triangular waveform pulse pressures and
reportedly the largest airflows and air volumes both occur
over the same frequency range of 5–11 Hz [74].

HFCC was found to provide clinically effective airway
clearance in a retrospective comparison trial in cystic fibrosis
by FEV1 and sputum production [75]. A randomized, con-
trolled study showed increased sputum production with
HFCC compared with PD&P [76], although the PD&P inter-
vention appeared to be shorter than standard therapy, and
possibly shorter than the HFCC treatment in this study.
Arens and co-workers [77] evaluated HFCC and PD&P in
hospitalized patients, reporting equivalence in efficacy and
safety (HFCC produced significantly greater wet-weight spu-
tum). For some patients, perhaps especially those with end-
stage disease or low vital capacities, the inflated vest may
cause a sense of constriction and inability to inhale an ade-
quate breath. Decreased end-expiratory lung volumes have
been documented with use of the vest [78], raising the con-
cern of developing atelectasis (although no reports of these
complications have been published). Studies have docu-
mented improved oscillatory flows with HFCC and positive
end-expiratory pressure in CF [79,80]. A recent small, 

short-term study showed improved pulmonary function and 
sputum weight following ACBT compared with HFCC using
the Hayek Oscillator® (waveform not reported) [81]. There
are patients who also object to the device because of discom-
fort or pain from the inflated vest (compressing breast tissue,
surgical sites, indwelling catheters). Concern has been voiced
regarding the cost of the device (US$15 000), but a cost
analysis showed an actual decrease in aggregate healthcare
cost following institution of HFCC [82]. This apparent
improvement may be overstated as pre-healthcare cost
included home PD&P treatments.

There are no studies of HFCC in infants, but the treat-
ment is usually well tolerated by young children who often
laugh through it. The vest comes in several sizes, pediatric
to adult. The smallest vest will fit a child with a measured
chest circumference of 48 cm.

Intrapulmonary percussive ventilation (IPV)

Because of the aforementioned mobilization of secretions
during ventilation with high-frequency oscillation, IPV
was developed. IPV delivers continuous oral oscillating
pressures during both inhalation and exhalation (whereas
OscPEP occurs only during exhalation). Treatment
involves the setting of proximal pressure (inspiratory peak
and expiratory peak pressures, usually for a �P of approx-
imately 10 cm), percussive frequency which may vary from
6 to 24 Hz (usually 6–12 Hz) and the inspiratory/expira-
tory (I:E) ratio (usually 1:1.5 to 1:2.5). Duration of therapy
is generally recommended to be shorter than other airway
clearance modalities: 1–7 minutes.

In theory, the modality improves airway clearance by
several means. Mucus viscosity is decreased with exposure
to high-frequency oscillation. During inspiration, high-
frequency air pulses expand the lungs, vibrate and enlarge
the airways, and deliver gas into distal lung segments beyond
accumulated mucus [83]. It is further hypothesized that,
due to the percussive amplitude of shaking airways, mucus
is dislodged. In a similar way to high-frequency oscillation,
IPV should decrease asynchronous ventilation and improve
gas exchange by oscillatory movement and migration of
oxygen (room air).

Studies on IPV are not extensive and it is not commonly
used as other techniques should be considered first, but the
literature does support its efficacy. Its cost is less than for
HFCC, but still significant (US$1600). Comparison of IPV
to PD&P over 6 months showed no significant difference 
in pulmonary function, number of hospital admissions or
courses of antibiotics, with the conclusion of equal efficacy
[84]. Evaluation of IPV and flutter versus PD&P showed no
difference between sputum production or pulmonary func-
tion. All showed a trend to decrease lung volumes, suggesting
less gas trapping [85]. A study comparing IPV, HFCC and
PD&P in hospitalized patients revealed increased wet spu-
tum weight from IPV and HFCC compared with PD&P, but
no change in dry sputum weight or pulmonary function

Figure 29.7 The Vest® Airway Clearance System. © 2005 Hill-
Rom Services, Inc. Reprinted with permission – all rights reserved.
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[86]. Patient preference for IPV was equal to PD&P and less
than HFCC. There was no statistically significant difference
in group preference. IPV is usually delivered via mouth-
piece, although a mask can be used. Reports of its use in
infants or younger children have yet to be published.

Anecdotal reports of adverse events suggest an increased
incidence of pneumothorax. However, there are no large
series, and pneumothoraces occur spontaneously in cystic
fibrosis, so it is unclear whether IPV was causative or 
coincidental. There are also anecdotal reports of dilated
bronchiectatic airways in CF patients using IPV [87]. Until
larger, longer, prospective studies of IPV delineate the true
risks of adverse events with this therapy, care providers should
remain vigilant for signs of complications and adverse events.

Resistive inspiratory maneuvers

Repeated maximum inspiratory vital capacity maneuvers
against a fixed resistance have been shown to improve
inspiratory muscle function when used for an 8-week
period in people with cystic fibrosis [88]. The same tech-
nique has also been used for airway clearance and more
sputum was expectorated with resistive inspiratory
maneuvers than with the ACBT in some [89] but not other
[90] patients.

Chatham and co-workers [89] acknowledge that airway
clearance techniques have aimed to increase expiratory
flow with resultant high shearing forces, to loosen and
mobilize excess secretions from the smaller peripheral to
the larger more central airways. With the resistive inspira-
tory maneuvers method the subject is required to carry out
a full inspiratory vital capacity maneuver at 80% of maxi-
mal pressure by breathing against a fixed resistance. The
maximum pressure is that developed between residual vol-
ume and total lung capacity. This increases inspiratory
time, and it is hypothesized that resistive inspiratory
maneuvers may increase inspiratory airflow to more
peripheral airways, with consequent shearing forces acting
on airway secretions during the inspiratory phase. This
may reduce the need for higher expiratory flows. Further
work needs to be undertaken in this area.

EXERCISE

Exercise is discussed in detail in Chapters 25a and 25b.
Exercise has been identified as an adjunct to airway clear-
ance and is sometimes used as an alternative to airway
clearance. A meta-analysis of PEP, forced expiration tech-
nique (FET), AD, exercise and ‘standard physical therapy’
(PD&P) looked at outcomes of FEV1, sputum weight or
sputum clearance. PD&P significantly increased sputum
expectoration above no treatment, and only exercise and
PD&P increased FEV1 above PD&P alone [24]. There are
few data to suggest precisely how it improves clearance.
Recently, exercise was shown to inhibit epithelial sodium

channels in patients with CF, causing a partial normaliza-
tion of potential difference, and therefore improved ion
and water movement into airway secretions [91]. Weight-
bearing exercise is also important in increasing bone min-
eral density (Chapter 18).

THE INFANT AND YOUNG CHILD

There is debate as to when airway clearance should be insti-
gated in the asymptomatic infant [92]. In countries with
neonatal screening, cystic fibrosis can be diagnosed at birth
and the dilemma is whether or not to introduce airway
clearance before the infant becomes symptomatic. There
are several studies that document early signs of disease even
in infants [93–95], but few studies that have looked at air-
way clearance at this age [96–98]. Traditionally postural
drainage using the head-down tipped position and chest
clapping was introduced at the time of diagnosis, but this
regimen has been questioned because of worries about
reflux disease in the young child [30]. Internationally there
is support for treatment of the asymptomatic infant and
young child, but PD&P is not the only available regimen.
ACBT, PEP, HFCC and exercise can be introduced early in
life and, as soon as the child is able to cooperate, other air-
way clearance regimens can be used.

CONTINENCE

Urinary incontinence, the involuntary loss of urine, is
associated with adverse effects on quality of life [99] and
for people with cystic fibrosis it is likely to reduce the effec-
tiveness of and adherence to an airway clearance regimen.
It is a problem that affects not only women, but also men
and children with CF. A valid way in which to assess the
problem is from the patient’s perspective using psychomet-
rically robust self-completion questionnaires [100]. The
prevalence of incontinence in women with CF ranges from
38% to 68% [100–102], in men 16% [103], and in children
(6–17 years of age) 14% to 33% [104,105], with a higher
prevalence in females. The prevalence of urinary inconti-
nence in the population without cystic fibrosis increases
with increasing age up to 46% in women and 34% in men
aged over 80 years [99]. For people with CF additional risk
factors include coughing and, for some, poor nutrition of
the perineal muscles [106]. There is the factor of pregnancy
for women, and for both men and women with cystic
fibrosis urinary incontinence increases with age and is
inversely proportional to FEV1 [102].

Treatment using pelvic floor muscle exercises has been
shown to increase endurance of the pelvic floor muscles and
consequently subjective improvement in symptoms, reduc-
tion in leakage, without improvement in pelvic floor mus-
cle strength [106]. Urinary leakage is receiving increasing
recognition in clinical practice leading to appropriate man-
agement for those willing to participate in treatment.
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PREGNANCY

With increasing longevity and quality of life, the number of
pregnancies in women with cystic fibrosis has increased.
Modifications in airway clearance techniques and exercise
may be required pre-partum and post-partum until lung
function and exercise capacity return to normal. Dodd and
Webb [107] have highlighted the implications of impor-
tance to physiotherapists including hormonal changes
which may result in an increase in airway obstruction,
breathlessness and bronchial wall instability, the reduction
in functional residual capacity which may lead to early air-
way closure especially at the lung bases with a consequent
increase in the retention of secretions, and hypoxemia
which may result from ventilation–perfusion mismatch.
Although debatable, loss of lung function as a consequence
of pregnancy may not be permanent [108].

SPECIAL SITUATIONS

Hemoptysis

Blood streaking of sputum is a frequent occurrence in 
people with CF, but is not usually a reason to alter the
physiotherapy regimen. In cases of frank hemoptysis, it is
appropriate to discontinue airway clearance temporarily
until the bleeding begins to settle. It is important to restart
treatment using airway clearance techniques as soon as
possible to avoid the accumulation of old blood in the air-
ways and retention of sputum. Theoretically, since AD and
ACBT minimize coughing they may be less likely to dis-
lodge new clot formation. If embolization is necessary,
physiotherapy can be restarted soon after the procedure.

Pneumothorax

A small pneumothorax is not a contraindication to physio-
therapy, but when a large pneumothorax requires inter-
costal drainage, physiotherapy should be withheld until the
drain has been inserted.

If surgical intervention is undertaken and a patent thro-
cotomy tube is present, physiotherapy is important pre-
operatively and should be restarted as soon as possible
postoperatively. High humidification, probably combined
with oxygen therapy, should assist the clearance of secre-
tions. Effective analgesia is essential.

Chest wall stiffness and changes in 
posture

Chronic lung disease leads to structural and functional
changes in the muscles and connective tissues of the chest
wall, abdomen, spine and pelvis. Chest strength and mobil-
ity training can lead to improvements in posture, chest wall

mobility and body strength in addition to subjective
improvements in well-being [109].

Critical care

If a patient is admitted for critical care management, phys-
iotherapy for both airway clearance and rehabilitation
should be continued.

Transplantation

The physiotherapist should be involved both before and after
lung transplantation. Cardiopulmonary rehabilitation pro-
grams have demonstrated improvements in exercise ability
and quality of life in patients awaiting transplantation surgery.
Postoperatively, rehabilitation is essential to gain maximum
benefit from surgery and to improve quality of life [110].

Due to denervation of the lungs below the tracheal anas-
tomosis, the normal awareness of excess bronchial secretions
is lost and cilial function is less effective. Early recognition of
signs of a chest infection is important to prevent pooling of
secretions in the transplanted lung, which may lead to
bronchiectasis. A short, daily assessment should be under-
taken and an airway clearance regimen reinstated during
periods of chest infection.

Terminal care

Physiotherapy and the physiotherapist become integral to
the lives of people with cystic fibrosis and it is important
that the physiotherapist continues to support the patient
through the terminal stages of the disease. Initially this may
be the setting up of nocturnal non-invasive ventilation,
modifying the exercise program, and assessing and adapt-
ing as necessary the patient’s airway clearance techniques.
Near the end of life it is still important that the physiother-
apist has a presence and does not withdraw from the termi-
nal stages of care. The physical management, together with
input from nursing and other members of the multidisci-
plinary team, may include the effective administration of
inhaled drugs, management of non-invasive ventilation,
positioning to optimize breathing and comfort, and pain
control. If the patient is on non-invasive ventilation, alter-
ation of the ventilator settings to support airway clearance
during physiotherapy may be indicated. A device such as
intermittent positive pressure breathing may be used to
reduce the work of breathing and to assist airway clearance.
Nasotracheal suction is not indicated as it would cause dis-
tress and serve no useful purpose in terminal care.

EVIDENCE-BASED MEDICINE

The sound physiological reasons and theories upon which
the airway clearance techniques discussed are based, as well
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as scientific studies, support their use in cystic fibrosis.
There are significant costs involved in the performance of
airway clearance techniques – not just for the therapist’s
time in performance of a technique or training a patient or
family, but perhaps even more significantly in the time that
patients or families expend. Two excellent reviews have
questioned the evidence supporting the use of any type of
airway clearance [111,112]. Many studies show no signifi-
cant change between a treated group or the control. In CF,
most of the studies compare one technique with another
because airway clearance has become standard care, and
the ethical question of withholding treatment has almost
eliminated true controls. The majority of studies are short
or have small numbers of patients, thus decreasing their
ability to determine a difference; and the consideration of
statistical significance versus clinical significance must be
considered. For example, a study showing p � 0.005 for an
FEV1 change of 3% from baseline is obviously statistically
important, but is it of clinical importance?

Two approaches are necessary. Improved randomized,
controlled trials of longer duration and larger sample size
are essential. Until such studies are performed, the care
provider (therapist and physician) is in a quandary as to
whether and as to which ACT is appropriate for their
patients. Until larger, randomized controlled studies are
available, the care provider should use the ‘n � 1’
approach, where the patient acts as his or her own control.
If an airway clearance seems appropriate, baseline values
and observations of respiratory health should be obtained.
An ACT should then be initiated and evaluated. The length
of time before re-evaluation will vary dependent on the
chronicity or acuteness of the disease process. If there has
been no clinical improvement, the intervention should be
discontinued and another trialled. If the patient has
improved, the regimen should be continued.

EDUCATION AND ADHERENCE

Education on the part of the physiotherapist and patient
must be an ongoing process. It starts at the time of diagno-
sis and continues lifelong. Adapting airway clearance and
continuing education as the patient grows and the disease
changes is imperative. The therapist must remain at the
forefront of new techniques, medications and regimens.
Time must be built into clinic, outpatient and inpatient
settings to allow individual assessment and education ses-
sions. As the patient’s lung disease alters, so should airway
clearance regimens. Therapists should take into account
the developmental stage of the patient and family when
prescribing or altering therapy.

Adherence with airway clearance is variable, but usually
reported as low [1,2]. Reasons vary from ‘time-consuming’,
‘boring’, ‘no immediate improvement’ to ‘I forgot!’ Adher-
ence is strongly related to education. It is important that the
patient understands the basic concepts behind his or her
airway clearance technique. The patient should also be
trained at an early age to assess his or her own chest, respond

to subtle symptoms and report these findings to care
providers. The therapist should develop open communica-
tion between the patient and the family. Consideration
must be given to the cultural needs, socioeconomic status,
psychology and lifestyle of the patient and family, under-
standing that certain techniques may be suited at one point
in time, but will change with the demands of school or
work, or as the disease alters.

CONCLUSION

Cystic fibrosis continues to be an unrelenting, progressive
lung disease – highly variable from patient to patient, and
within individual patients. Because of this, daily airway
clearance should, until evidence indicates otherwise, be
established at the time of diagnosis. Patients and their fam-
ilies should be given the educational tools necessary to
make a choice with regard to airway clearance techniques
and how and which techniques best fit into their daily rou-
tine. The emphasis should be on helping the family to lead
as normal a life as possible. Fortunately there are now
many choices of airway clearance techniques that can be
tailored to the specific lung disease and lifestyle of the
patient. There is no single ‘ideal’ airway clearance technique
that is best for all patients. Frequent re-evaluation of the
patient’s disease and needs enables the therapist to vary,
alter and ‘fine tune’ techniques, taking into account chang-
ing lung physiology and patient/family situation through-
out the patient’s lifetime.

Today’s CF physiotherapists should have a toolbox that
includes an individualized, evidence-based, creative, holis-
tic approach, with frequent reassessments and fine-tuning
of techniques in order to optimize lung health and general
physical fitness.
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Nutritional aspects

SUE WOLFE AND SARAH COLLINS

INTRODUCTION

The dietetic management of cystic fibrosis (CF) is an impor-
tant and integral part of modern care. In the past, malnutri-
tion and poor growth were inevitable consequences of the
condition [1]. Reduced respiratory muscle function [2],
decreased exercise tolerance [3] and immunological impair-
ment contributed to an increased susceptibility to infec-
tions and higher morbidity and mortality rates. Over the
last few decades there have been many advances in both the
respiratory and nutritional management of CF and most
patients should now be well nourished. Long-term nutri-
tional support has been shown to improve nutritional sta-
tus [4] and stabilize (or slow) the rate of decline in lung
function [5,6]. Recent studies have also shown that nutri-
tional status has an important prognostic significance, with
poor body weight [7] and height [8] being independent risk
factors for early death.

In order to optimize nutritional status it is essential that
all patients receive regular expert dietetic review. Advice
should be age-specific, and nutritional care plans and inter-
ventions must suit the patient’s needs, lifestyle and clinical
status. The aims of dietetic management are to ensure
patients achieve normal weight gain, growth, body compo-
sition and bone health, pubertal development and vitamin,
mineral and essential fatty acid (EFA) status. The improve-
ment in life expectancy has also created new nutritional
challenges such as the treatment of CF-related diabetes
(CFRD), osteoporosis, pregnancy and transplantation.

NUTRITIONAL REQUIREMENTS

Energy requirements vary widely and depend on age, gen-
der, nutritional status, lung function and presence of pan-
creatic insufficiency. Energy needs are generally quoted to
be 120–150% of those required by healthy individuals of
the same age and gender [9]. Undernutrition results from

an unfavorable energy balance between increased energy
expenditure and losses and a reduced energy intake.

Increased energy expenditure

Infection, inflammation, deteriorating lung function and
possibly a genetic component of CF [10,11] increase resting
energy expenditure (REE). An abnormal adaptive response
to malnutrition results in an increase in muscle protein
catabolism and poor tolerance to acute infections [12].
Drugs such as salbutamol may also increase REE [13].

Increased energy losses

Despite pancreatic enzyme replacement therapy (PERT)
maldigestion and malabsorption may still contribute to
increased energy losses [14]. Undiagnosed or inadequately
treated CFRD may also increase energy losses through 
glycosuria.

Reduced energy intakes

Many patients fail to meet recommended energy intakes
with dietary fat providing approximately 35–40% of the
energy [15,16]. Anorexia is often present and dietary intakes
may be inadequate to maintain or support normal weight
gain and growth. Other factors such as food dislikes, gas-
troesophageal reflux (GER), increased sputum production,
abdominal pain, vomiting and psychosocial problems may
contribute.

In order to promote growth and development, a diet
high in energy and protein with adequate PERT should be
advised. In practice, if high energy intakes are achieved suf-
ficient dietary protein is usually provided. It is important
that children and adults with CF receive regular dietary
reviews and assessment throughout their life to ensure
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optimal nutritional status is maintained both when well
and during periods of infection.

Monitoring growth

Serial data on weight, height and – in children under 5
years of age – head circumference should be recorded on
appropriate centile charts. The recommended frequency of
recordings are shown below [17]:

● children: weight and height at each clinic visit;
● adults: weight at each clinic visit, height at each clinic

visit until growth has ceased then annually.

When interpreting growth charts it is important to take
into account the effects of delayed puberty (see Chapter 20).
Body mass index (BMI) is also used to assess nutritional
status in adults and children [18]. For children, BMI must
be plotted on centile charts or converted to standard devia-
tion (SD) values. The possibility of nutritional stunting
must also be considered. The increasing use of dual-energy
x-ray absorptiometry (DEXA) for detecting bone mineral-
ization problems has provided the opportunity for more
accurate and detailed assessment of body composition.

PANCREATIC ENZYME REPLACEMENT
THERAPY

In northern Europe, approximately 95% of patients are
pancreatic-insufficient (PI) [14] and require pancreatic
enzyme replacement therapy (PERT) to control the symp-
toms of malabsorption, achieve adequate weight gain and
maintain a good nutritional status. If uncontrolled, malab-
sorption results in abdominal pain, frequent oily pale and
offensive stools, poor growth, malnutrition and deficien-
cies of fat-soluble vitamins and EFA [14]. In addition to
lack of pancreatic enzymes there are many other factors that
contribute to maldigestion and malabsorption of nutrients
(see Chapter 15a).

Pancreatic enzymes should be started if symptoms of
malabsorption are obvious and PI should then be confirmed
using fecal pancreatic elastase-1 [19]. If clinical symptoms of
malabsorption are absent, PI should be confirmed before
PERT is commenced (see Chapter 15b). Fecal pancreatic
elastase-1 is also useful for annual monitoring of pancreatic-
sufficient patients to identify the onset of PI [20].

All patients should receive enteric-coated acid-resistant
pancreatic enzyme preparations (Table 30.1). Powdered
and uncoated enzymes are largely ineffective and should

Table 30.1 Recommendations for pancreatic enzyme replacement therapy.

General
● Enzymes should be stored at room temperature and humidity
● The expiry date should not be exceeded – enzymes that have expired are less potent
● Pill cases are convenient for keeping enzymes in a pocket or bag
● Enzymes should be kept at places that are frequently visited

Infants
● Microsphere or mini-microsphere preparations should be used
● For every 120 mL of infant formula or breast milk an initial dose of one-half scoop of Creon Micro (2500 IU lipase) or one-quarter or one

third capsule of Creon 10 000 (2500–3333 IU lipase) or one-half capsule Pancrease (2500 IU lipase) should be given. These doses equate
to approximately 400–800 IU lipase/g of dietary fat

● Enzymes should be mixed with a small amount of formula, expressed breast milk or fruit pureé and given from a spoon. Exposure to hot
food or food with a pH greater than 5.5 will reduce enzyme efficacy. The dose should be divided throughout the feed depending on
symptoms

● The dose should be gradually increased according to clinical symptoms, appearance of the stools and objective assessment of weight
gain, growth and absorption

● Once solid food is introduced, PERT should be adjusted according to fat intake. Regular advice from a dietitian is mandatory

Older children
● An initial dose of one or two capsules of Creon 10 000 (10 000–20 000 IU lipase) or two capsules of Pancrease (10 000 IU lipase) per

meal and one-half to a full capsule Creon/Pancrease with fat-containing snacks should be given
● Enzymes should be given with all fat-containing foods. The dose should be worked out individually according to fat intake. 500–4000 IU

lipase/g dietary fat is usually required
● Capsules can usually be swallowed whole at 3 or 4 years of age. If capsules are opened, the microspheres should be mixed with a small

amount of fluid or solid and given from a spoon. They must not be crushed or chewed, as this will destroy the enzymatic activity
● The ideal timing of enzyme administration varies according to the individual. In general if meals are eaten quickly enzymes are best

given at the beginning and middle of the meal. If meals are take over 30 minutes PERT is best given before, during and towards the end
of the meal. Dividing the dose also avoids overdosing if food is refused half way through

● PERT should be gradually increased until symptoms of malabsorption are controlled
● Patients should be aware of foods/drinks that do not require PERT, such as fruit pastilles and vegetables
● Adherence problems should be openly discussed and advice should be given to help overcome these problems

PERT, pancreatic enzyme replacement therapy.
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not be used routinely. In general, standard-strength
enzymes containing 5000–10 000 IU of lipase per scoop/cap-
sule are given to infants and children. High-strength prepa-
rations containing 25 000–40 000 IU of lipase per capsule
may be used for adolescents and adults. The dose of enzymes
required depends on the fat content of the food or drink
taken. Educating patients about dose adjustment and tim-
ing of PERT is essential to achieve optimal absorption.

In the early 1990s following the occurrence of fibrosing
colonopathy [21] the safety of some high-strength enzyme
preparations was questioned (see Chapter 15a). The
Committee on Safety of Medicines in the UK advised that
preparations containing the copolymer Eudragit L30 D55
should not be given to children aged 15 years or less. They
also advised that for any patient the daily dose of lipase
should not usually exceed 10 000 IU/kg per day, regardless
of the preparation used [22]. In practice, if the dietary fat
intake is very high enzyme requirements may be slightly
greater than this. If excessively high doses appear necessary,
enzyme efficacy may be improved by using H2 antagonists
or proton pump inhibitors [23] to reduce gastric acid out-
put. Using an alternative enzyme preparation may help as
all enzymes have different pharmacological characteristics
that affect their efficacy. Changing the timing of enzyme
administration may also improve absorption because of
individual variation in the rate at which enzymes and food
leave the stomach [24]. If symptoms persist, a full gastroin-
testinal investigation should be performed to rule out other
conditions, such as celiac disease, pancreatitis, bacterial over-
growth and cows’ milk protein intolerance [14].

Monitoring and adherence with PERT

Regular dietetic assessment is essential to achieve optimal
PERT [25]. Using symptoms alone to adjust doses may
lead to both over- and underdosing as patients may fail to
recognize malabsorption. A detailed review of the bio-
chemical assessment of PERT is given in Chapter 15a and
in a review by Borowitz and colleagues [19].

Poor adherence to enzyme therapy is relatively common
and may be the cause of persisting malabsorption despite
apparently optimal enzyme dosing. Patients may be embar-
rassed and reluctant to take enzymes in front of their
friends. A persistently low fecal chymotrypsin level will help
to identify this problem. Non-adherence to other medica-
tions (e.g. low fat-soluble vitamin levels despite the pre-
scription of an adequate supplemental dose) also suggests
non-adherence.

Constipation and distal intestinal obstructive
syndrome

Constipation is relatively common in CF and in a few cases
can result in distal intestinal obstructive syndrome (DIOS)
[26]. Inconsistent or excessive enzyme doses can con-
tribute to the problem [14]. These patients should receive

a thorough assessment of the adequacy of PERT and titra-
tion of dose according to dietary fat intake. Enzyme doses
should not be increased unless malabsorption is docu-
mented. Improving the patient’s fluid and fiber intake may
also help [27].

Ventilation and PERT

Enteric-coated pancreatic enzymes cannot be put down
standard nasogastric (NG) and gastrostomy tubes. If a
patient is unable to take enzymes orally a powdered prepa-
ration may be used. If the patient is fed continuously, small
doses of powdered enzymes should be mixed with fluid
and flushed down the tube every 2–3 hours. Alternatively
enteric-coated enzymes can be dissolved in sodium bicar-
bonate solution and given in the same way. Giving a proton
pump inhibitor preserves some of the enzymatic activity of
these enzymes, which otherwise would be largely destroyed
in the acid environment of the stomach.

Overnight feeds and PERT

All fat-containing elemental and polymeric feeds require
PERT. The dose is worked out on an individual basis tak-
ing the type, fat content and rate of infusion of feed into
consideration. If the feed is infused over a long period, only
small enzyme doses may be required [28]. This may be
partly due to the stimulation of gastric lipase activity [29].
The enzymes are usually given at the beginning and end of
the feed [28].

VITAMIN SUPPLEMENTATION

Fat-soluble vitamin deficiency is common in untreated PI
patients with CF [30]. Routine vitamin A, D and E supple-
ments should be given to these patients from diagnosis
(Table 30.2). Serum levels should be checked annually and
doses adjusted accordingly [17,31]. Pancreatic-sufficient
patients should have their serum fat-soluble vitamin levels

Table 30.2 Suggested doses of fat-soluble vitamins.

Age Vitamin A Vitamin D Vitamin E Vitamin
(�g) (IU) (�g) (IU) (mg) Ka (mg)

�1 year 400–1500 10 10–50 5
(1333–5000) (400)


1 year 1200–3000 10–50 50–100 5–10
(4000–10 000) (400–2000)

Adults 1200–3000 20–50 100–200 10
(4000–10 000) (800–2000)

aVitamin K supplements are currently used if the prothrombin time is
increased or there is overt liver disease. However, they may be used
routinely in the future due to the role of vitamin K in bone metabolism.
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checked annually and supplementation started when levels
are low [17].

Vitamin A

Vitamin A is important for vision, integrity and prolifera-
tion of epithelial cells and immunity. Low vitamin A levels
are associated with poorer clinical status, impaired lung
function [32], disturbed night vision and xerophthalmia
[33]. Measurement of plasma retinol is unreliable with
poor correlation between clinical and biochemical find-
ings. Vitamin A is stored in the liver and plasma levels are
unable to detect liver stores. Measurement of retinol bind-
ing protein (RBP) will help to interpret plasma vitamin A
levels as RBP is the transport protein for vitamin A. Zinc
deficiency depresses RBP levels and so zinc supplementa-
tion may be necessary if levels are low [34]. The concentra-
tion of retinol may also be depressed during acute infection
so measurements should be taken during clinical stability
[35]. Vitamin A is potentially toxic [36] and high intakes
have also been associated with reduced bone mineral den-
sity [37], so doses should be increased with caution.

Vitamin D

Clinical deficiency of vitamin D is rare although low plasma
25-hydroxy-vitamin D levels have been reported [38].
Causes include malabsorption, poor dietary intakes, insuf-
ficient sunlight exposure and possible deficiency of vitamin
D-binding protein. Plasma 25-hydroxy-vitamin D is a good
indicator of vitamin D status although there is a wide sea-
sonal variation [38]. Low vitamin D levels lead to reduced
calcification of bone contributing to the development of
osteopenia and osteoporosis (see Chapter 18) [39].

Vitamin E

Overt clinical symptoms of deficiency (hemolytic anemia,
neuromuscular degeneration and retinal and cognitive
deficits [40]) are rare. Vitamin E (alpha tocopherol) is, how-
ever, a powerful antioxidant that protects lipoprotein and
cellular membranes against destruction, so it may have an
important role in controlling the progression of lung disease.
Serum levels vary according to levels of carrier lipoprotein, so
vitamin E/fasting lipid ratio should be determined [17].

Vitamin K

Vitamin K is required for blood clotting and bone health.
In addition to fat malabsorption patients with CF are at
risk of developing deficiency due to liver disease, bile salt
deficiency and antibiotic treatment. Vitamin K is usually
only given to patients with abnormal prothrombin times.

However, prothrombin induced in vitamin K absence
(PIVKA II) levels have shown vitamin K deficiency is com-
mon in most PI patients [41]. Undercarboxylated osteocal-
cin levels that measure the adequacy of vitamin K status for
bone metabolism are also abnormal [42]. These recent
findings have questioned the need for, and dose of, routine
vitamin K supplementation for all patients.

Essential fatty acids

Biochemical deficiency of essential fatty acids (EFAs) –
characterized by low levels of linoleic and �-linolenic acid
and omega 3 long-chain polyunsaturated fatty acids such as
eicosapentaenoic acid (EPA) and docosahexanoic acid
(DHA) – is common in CF [43]. Clinical symptoms of defi-
ciency are rare, but deficiency of EFA increases suscepti-
bility to respiratory infections with Staphylococcus and
Pseudomonas [44]. Deficiency may be partially caused by a
defect in fatty acid metabolism related to the CF genotype
[43,45]. The dose and type of EFA required is unknown and
therefore further work is needed before routine supplemen-
tation is recommended [46].

Water-soluble vitamins

In general these vitamins are well absorbed in CF and sup-
plementation is not necessary unless patients have inade-
quate dietary intakes [17]. Currently the roles of antioxidant
vitamins are under investigation. Low levels of vitamin C
have been reported in CF [47], and impaired status of vita-
min E, glutathione and carotenoids disturb the protective
antioxidant screen in CF [48].

PROVIDING NUTRITIONAL SUPPORT

Dietetic advice must take age, nutritional and pancreatic sta-
tus, financial and family circumstance, religious and cultural
dietary beliefs and food preferences into account. Most
nutritional management guidelines recommend a staged
intervention approach to nutritional support [17,40,48].
Increasing the energy content of the normal diet, oral calorie
supplementation, behavioral interventions, enteral tube
feeding and parenteral nutrition have all been shown to
improve weight gain in patients with CF [4].

Feeding infants, toddlers and young children

An increasing number of infants are being diagnosed by
neonatal screening (NS). Age at diagnosis is a critical 
determinant of nutritional status [49]. Early diagnosis
gives the opportunity to prevent nutritional problems,
including failure to thrive, anemia, vitamin deficiencies
and hypoalbuminemia.
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Most infants thrive on either demand breast-feeding or
normal infant formulas [50,51]. Breast-feeding should be
encouraged as breast milk contains lipase and beneficial
nutritional and growth factors. If infant formula is used,
150–200 mL (100–130 cal) per kilogram per day will support
normal growth. If catch-up growth is required, or malab-
sorption is difficult to control, energy requirements will be
higher. Approximately 15% of infants are born with meco-
nium ileus (MI). These infants are nutritionally compro-
mised from birth, especially if surgical resection is required
[52], and may benefit from a hydrolyzed protein, medium-
chain triglyceride containing feed. Over 50% of the energy
content of breast milk or formula is derived from fat and
therefore infants with obvious malabsorption should com-
mence PERT on diagnosis of CF. Delayed enzyme therapy
will have a devastating effect on nutritional status. The
importance of regular growth assessment in the first few
months of life cannot be over-emphasized.

Gastroesophageal reflux (GER) is relatively common in
infants with CF [53] and can compromise growth and
exacerbate respiratory symptoms. Treatments include
thickening the feed, using a pre-thickened formula, using
motility stimulants and reducing gastric acid [54].

If weight gain is poor, increasing the feed volume, using 
a high-energy infant formula or additional energy supple-
mentation should be considered. Occasionally failure to
thrive may be related to, or exacerbated by, a poor sodium
intake. The sodium content of normal infant formula is rel-
atively low (approximately 1.6 mmol/kg body weight for
every 200 mL/kg fed). Deficiency should be confirmed by
serum levels and urine analysis for sodium content
(�10 mmol/L). Supplementation with 1–2 mmol/kg should
correct deficiency or prevent deficiency in hot climates. A
small percentage of infants may develop cows’ milk protein
intolerance [55]. This should be treated with a protein
hydrolysate formula.

Weaning foods should be introduced at 4–6 months of
age and by the end of the first year a normal diet should
have been introduced. As the diet becomes more varied the
need for enzyme variation according to fat intake becomes
greater (see above). Dietary counselling is essential through-
out early childhood when long-term feeding habits are
being established. As the child gets older, food is often used
as an effective tool to obtain parental attention and behav-
ioral food refusal can become a problem [56]. Unless care-
fully handled, this behavior can persist for a number of years
resulting in a poor dietary intake and growth. Attention to
the behavioral aspects of feeding has been shown to
improve energy intakes [57] (Table 30.3).

Adolescents and adults

Adolescence is a physically and emotionally demanding
period associated with increased nutritional require-
ments due to rapid physical growth, pubertal changes and
increased physical activity. It is also a phase of developing

independence, autonomy and personal identity. There is a
risk of disordered eating behavior in adolescents with chronic
illness [58], so early identification and treatment of any
eating disturbances in adolescents with CF is required [59].
Adolescence is a time when treatment adherence may need
addressing. Coping strategies have been shown to influence
the extent of adherence to treatment, with positive/opti-
mistic coping enhancing quality of life and facilitating
treatment adherence [60]. The prevalence of malnutrition
increases with age [6]. Even in those with a normal BMI, a
loss of fat-free mass occurs in those with severe lung dis-
ease [61]. Age-related complications of CF (e.g. CF-related
diabetes and osteoporosis) lead to increased dietary chal-
lenges to maintain optimal nutritional status throughout
adulthood.

IMPROVING THE ENERGY CONTENT OF THE DIET

Patients should be encouraged to eat a high-fat diet with
the liberal use of high-fat snacks and fried food if weight
gain is poor. The addition of butter, olive oil, cheese and
cream to foods and small frequent meals and snacks will
also help. The increased life expectancy of patients with CF
has highlighted the need to ensure that the diet is cardio-
protective, so mono- and poly-unsaturated fats and fruit
and vegetables should also be encouraged.

USE OF ORAL NUTRITIONAL SUPPLEMENTS

If nutritional status remains poor despite encouraging a
high-energy diet, nutritional supplements may be benefi-
cial for some patients [62]. Modular products (e.g. glucose
polymers and fat emulsions) supply additional energy to
the diet and oral sip feeds can provide a wider variety of
nutrients. A Cochrane review has suggested a lack of 

Table 30.3 Management of feeding behavior problems.

● Family meals should be encouraged, so meals become a social
event. This will encourage correct feeding behavior

● Distractions should be avoided, such as having the television
on at mealtimes

● Food that the child is likely to eat should be offered before
trying to increase the variety

● Food should be as attractive as possible
● Small portions should be offered rather than over-facing the

child and gentle encouragement should be given
● Ignore food refusal. In the child’s eyes any reaction is attention

and will encourage the bad behavior
● Praise should be given for ‘good’ or ‘positive’ behavior
● Mealtimes should be limited to 30 minutes. Allowing

mealtimes to extend rarely results in more food being eaten.
After 30 minutes food should be removed without comment

● A second meal should never be made if the first is refused
● Ensure there is a consistent approach from all involved with

feeding
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evidence of the value of these products for patients with CF
[63], but this does not mean they are not of benefit to indi-
viduals. Supplements should be prescribed on an individ-
ual basis depending on the patient’s age, preference and
requirements. The quantity and timing of supplement intake
is important as they should not replace food. Taste fatigue
is often reported with long-term supplement use, so alter-
ing the flavor and type of supplement periodically may
help to prevent this happening.

ENTERAL FEEDING

Nasogastric (NG) or gastrostomy feeding may be considered
to provide long-term nutritional support in patients unable
to meet their energy requirements. Enteral feeding has been
shown to improve weight gain and nutritional status and to
stabilize or slow the rate of decline in lung function [5,64].
Early intervention is associated with improved outcomes
[5,65]. At present there are no randomized control trials to
measure the efficacy of enteral feeding in CF [66].

Patient preference and clinical status determine the route
for enteral feeding. Nasogastric feeding is usually considered
prior to gastrostomy placement, during a respiratory exacer-
bation or as a less permanent method of nutritional support.
The main disadvantage of NG feeding is that tubes can
become dislodged by coughing, so gastrostomy feeding is
preferred for long-term nutritional support.

The majority of patients receive nocturnal enteral feeds
and are encouraged to continue with a high-energy diet
throughout the day. A wide variety of enteral feeds are avail-
able and the feed chosen should be appropriate to the
patient’s nutritional requirements, lifestyle and clinical con-
dition. The majority of patients tolerate a high-energy poly-
meric feed, but an elemental or semi-elemental feed may be
beneficial for some. All feeds require PERT (see above) and
it is important to monitor for glucose intolerance as a small
dose of insulin may be required to cover the feed [17].

PARENTERAL NUTRITION

Parenteral nutrition is not routinely recommended for
patients with CF due to the risk of complications, difficulty
of administration and high cost [17]. It can be useful for
short-term nutritional support following surgery where
enteral nutrition is not possible.

APPETITE STIMULANTS AND ANABOLIC HORMONES

Appetite stimulants have been used to try to improve the
appetite in patients with CF. Megestrol acetate has been
found to improve weight and respiratory function [67].
Cyproheptadine hydrochloride has also been shown to
improve the appetite in patients with CF [68].

The anabolic agents, insulin-like growth factor 1 and
early insulin therapy [69], have also been studied in CF but
evidence of their value is poor. Growth hormone has been
shown to improve weight gain and growth [70,71], and 

creatine supplementation has resulted in improved muscle
strength, patient well-being and body weight [72]. However,
most of the studies examining the use of adjunctive drugs
have involved small patient groups and some have resulted
in undesirable side-effects. Therefore it is generally agreed
that larger clinical trials are required before they are used
routinely [17].

NUTRITIONAL CHALLENGES

CF-related diabetes

The aims of treatment of CF-related diabetes (CFRD) are to
maintain growth and optimize nutritional status, achieve
good blood glucose control and avoid long-term complica-
tions [73]. Following diagnosis patients should have a
detailed dietary review and be encouraged to continue with
a diet high in energy, fat (with emphasis on mono- and poly-
unsaturated fat) and protein. The intake of salt should not
be limited. Refined carbohydrate should not be restricted,
but the quantity and distribution may need to be adapted.
Regular meals containing similar amounts of refined carbo-
hydrate should be encouraged [74]. Patients receiving sup-
plementary enteral feeds will need to have their insulin
modified to optimize overnight glycemic control.

Osteoporosis and bone health

Reduced bone mineral density is of concern, especially in
adolescent and adult patients [75]. Multiple risk factors
contribute to the development of osteopenia and osteo-
porosis (see Chapter 18), with poor nutritional status and
clinical disease severity being the most strongly linked fac-
tors [75]. Delayed puberty, vitamin D, calcium and vita-
min K deficiencies and to a lesser extent deficiencies of
copper, phosphorus, magnesium, zinc and protein and an
excess of vitamin A may also have etiological roles [75,76].

The foundation for good bone health is established dur-
ing infancy, childhood and adolescence, so there should be
a focus on minimizing risk factors during these years.
Particular attention should be given to achieving a normal
nutritional status, ensuring plasma vitamin D levels are
above 30 ng/mL (75 nmol/L) [76] and ensuring a high die-
tary intake of calcium.

Pregnancy and lactation

Nutritional status before and during pregnancy may be an
important determinant of outcome [78]. Women with CF
who plan their pregnancies and have pre-conceptional
advice have significantly greater maternal weight gain and
significantly heavier babies [79,80]. Advice regarding folic
acid supplementation [81] and general food safety should
be given. Dietary reviews should check nutritional adequacy
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with particular attention to ensure sufficient protein, cal-
cium and vitamin D intakes.

Nausea, vomiting, GER, altered gastric motility, consti-
pation or diabetes may compromise nutritional status.
Careful and close monitoring of nutritional status and indi-
vidual dietary advice is essential. Nutritional intervention
should be considered if there is poor weight gain.

Care should be taken with vitamin A supplementation
during pregnancy as high doses are teratogenic. Increased
risks of birth defects have been associated with intakes
greater than 10 000 IU (3000 �g) daily [82]. Women with
CF should take less than this and avoid excessive intakes of
liver products because of their high vitamin A content [17].

Mothers with CF can successfully breast-feed [78] 
as their breast milk contains normal amounts of sodium
and protein [83]. Maternal nutritional status should be
carefully monitored during breast-feeding. Advice and
nutritional support should be given to maintain an ade-
quate dietary intake to meet the increased demands of
breast-feeding.

Transplantation

Poor nutritional status has been shown to compromise
post-transplant survival [84] and is a risk factor for post-
operative complications [85]. A detailed nutritional assess-
ment should be conducted at the time of transplant
assessment to optimize nutritional status. Nutritional sup-
port should be provided in the acute post-transplant
period to maintain nutritional status. Patients also need to
be taught about food hygiene and safety and dietary inter-
actions with immunosuppressive drugs. Other nutritional
related complications that can occur post-transplant
include hypertension, osteoporosis, hyperlipidemia, dia-
betes, nephrotoxicity [86], increased vitamin A and E lev-
els [87] and GER. Distal intestinal obstructive syndrome is
also common in the early postoperative period and early
medical intervention is essential [88].

CONCLUSIONS

Regular dietetic input to review nutritional status, growth
and dietary intake and to monitor for signs of malabsorp-
tion is an integral part of CF care. Upon diagnosis patients
should have their nutritional and dietary requirements
assessed and this should be reviewed regularly so that
nutritional interventions can be tailored to meet changes
in clinical, physical and psychosocial needs. The majority
of patients with CF can achieve good nutritional status
from a diet high in energy and protein. Those who cannot
may require nutritional support from the use of oral nutri-
tional supplements or enteral feeding. An improvement in
survival has led to more dietary challenges such as CF-
related diabetes, pregnancy and osteoporosis, which need
regular dietetic support to help prevent a decline in 

nutritional and clinical status. As good nutritional status
has an impact on survival and well-being, it is imperative
that dietetic intervention be initiated early and continued
throughout life.
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Psychological aspects of cystic fibrosis

ALISTAIR J. A. DUFF AND HELEN OXLEY

INTRODUCTION

Living with cystic fibrosis (CF) can be psychologically
stressful for patients and families alike, yet at times, both
can exhibit outstanding psychological resilience. Over the
past decade there has been a dramatic increase in the num-
ber of psychological therapists with defined roles [1], inte-
grated into CF teams.

Until recently, the psychological literature has predom-
inantly focused on children and adolescents and their fami-
lies, with findings being inconsistent and of little immediate
help to patients and their relatives. There have been three
broad reasons for this. First, early studies presumed that
patients and their families would experience psychopathol-
ogy, which was then, rather predictably, ‘found’. It was not
until the late 1980s that studies considered risk for, and
resilience to, psychological problems more consistently.
Second, methodology often failed to address the impact of
mediating variables (e.g. age, gender and disease severity),
on the etiology of psychopathology. Finally, it was not until
the early 1990s that there was more serious consideration
of sampling. The severity of CF determines its visibility,
intrusiveness and predictability, factors known to increase
the risk of developing associated psychological problems [2].
Individual psychosocial development was often ignored,
with little homogeneity of study participants. Even more
fatally, reviews often failed to consider the changing con-
text of CF, including the effect of different eras of care.

People with CF born after 1990 now have a median 
life expectancy of over 40 years [3]. However, increased
longevity has been accompanied by an increased burden of
care and microbiological segregation and it is only now,
with the development of reliable measures [4,5], that the
quality of these additional years is being explored. Health
status can now be described more meaningfully, with bet-
ter identification of the effects of clinical interventions on
psychological and social aspects of daily living.

This chapter considers psychological aspects of CF
within the context of the past 15 years, where parents have

been told to expect that their child will live into their 
mid-40s and to anticipate a viable gene therapy, and where
health services have had to adapt to caring for increasing
numbers of adults with CF, some of whom have already
lived longer than either they or their parents expected.

CHILDREN AND ADOLESCENTS WITH CF

Children and young people with chronic conditions have
almost three times the risk of developing emotional and
behavioral difficulties when compared to their healthy peers
[6], and patients with CF are no exception [7]. Of course,
children do not adapt to CF in a vacuum. Their reactions
are intrinsically linked to how well their parents cope with
the diagnosis and develop effective parenting strategies.

Few studies focus exclusively on infants and pre-school
children with CF, many of whom do well. Newborn screen-
ing for CF is being increasingly advocated around the
world with emerging data suggesting that screened infants
have better health outcomes than non-screened (see
Chapters 8a and 8b). Although mothers report greater par-
enting stress after diagnosis and view their children as being
more demanding and less adaptable than those of healthy
children [8], this does not necessarily interfere with the
development of normal infant–mother emotional attach-
ments [9]. However, infants and children with CF deemed
to have insecure attachments have been shown to have
lower weight-for-height-scores. Pre-school children with
CF have also been found to be significantly more likely to
experience behavior problems than healthy controls [7]. It
seems that parents continue to need guidance on how best
to discuss CF and on balancing disease management with
normal psychosocial development.

As children with CF go through school, like all children,
they face the psychological tasks of establishing autonomy,
positive self-esteem and peer relationships. For many, the
school-age period is one where CF is well-managed, with
relative freedom from recurrent exacerbation. Nonetheless,



432 Psychological aspects of cystic fibrosis

children continue to undergo numerous treatments, face
frequent hospital visits and repeated medical procedures,
and become increasingly aware that they are different from
others [10]. It is thought that this can contribute to the onset
of emotional and behavioral difficulties. In one sample,
approximately 60% of mothers of children with CF aged
between 7 and 12 years old, and the children themselves,
reported adjustment difficulties [11]. Anxiety and opposi-
tional disorders have also been reported in this group [12].
Difficulty with mealtime behavior is one of the most fre-
quently cited difficulties in young children with CF [13].
As mealtime progresses, parents increase their efforts to
encourage eating [14], acknowledging that some of these
are inappropriate. Another area of concern is children’s
reactions to painful or distressing medical procedures.
Children continue to find ‘having a needle’ one of the most
frightening aspects of attending hospital. In CF, one study
found over 30% of children felt ‘extremely’ or ‘very’ fright-
ened of venepuncture, especially prior to needle-insertion
[15]. Other procedures (e.g. cough swabs and using nebu-
lizers) can also be upsetting for younger children.

Adolescence is a period when, psychologically, individ-
uals are expected to achieve a sense of self-identity and
independence from their parents and form ‘adult’ relation-
ships outside their family. However, as well as contending
with feeling different, adolescents with CF may also have to
deal with the over-involvement of their parents at a time
when developmentally they seek to psychologically ‘sepa-
rate’ from them. During periods in hospital they report
‘losing ground with their friends’ and ‘feeling out of the
loop’ [16]. They try to cope by keeping secrets and hiding
differences and relying on peers for companionship and
emotional support.

Despite the burden of treatment, there is consistent evi-
dence that adolescents with CF are generally a psychologi-
cally well-adapted and well-functioning group, reporting 
a high QoL [17,18], at least until the disease becomes severe
[19]. Severity as determined by lung function has a negative
impact on QoL in young people. Females generally report 
a lower QoL than males, but they are more accurate in 
their evaluations of health status [20]. Pain management
has also been reported as problematic for some young 
people [21].

Even if CF is well-managed, there are those adolescents
who psychologically fare less well. They report more prob-
lems in their family relationships particularly, in the parent–
teenager ones, than healthy controls. Such difficulties have
been associated with poorer psychological adjustment [22],
higher levels of psychopathology, particularly depressive
symptoms [23], and suboptimal adherence [24].

Family conflict often presents CF team members with
moral and ethical dilemmas, as parents strive to ‘strike a
balance’ between teenagers’ self-sufficiency, parental wishes
and the law, and although difficult and contentious, some-
times these need to be discussed in clinic. Just as parents
must allow their child to move on, so must the pediatric
team caring for them. Parents need to be supported and

encouraged to gradually devolve responsibilities for decision-
making and taking prescribed medication. Several ways 
of implementing transfer of care between pediatric and
adult units have been described. None has been proven to
be better than others, but those that are planned, efficient
and expected by the patient are thought to be the most 
successful [25].

ADULTS WITH CF

As the number of adults with CF rises, descriptions of their
changing lives, achievements and difficulties are emerging.
However, there is not yet the same volume of literature as
in the pediatric field. Many adults with CF, who make up
over 50% of the UK CF population [26], need to also man-
age jobs, relationships and families. The challenge is to
maintain such ‘normal life’ against ever-increasing treatment
regimens, complications and severity of disease. CF remains
a life-limiting disease, ending ultimately with deterioration
and death. Improvements in prognosis do not preclude
adults with CF from negative psychological effects.

Studies of QoL in adults have been extensively reviewed
[19,20,27]. Deteriorating lung function has been shown to
have a negative impact on CF-related QoL [20], however the
majority of the variance in QoL is still unaccounted for [28].
Other factors thought to be important are: subjective per-
ceptions of health, coping style and body image [20,29].
Optimistic coping is associated with better QoL and avoidant
coping may help some individuals maintain psychological
health (though may also be linked to poor adherence) [30].
Helping adults adapt to new stresses and demands may
require novel strategies, when previously relied upon meth-
ods of coping become ineffective.

Investigation of the prevalence of psychological prob-
lems in adults with CF shows mixed results. Some studies
suggest that they function well, displaying no more psy-
chopathology than healthy peers [17,31]. However, this
may only be the case in the early stages before the disease
becomes severe. While studies are lacking in those more
severely affected, where they do exist, a range of psycholog-
ical problems have been described, including depression,
poor self-esteem and relationship difficulties [19].

Chronic illness and depression are strongly linked [32]. In
adults with CF, while one study found depression to be no
higher than in the general population [31], another found
46% to be clinically depressed [33]. A meta-analysis across
illness groups has also found depressive symptoms to be
associated with a 3-fold increase in the risk of non-adherence
[34], and within the CF population depression is linked with
the poorer lung functioning [35]. While not yet properly
investigated in CF, risk of suicide and self-harm is generally
increased by physical illness, depression and hopelessness.

Anxiety disorders, especially panic attacks, are known
to be associated with respiratory disease [36] and are often
seen clinically in adults with CF [37]. Although they may
have satisfactory body image [38], both disturbed eating
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attitudes and disturbed eating behaviors are seen in adoles-
cents with CF [39] and might be presumed to continue at
least into early adulthood [19]. Low self-esteem and diffi-
culties in interpersonal and sexual relationships have also
been reported [19].

There are a number of other important psychosocial
issues for adults with CF. Pregnancy and reproduction,
transplantation and palliative care are considered sepa-
rately in this volume (Chapters 20, 21 and 32). Segregation
of patients for infection control purposes is increasingly
common, and investigations of the psychological conse-
quences are under way. Diagnosis of CF in adulthood has
short- and long-term consequences including fear, shock,
anger, increased awareness of death, feelings of confusion,
intrusion and isolation, and effects on identity, lifestyle and
personal relationships and those diagnosed as adults may
not receive enough information about their condition [40].

In summary, adults with CF are now the group with the
most complex and severe health problems and ordinary life
challenges. Details of the psychological difficulties they expe-
rience are emerging but much further investigation is needed.

ADHERENCE TO TREATMENT

The positive links between adherence and health status are
well known, but partial adherence to prescribed medica-
tions remains a worldwide problem. Engaging people with
CF in treatment is essential if permanent lung damage and
family conflict is to be avoided. Notwithstanding the diffi-
culties of definition and measurement, adherence to CF
regimens is generally low [41]. Factors thought to influ-
ence adherence across all illness groups are emerging and
include: knowledge and interaction with health profes-
sionals, individual and developmental factors, regimen
characteristics, and the family.

Perceptions of knowledge and compliance vary among
children with chronic conditions and their parents, some
choosing to suppress information as part of their coping
style. Further discrepancy arises from patients and parents
having different treatment goals from clinicians. In CF,
information-gaps and misunderstandings have been
reported in as high as 33% of mothers of school-aged chil-
dren [42]. While levels of understanding can be influenced
by interaction with team members, families can be unwill-
ing to express concerns.

In children with CF, adherence difficulties have been
reliably shown to increase from 10 years onwards, peaking
at around 16 years [41]. As in other illness groups, com-
posite regimens, adverse side-effects, variable efficacy and
the fact that not all treatment components yield immediate
benefit, can lead to lower rates of adherence. Particularly
low levels have been observed for diet [43], physiotherapy
and aerosolized therapies [23,44,45].

Family conflict (particularly parent–teenager), over-
involvement and poor communication have long been
associated with adherence problems. Problematic family

functioning has been shown to have a negative impact on
health outcomes in CF [46], and it has been suggested that
this is mediated by the family’s ability to facilitate optimal
adherence (see later). Findings on the effect of increased
parental involvement and monitoring of treatment behav-
iors during adolescence are equivocal but engaging teenagers
in discussions is vital if such problems are to be effectively
addressed.

For adults with CF, treatment regimens can be more
onerous than they are for children and adolescents. Levels
of adherence are again variable, depending on regimen,
with self-reported rates of 65–80% for pancreatic enzymes
and nebulized medication, and 40–50% for vitamin therapy,
dietary changes, exercise and physiotherapy [47]. In gen-
eral, complex and time-consuming treatments are associ-
ated with poorer adherence, but as in pediatric groups,
there are difficulties in defining and measuring adherence
accurately.

Several investigations of the complexities of adherence
to treatments in adults with CF have been undertaken
[19,27,44]. Adherence seems to be better: when treatments
give immediate benefits and choices are available [47],
when there is worry about health, a perception of little per-
sonal control over this and trust in medical practitioners
[48], and when there is good self-efficacy [49]. Social support
of patients is important in encouraging treatment adher-
ence [27], and the quality of relationships with healthcare
professionals may also influence this. In adults, illness
severity does not have a simple linear relationship with
adherence. Other demographic factors including financial
and employment status and age at diagnosis have not been
associated with differences in adherence rates in this popu-
lation [27], nor has general knowledge about CF, although
understanding of specific treatments is thought to be
important [44]. While good family functioning is known
to be important in the pediatric field, the impact of this on
adherence in adults has not yet been shown, although it
will remain important for some [44]. When patients are
asked reasons for partial or non-adherence, the most com-
mon reason given is forgetfulness [47], with other explana-
tions being grouped into health, social, time and emotional
reasons [27].

Teams need to embrace the notion that partial adher-
ence is inevitable and normal in patients of all ages. Patient
care needs to be placed within the context of their other activ-
ities and the need to maintain some kind of ‘normal life’.
The challenges for health professionals remain: to facilitate
open and honest discussions about adherence, to spend
time expressing empathy and understanding ambivalence,
and to collaborate and negotiate with patients over achiev-
ing more optimal patterns of adherence.

THE FAMILY

No matter their age, patients are integral to their family sys-
tem, having an effect on, and being affected by, their relatives.
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Equally, just as CF has a major impact on family functioning,
how that family ‘works’ affects how members adapt to CF.

In the UK, increasing numbers of children are diagnosed
as neonates, many following screening (see Chapter 8a). The
waiting period between raised immunoreactive trypsin on
screening and diagnostic confirmation is psychologically
distressing for parents. This, together with missed and late
diagnoses, has been recognized as leading to depressive
symptoms [50], anxiety, guilt and anger, and reduced trust
in doctors [51]. Information after newborn screening
needs to go beyond genetic counselling and families will
vary in their willingness to acquire CF-related information.

Although psychological adaptation to diagnosis has
been likened to a bereavement process with discrete stages
of shock, disbelief, anger, adjustment and adaptation, 
this does not accurately reflect the experience commonly
reported by parents. Despite improved longevity and
hopes of gene therapy, they continue to worry that they
will outlive their child. What seems more fitting in CF pop-
ulations is the concept of ‘chronic sorrow’, with oscillating
phases of normality and routine, punctuated with intense
sadness and mourning.

Following diagnosis, parents face a range of challenges,
including obtaining the knowledge and skills to manage
the disease, adhering to complex daily treatments and bal-
ancing the needs of the child with CF with the rest of the
family’s. One review found evidence that mothers in par-
ticular have increased psychological problems [7], role
strain of accomplishing tasks relating to family routines,
and illness-specific duties and decreased marital satisfac-
tion resulting from having less time to spend together [52].
Another emphasized the disruption to intra-familial rela-
tionships that optimal adherence to treatment regimens
can cause [53]. Parents can be either too protective or per-
missive with their child [54], or too enmeshed with each
other [17], and less likely to set limits compared to those of
healthy children [54]. Overprotection was again observed
in parental responses to recommendations on how to pre-
vent environmental acquisition of microbacteria, where
risks were exaggerated or misunderstood, to the detriment
of the child’s and parent’s QoL [55].

Mothers and fathers are thought to cope differently
with children who have a chronic condition. While fathers
report lower rates of adjustment problems [10], they can
experience guilt leading to withdrawal and worry about
time spent alone with their partner and not having enough
money to meet family needs [56]. However, to date, these
findings have not properly been explored in fathers of chil-
dren with CF.

A meta-analysis concluded that there are modest nega-
tive psychological effects on well-siblings of children with
chronic conditions, relative to comparison groups or nor-
mative data [57]. In CF groups, reactions are intrinsically
linked to how their sibling with CF responds to the condi-
tion, their own perceptions of this and their parents’
responses, all of which vary according to disease progression
[58]. Differential treatment of children with CF is perhaps

to be expected given the physical and emotional demands
placed on parents who may try to protect well-siblings by
deliberately not talking about certain aspects of CF.

Family dysfunction and stress have a detrimental impact
on CF outcomes. Patterson and co-workers [46] established
robust proof that a balanced family coping style, in which
members attend to their own needs as well as those of the
child with CF, and lower levels of stress, were positively cor-
related to 10-year lung functioning. Czyewski and co-workers
[59] linked elements of health status to a range of other
family variables, including maternal mental health prob-
lems and greater perceived negative impact of the illness on
the family. Being a single mother has also been implicated
[60]. These associations have important implications for
clinical management, particularly in helping parents attend
to the family as a whole, and encouraging individual family
members and single mothers to attend to their own mental
health needs when feeling overwhelmed.

Reciprocal relationships between adults with CF and
their families have received little attention. The normal
process of gaining independence can be disrupted and, as
CF progresses, parents of adult patients can revert to a car-
ing role again, which can be difficult for all. Well-siblings,
too, may continue to feel the effects of CF on their lives.
Barriers to forming relationships in adulthood have been
described in CF, such as lack of independence, fear of mov-
ing away from home and embarrassment due to symptoms
[19]. Adult relationships may be further affected when the
condition becomes more severe, as partners may need to
adopt the role of carer. While some adults with CF now have
children of their own, there has been little investigation of
the psychosocial impact on parents or their offspring. It may
be that as illness progresses, caring for children becomes
more demanding both practically and emotionally, with
consequences for those families and their extended sup-
ports. Children of people with CF may themselves become
carers, but this remains unexplored.

THE CF TEAM

CF team members may have long, and at times, intense
relationships with patients and their relatives. While often
rewarding, the experience can also be difficult. Stress can
arise from a range of sources, including dealing with diffi-
cult clinical situations, patient–team dynamics or conflicts
within the CF team.

Strong collaborative relationships between CF care-
givers, patients and relatives convey empathy and support,
and inspire confidence and trust. However, as patient–
professional relationships develop over time, difficulties
can arise and issues of maintaining appropriate boundaries
and the support needs of the CF team are becoming increas-
ingly recognized.

Difficult patient–team dynamics can emerge quite
insidiously (e.g. over-dependence, over-attachment, over-
protectiveness or over-involvement). At times, these can
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make it difficult: to support vulnerable patients or rela-
tives, to handle distressing and sensitive information, to
cope when patients physically deteriorate and die, or to
tackle any conflict that arises between teams, patients and
their families. Disagreement between patients and their 
CF team may arise in the contexts of adherence (where
patients can have different treatment goals from clinicians)
and decision-making.

Staff stress and burnout (a syndrome characterized by
emotional exhaustion, depersonalization and reduced per-
sonal satisfaction) within CF teams has been neglected in
the literature despite significant associations between team
support and supervision and low burnout [61]. Younger
team members with more social problems and anxiety may
be more susceptible to unmanageable levels of stress than
others [62]. Preventing staff stress and burnout are impor-
tant tasks. CF teams need to be aware of their own func-
tioning and devote time to addressing problems. Support
and supervision seem of particular use in helping team
members reflect on, among other things, how personal
issues and professional boundaries influence individual
practice, not working beyond competencies, and respond-
ing to sensitive patient information. How this is achieved
will vary between units, but any psychosocial professional
working within the team has an integral role to play.

PSYCHOLOGICAL INTERVENTIONS

Psychological interventions are intrinsic to optimizing CF
health outcomes by improving adaptation, coping and QoL,
ameliorating emotional distress, preventing psychopathol-
ogy and optimizing patients’ levels of self-care. Such work is
not the sole responsibility of the psychosocial professional.
All team members have much to contribute at all levels 
of care. Skills can be utilized informally in routine care 
(e.g. using good communication and active listening skills,
demonstrating empathy, and taking account of an individ-
ual’s needs for information, control, choice and involvement
in care). These have been linked to greater patient satisfac-
tion, and increased likelihood of advice being followed [63].
Team members can also undertake specific psychological
training (e.g. counselling and motivational interviewing
skills), and offer formal emotional support. Good knowledge
of the salient features of psychopathology is necessary to
ensure patients and relatives receive appropriate early assess-
ment and treatment of problems.

Parental support following diagnosis

Post-diagnosis programs for parents need to offer support
in various ways. Many exist, offering a combination of
didactic teaching sessions and group and peer interactions.
Nutritional knowledge and behavior management was
maintained at 3 months after one such initiative, which
also contained a mentoring service, focus groups and a

series of social events [64]. However, such efforts need to
continue beyond the post-diagnosis period and be directed
towards the entire family’s emotional well-being [65]. It is
also important to strike the balance between ‘normalizing’
emotional reactions and screening for psychological prob-
lems. For parents this needs to involve assessment of, among
other things, insecure attachments, depression, ‘flashbacks’
(and other distressing imagery), anxiety, parenting stress
and family functioning [66].

Behavioral problems

Anxiety can alter the way in which parents bring up their
children, with unwanted behaviors being unwittingly rein-
forced. Many CF treatment-related difficulties can often be
ameliorated by behavioral strategies. An important exam-
ple of this is the effect of parental anxiety about nutritional
intake on mealtimes. Children with CF often display behav-
ior that is incompatible with eating which is inadvertently
attended to by their parents. Joint behavioral and dietetic
interventions are successful in modifying these actions [67].

Other applications of behavior therapy in CF include
improving adherence to specific treatments such as physio-
therapy and nebulizer use in younger children, and reduc-
ing anxiety and increasing coping strategies in adolescents
[68]. It is particularly useful for effectively addressing prob-
lems in clinical settings, most notably procedure-related
distress where management involves combining relaxation
training, graded exposure (to the feared procedure) and
positive reinforcement. This is especially important to con-
sider in younger children with CF, given the frequency of
venepuncture and cough swabs. Teams need to assess pre-
vious experience, allow children to participate in the pro-
cedure when appropriate, encourage distraction and allow
plenty of time to rehearse anxiety-provoking treatments.
Such techniques have been extensively reviewed [69].

Psycho-education for children and families

Given that there are often large gaps and misconceptions in
patients’ and relatives’ CF knowledge [42,70], teams need
to implement education programs that inform, motivate
and support people with CF and their families. While there
is a plethora of CF information available, what seems essen-
tial is individualizing educational approaches by assessing
what patients and their families want to know and at what
times [71]. Evaluations of education programs in CF are
scant, despite suggestions that these can improve treat-
ment adherence in respiratory conditions [72]. CD-ROM
technology can facilitate more age-appropriate, interactive
and exciting education techniques and overcome issues of
time-consuming and resource-heavy education strategies.
Two such programs exist, with early evaluation showing
much promise [73,74].
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Adolescents

Few interventions have been described that specifically tar-
get adolescents with CF. Interventions that focus on
enhancing peer support in other chronic conditions can
have positive effects on disease management. Including
healthy peers in treatment has increased peer knowledge,
decreased parental report of child–parent illness-related
conflict, and improved parental perceptions of adherence
[75]. In CF, this type of support could be crucial, given
contemporary segregation guidelines. Psychopathology,
particularly anxiety and depression, can of course be found
in teenagers with CF. While the psychological treatment of
such problems is akin to that recommended for adult
patients, some adjustments need to be made (e.g. specific
guidelines for the treatment of depression in young people
have recently been published in the UK [76]). However, it
is family-based interventions that may yield the most effec-
tive strategies in helping teenagers.

Family

Psychological approaches have long acknowledged the
importance of involving the entire family in therapy.
Systemic family therapy addresses ways family members
have a reciprocal effect on each other, communicate, and
function together and there is an emerging body of litera-
ture that supports such conceptualization of problems and
treatment [77]. Negotiating responsibility and improving
communication between adolescents and parents are key
tasks of such interventions, and continual monitoring,
feedback and reinforcement of these factors as well as 
others are important.

Adults

Although there is little published on the efficacy of psycho-
logical interventions with adult CF patients, substantial
evaluation in other illness groups has taken place, especially
in the areas of adherence and psychological problems. To
bring about changes in adherence to long-term treatments,
complex combinations of psychological approaches may
be required [78]. Cohesive families and good social sup-
port, especially practical help, are also associated with bet-
ter adherence [79]. Work on individuals’ motivation to
adhere has brought about behavioral change in adults with
other illnesses [80]. This can be delivered by trained non-
psychologists and shows promise in CF groups [45].

While prevalence of psychological problems among
adults with CF is as yet uncertain, such difficulties are
known to occur in this group. Early recognition of psy-
chopathology by CF team members is important (e.g. at
annual review) and psychometric measures may be useful
adjuncts to clinical assessment, particularly the Hospital
Anxiety and Depression Scale [81]. Where the need is for

increased support, other team members may fulfil this role.
When significant psychological problems such as anxiety
(e.g. panic attacks, excessive worry, phobias, obsessional
disorders), depression, risk of self-harm, or low self-esteem
are identified, referral to a psychological therapist for treat-
ment may be required. Cognitive behavior therapy (CBT)
has a strong evidence base in ameliorating such problems
in chronic illness groups [82]. It has been recommended as
a first-line treatment for, among other problems, depres-
sion and anxiety disorders and detailed guidelines for this
(and adjunctive pharmacological treatment) are available
[83,84]. Descriptions of how CBT can be applied to CF
populations are also readily obtainable [37, 85]. Related psy-
chological approaches (e.g. solution-focused therapy and
brief problem-solving), hold promise for CF populations
as do other psychotherapeutic interventions, such as 
psychodynamic approaches. However, these remain
unevaluated.

CONCLUSIONS

Although patients with CF have increased longevity, the
challenge for medical teams is to ensure their QoL is equally
enhanced. New treatments present new psychosocial chal-
lenges for patients and their families as their burden of care
rises. We know that risk factors associated with the devel-
opment of psychological problems are mother–child inse-
cure attachments, parenting stress, marital dissatisfaction,
parent–teen conflict and family dysfunction. We also know
that siblings of children with CF experience negative psy-
chological affects. Coping and adaptation are influenced
by many psychological factors.

While effective psychological interventions exist, there is
only limited evidence demonstrating efficacy in CF popula-
tions. Enough is known about these in other illness groups 
to guide us in what may be helpful. Some psychological 
interventions need not remain the monopoly of psychosocial
professionals. Together we can support parents after diagno-
sis, screen for psychopathology, manage feeding behavior
problems and procedural distress. We can optimize the way
in which children, adults and their families obtain and use
information. The entire team can use a range of ‘everyday’
psychological skills to establish and nurture collaborative
relationships, which lead to honesty and trust in communi-
cating, and consequently, effective emotional support.

Joint work between pediatric and adult teams results in
successful transition to adult services. Individual psy-
chotherapy is effective in tackling psychopathology, and
psychological therapists working in CF teams have key roles
in implementing and evaluating interventions, targeting
those thought to be most vulnerable, and working with
other team members to consider how psychological care
can be effectively and pragmatically incorporated into rou-
tine management.

There are many psychosocial aspects of CF that we 
are only beginning to understand. The effects of family
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functioning on health outcomes are emerging, particularly
with regard to adherence. Parent–child conflict has consis-
tently emerged as a key factor in the establishment and
maintenance of adherence difficulties. Health beliefs and
illness perceptions are also emerging as important to
adherence, and coping strategies associated with more pos-
itive health outcomes and successful psychological adapta-
tion must be explored further. Motivational interviewing
and active peer support is gaining ground in other illness
groups and needs to be evaluated more thoroughly in CF
populations.

Yet in concluding, even when there is only partial
adherence to treatment, we must acknowledge and salute
the tremendous efforts made by patients and their families,
many of whom lead normal lives and maintain hope in the
face of substantial challenges.

REFERENCES

1. Kerem E, Conway SP, Elborn S, Heijerman HH. Standards of
care for patients with cystic fibrosis: a European consensus. 
J Cyst Fibros 2005; 4:7–26.

2. Pless IB, Nolan T. Revision, replication and neglect: research
on maladjustment in chronic illness. J Child Psychol Psychiat
1991; 32:347–365.

3. Frederiksen B, Laang S, Koch C, Hoiby N. Improved survival in
the Danish center-treated cystic fibrosis patients: results of
aggressive treatment. Pediatr Pulmonol 1996; 21:153–158.

4. Gee L, Abbott J, Conway SP et al. Development and validation
of a disease specific health related quality of life measure for
adults and adolescents with cystic fibrosis. Thorax 2000;
55:946–954.

5. Modi AC, Quittner AL. Validation of a disease-specific
measure of health-related quality of life for children with
cystic fibrosis. J Pediatr Psychol 2003; 28:535–546.

6. Cadman D, Boyle M, Szatmari P, Offord DR. Chronic illness,
disability and mental and social well-being: findings of the
Ontario Child Health Study. Pediatrics 1987; 79:805–813.

7. Berge JM, Patterson JM. Cystic fibrosis and the family: a review
and critique of the literature. Fam Syst Hlth 2004; 22:74–100.

8. Quittner AL, DiGirolamo AM, Michel M, Eigen H. Parental
response to cystic fibrosis: a contextual analysis of the
diagnosis phase. J Pediatr Psychol 1992; 17:683–704.

9. van Ijzendoorn MH, Goldberg S, Kroonenberg PM, Frenkel O.
The relative effects of maternal and child problems on the
quality of attachment; a meta-analysis of attachment in
clinical samples. Child Dev 1992; 63:840–858.

10. Thompson RJ, Gustafson KE. Adaptation to Chronic Childhood
Illness. Washington, DC, American Psychological Association,
1996.

11. Thompson RJ, Gustafson KE, Hamlett KW, Spock A.
Psychological adjustment of children with cystic fibrosis: the
role of child cognitive processes and maternal adjustment. 
J Pediatr Psychol 1992; 17:741–755.

12. Thompson RJ, Gustafson KE, Hamlett KW, Spock A. Stress,
coping and family functioning in the psychological

adjustment of mothers of children and adolescents with
cystic fibrosis. J Pediatr Psychol 1992; 17:573–585.

13. Stark LJ, Jelalian E, Powers SW et al. Parent and child
mealtime behavior in families of children with cystic fibrosis.
J Pediatrics 2000; 136:195–200.

14. Stark LJ, Opipari LC, Jelalian E et al. Child behaviour and
parent management strategies at mealtimes in families with
a school-age child with cystic fibrosis. Health Psychol 2005;
24:274–280.

15. Duff AJA, Brownlee KG. The management of emotional
distress during venepuncture. Netherlands J Med 1999;
54(Suppl):S8.

16. D’Auria JP, Christian JP, Henderson ZG, Haynes B. The
company they keep: the influence of peer relationships on
adjustment to cystic fibrosis during adolescence. J Pediatr
Nurs 2000; 15:175–182.

17. Blair C, Cull A, Freeman CP. Psychosocial functioning of
young adults with cystic fibrosis and their families. Thorax
1994; 49:798–802.

18. Szyndler JE, Towns SJ, van Asperen PP, McKay KO.
Psychological and family functioning and quality of life in
adolescents with cystic fibrosis. J Cyst Fibros 2005;
4:135–144.

19. Pfeffer PE, Pfeffer JM, Hodson ME. The psychosocial and
psychiatric side of cystic fibrosis in adolescents and adults. 
J Cyst Fibros 2003; 2:61–68.

20. Gee L, Abbott J, Conway SP et al. Quality of life in cystic
fibrosis: the impact of gender, general health perceptions
and disease severity. J Cyst Fibros 2003; 2:206–213.

21. Hubbard PA, Broome ME, Antia LA. Pain, coping and
disability in adolescents and young adults with cystic
fibrosis: a web-based study. Ped Nursing 2005; 31:82-86.

22. Graetz BW, Shute RH, Sawyer MG. An Australian study of
adolescents with cystic fibrosis: perceived supportive and
non supportive behaviours from families and friends and
psychological adjustment. J Adol Health 2000; 26:64–69.

23. DiGirolamo AM, Quittner AL, Ackerman V, Stevens J.
Identification and assessment of ongoing stressors in
adolescents with a chronic illness: an application of the
Behavior Analytic Model. J Clin Child Psychol 1997;
26:53–66.

24. DeLambo KE, Ievers-Landis CE, Drotar D, Quittner AL.
Association of observed family relationship quality and
problem-solving skills with treatment adherence in older
children and adolescents with cystic fibrosis. J Pediatr
Psychol 2004; 29:343–353.

25. Conway SP. Transition from paediatric to adult-orientated
care for adolescents with cystic fibrosis. Disabil Rehab 1998;
20:209–216.

26. Cystic Fibrosis Trust. UK CF Database Annual Data Report.
Bromley, CF Trust, 2003.

27. Abbott J, Gee L. Contemporary psychosocial issues in cystic
fibrosis: treatment adherence and quality of life. Disabil
Rehab 1998; 20:262–271.

28. Gee L, Abbott J, Hart A et al. Associations between clinical
variables and quality of life in adults with cystic fibrosis. 
J Cyst Fibros 2005; 4:59–66.



438 Psychological aspects of cystic fibrosis

29. Staab D, Wenninger K, Gebert N et al. Quality of life in
patients with cystic fibrosis and their parents: what is
important besides disease severity? Thorax 1998;
53:727–731.

30. Abbott J. Coping with cystic fibrosis. J R Soc Med 2003;
96(Suppl):42–50.

31. Anderson DL, Flume PA, Hardy KK. Psychological functioning
of adults with cystic fibrosis. Chest 2001; 119:1079–1084.

32. Reid S, Henry JA. Deliberate self-harm. Prim Care Psychiat
2001; 8:1–7.

33. Burker EJ, Sedway J, Carone S. Psychological and educational
factors: better predictors of work status than FEV1 in adults
with cystic fibrosis. Pediatr Pulmonol 2004; 38:413–418.

34. DiMatteo MR, Lepper HS, Croghan TW. Depression is a risk
factor for non-compliance with medical treatment: meta-
analysis of the effects of anxiety and depression on patient
adherence. Arch Int Med 2000; 160:2101–2107.

35. Riekert KA, Bartlett SJ, Boyle MP, Rand CS. The relationship
between depression, disease severity and quality of life in
adults with cystic fibrosis. Am J Resp Crit Care Med 2004;
169:A392.

36. Goodwin RD, Pine DS. Respiratory disease and panic attacks
among adult in the United States. Chest 2002; 2:645–650.

37. Oxley H, Webb AK. How a clinical psychologist manages the
problems of adults with cystic fibrosis. J R Soc Med 2005;
98(Suppl):37–46.

38. Abbott J, Conway S, Etherington C et al. Perceived body
image and eating behaviour in young adults with cystic
fibrosis and their healthy peers. J Behav Med 2000;
23:501–517.

39. Shearer JE, Bryon M. The nature and prevalence of eating
disorders and eating disturbance in adolescents with cystic
fibrosis. J R Soc Med 2004; 97(Suppl):36–42.

40. Widerman E. Knowledge, interests and educational needs of
adults diagnosed with cystic fibrosis after age 18. J Cyst
Fibros 2003; 2:97–104.

41. Quittner AL, Drotar D, Ievers-Landis CE et al. Adherence to
medical treatments in adolescents with cystic fibrosis: the
development and evaluation of family-based interventions.
In: Drotar D (ed.) Promoting Adherence to Medical Treat-
ment in Chronic Childhood Illness: Concepts, Methods and
Interventions. Mahwah, NJ, Lawrence Erlbaum Associates,
2000, pp383–407.

42. Ievers-Landis CE, Brown RT, Drotar D et al. Knowledge of
physician prescription and adherence to treatment among
children with cystic fibrosis and their mothers. J Dev Behav
Pediatr 1999; 2:335–343.

43. Stark LJ, Jelalian E, Miller DL. Cystic fibrosis. In: Roberts MC
(ed.) Handbook of Pediatric Psychology, 2nd edn. New York,
Guilford Press, 1995, 241–262.

44. Kettler LJ, Sawyer SM, Winefield HR, Greville HW.
Determinants of adherence in adults with cystic fibrosis.
Thorax 2002; 57:459–464.

45. Quinn J, Latchford G, Duff AJA et al. Measuring, predicting
and improving adherence to inhalation therapy in patients
with CF: a randomised controlled study of motivational
interviewing. Pediatr Pulmonol 2004; Suppl 27:360.

46. Patterson JM, Budd J, Goetz DR, Warwick WJ. Family
correlates of a 10-year pulmonary health trend in cystic
fibrosis. Pediatrics 1993; 91:383–389.

47. Abbott J, Dodd M, Bilton D, Webb AK. Treatment compliance
in adults with cystic fibrosis. Thorax 1994; 49:115–120.

48. Abbott J, Dodd M, Webb AK. Health perceptions and
treatment adherence in adults with cystic fibrosis. Thorax
1996; 51:1233–1238.

49. Parcel G, Swank PR, Mariotto M, Bartholomew L. Self-
management of cystic fibrosis: a structural model for
educational and behavioural variables. Soc Sci Med 1994;
38:1307–1315.

50. Tluczek A, Koscik RL, Farell PM, Rock MJ. Psychosocial risk
associated with newborn screening for cystic fibrosis:
parents’ experience while awaiting the sweat-test
appointment. Pediatrics 2005; 115:1692–1703.

51. Kharrazi M, Kharrazi LD. Delayed diagnosis of cystic fibrosis
and the family perspective. J Pediatr 2005;
147(Suppl):S21–S25.

52. Quittner AL, Espelage DL, Opipari LC et al. Role strain in
couples with and without a child with a chronic illness:
associations with marital satisfaction, intimacy and daily
mood. Health Psychol 1998; 17:112–124.

53. Ievers CE, Drotar D. Family and parental functioning in cystic
fibrosis. J Dev Behav Pediatr 1996; 17:48–55.

54. Ievers CE, Drotar D, Dahms WT et al. Maternal child-rearing
behaviour in three groups: cystic fibrosis, insulin-dependent
diabetes mellitus and healthy children. J Pediatr Psychol
1994; 19:681–687.

55. Ullrich G, Wiedau-Gors S, Steinkamp G et al. Parental fears of
Pseudomonas infection and measures to prevent its
acquisition. J Cyst Fibros 2002; 1:122–130.

56. Heaman DJ. Perceived stressors and coping strategies of
parents who have children with developmental disabilities: 
a comparison of mothers with fathers. J Pediatr Nurs 1995;
10:311–320.

57. Sharpe D, Rossiter L. Siblings of children with a chronic
illness: a meta-analysis. J Pediatr Psychol 2002; 27:699–710.

58. Bluebond-Langer M. Living with cystic fibrosis: the well
sibling’s perspective. Med Anthropol Quart 1991;
5:133–152.

59. Czyewski DL, Mariotto MJ, Bartholomew K et al.
Measurement of quality of well being in a children and
adolescent cystic fibrosis population. Med Care 1994;
32:965–972.

60. Macpherson C, Redmon A, Leavy A, McMullan M. A review of
cystic fibrosis children born to single mothers. Acta Paediatr
1998; 87:397–400.

61. Coady CC, Kent VD, Davis PW. Burnout among social workers
working with patients with cystic fibrosis. Health Social Work
1990; 15:116–124.

62. Carr A, Roseingrave P, Fitzgerald MX. Factors associated with
stress responses in staff caring for patients with cystic
fibrosis. Irish J Psychol 1996; 17:241–250.

63. Roter DL, Hall JA, Barker LR et al. Improving physician’s
interviewing skills and reducing patients’ emotional distress.
Arch Int Med 1995; 155:1877–1884.

www.ebook3000.com

http://www.ebook3000.org


References 439

64. Haberman D, McDonald CM. Support systems for parents of
children with CF. Pediatr Pulmonol 2005; Suppl 27:136–137.

65. Bryon M. Psychological interventions. In: Bush A et al. (eds)
Cystic Fibrosis in the 21st Century: Progress in Respiratory
Research. Basel, Karger, 2006, pp 309–313.

66. Duff AJA. Psychological interventions in cystic fibrosis and
asthma. Pediatr Resp Rev 2001; 2:350–357.

67. Stark LJ, Jelalian E, McGrath AM, Mackner L. Behavioral
approaches in cystic fibrosis: applications to feeding and
eating. In: Bluebond-Langner M et al. (eds) Psychosocial
Aspects of Cystic Fibrosis. London, Arnold, 2001, pp348–360.

68. Bryon M. Behavior therapy and cognitive-behavior therapy.
In: Bluebond-Langner M et al. (eds) Psychosocial Aspects of
Cystic Fibrosis. London, Arnold, 2001, pp318–328.

69. Duff AJA. Incorporating psychological approaches into routine
paediatric venepuncture. Arch Dis Child 2003; 88:931–937.

70. Conway SP, Pond MN, Watson A, Hammett T. Knowledge of
adult patients with CF about their illness. Thorax 1996;
51:34–38.

71. McMullen AH. Health education. In: Bluebond-Langner M 
et al. (eds) Psychosocial Aspects of Cystic Fibrosis. London,
Arnold, 2001, pp268–295.

72. Lehrer PM, Sargunaraj D, Hochron S. Psychological
approaches to the treatment of asthma. J Consult Clin
Psychol 1992; 60:639–643.

73. Davis MA, Quittner AL, Stack CM, Yang MCK. Controlled
evaluation of the STARBRIGHT CD-ROM program for children
and adolescents with cystic fibrosis. J Pediatr Psychol 2004;
29:259–267.

74. Duff AJA, Ball R, Wolfe SP et al. BETTERLAND: an interactive
CD-ROM guide for children with cystic fibrosis. Paediatr Nurs
2006; 18:30–33.

75. Greco P, Pendley JS, McDonell K, Reeves G. A peer group
intervention for adolescents with type I diabetes and their
best friends. J Pediatr Psychol 2001; 26:485–490.

76. National Institute for Clinical Excellence. Depression in
Children and Young People: Identification and Management
of Depression in Primary, Community and Secondary Care
(Clinical Guideline 28). London, NICE, 2005.

77. Kazak AE, Simms S, Rourke MT. Family systems practice in
pediatric psychology. J Pediatr Psychol 2002; 27:133–144.

78. Haynes RB, Yao X, Degani et al. Interventions to enhance
medication adherence. Cochrane Database System Rev 2005,
Issue 4. CD000011.

79. DiMatteo MR. Social support and patient adherence to
medical treatment: a meta-analysis. Health Psychol 2004;
23:207–218.

80. Bundy C. Changing behaviour: using motivational
interviewing techniques. J R Soc Med 2004; 97(Suppl):43–47.

81. Zigmond AS, Snaith RP. The Hospital Anxiety and Depression
Scale. Acta Psychiatr Scand 1983; 67:361–370.

82. White CA. Cognitive Behaviour Therapy for Chronic Medical
Problems: A Guide to Assessment and Treatment in Practice.
Chichester, Wiley, 2001.

83. National Institute for Clinical Excellence. Depression:
Management of Depression in Primary and Secondary Care.
London, NICE, 2004.

84. National Institute for Clinical Excellence. Anxiety:
Management of Anxiety (panic disorder, with or without
agoraphobia, and generalised anxiety disorder) in Adults in
Primary, Secondary and Community Care. London, NICE 2004.

85. Heslop K. Cognitive behavioural therapy in cystic fibrosis. 
J Roy Soc Med 2006; 99(Suppl 46):27–29.



This page intentionally left blank 

www.ebook3000.com

http://www.ebook3000.org


32
Palliative care in cystic fibrosis

CATHERINE E. URCH AND MARGARET E. HODSON

INTRODUCTION

The modern ‘palliative care’ movement in the UK has been
almost exclusively associated with oncology, and care in
specialist hospices, when it was founded in the 1960s by
Dame Cicely Saunders, but over the last 45 years specialist
palliative care has developed and adapted [1]. There are
now over 200 hospices throughout the UK, and thousands
around the world. More importantly the specialty has been
recognized in every country and the need for palliative care
acknowledged for a wide range of life-limiting diseases.
Over the last decade there has been a more radical acknowl-
edgment, both from within the speciality of palliative care
and from the rest of medicine, that there is a need for spe-
cialist palliative care outside oncology [2,3]. How this is
developed and delivered is still being reviewed and adapted.
It is apparent that excellent care (physical, psychological,
emotional) from the cystic fibrosis (CF) teams deliver high-
quality general palliative care [4,5].

The aim of this chapter is to develop some ideas around
the following questions:

● Is there a need for palliative care in CF?
● Should this be delivered by the CF team, or specialist

palliative care, or both?
● Does the possibility of transplantation preclude much

of the work of specialist palliative care, or is holding the
duality of death and life possible?

● How should we approach symptom control in the final
stages?

● Who should be involved with spirituality and bereave-
ment issues?

IS THERE A NEED FOR PALLIATIVE CARE 
IN CF?

The huge medical advances over the last two decades have
altered the quality and quantity of life of most people with

cystic fibrosis This has been transformed from a disease
with death in infancy or childhood, to one where a pedi-
atric death is now rare and the vast majority of patients
proceed to adulthood and continue to have a good quality
of life [6]. Unfortunately the disease at present is still pro-
gressive and fatal. Over time the respiratory secretions,
infections, and potential liver, pancreatic and gut compli-
cations will lead to death. The commonest cause of death is
respiratory failure, preceded by increasingly distressing
symptoms of breathlessness, anxiety and sputum produc-
tion. Lung transplantation has clearly altered the outlook
of progressive respiratory failure from one of death to one
tinged with hope of renewed quality of life. However, life
while waiting for transplantation is difficult, with increas-
ing illness, distress and approaching death, while trying to
fight and remain hopeful about a transplant. With the lim-
itation on organ availability, up to 50% of patients on a
transplant list will die waiting, and so the hope of a trans-
plant should not obscure effective terminal care [7–10].

The average life expectancy is around 30 years of age,
which masks the range of adults that can be cared for, and
the vastly different needs at different ages. Cystic fibrosis
teams (whether pediatric or adult) have developed a wide
range of skills to care holistically for their patients to death
[5]. The active nature of treatment to death may suggest
there is no role for palliative care. However, as palliative
care is defined as ‘the holistic care of patients and families at
any stage of their disease pathway, without effecting a cure’
[11]), there is a role for palliative care and indeed everyone
providing care to the CF patient is delivering general pal-
liative or supportive care.

The needs of patients with CF cover all boundaries – phys-
ical, emotional, spiritual, psychological, family dynamics –
so the teams caring from them should be practising holistic
and palliative care [12]. In non-curative chronic conditions
care is usually delivered within multidisciplinary teams,
and guidelines for chronic life-limiting conditions raise 
the need for integrated specialist input at the terminal
phase and improved care of the dying [13]. Cystic fibrosis
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multidisciplinary teams already exist as microcosms of 
general palliative care. Thus the question ‘Is palliative care
needed?’ is already answered in the affirmative and is often
delivered.

SPECIALIST PALLIATIVE CARE IN ADDITION TO
GENERAL PALLIATIVE CARE

The more interesting question is whether there is a need for
specialist palliative care and how this could be delivered.
Core specialist palliative care teams most commonly con-
sist of doctors trained in palliative medicine and nurse 
specialists (delivering specialist palliative care), although
the extended teams may include dietitians, psychologists,
bereavement councillors, rehabilitation therapists, speech
and language therapists, chaplains and social workers.
Specialist palliative care focuses on holistic aspects of the
terminal phase. This includes raising awareness, open com-
munication and symptom control, and bringing expertise
in terminal care from other areas, while working in close
collaboration with the CF team, who continue to have a
wider role in the active and long-term care of the patient.
Specialist palliative care is delivered in nearly every country
within the community and hospital settings, but for the
vast majority of patients with CF the terminal phase and
death occurs in hospital. The role of the specialist palliative
care team in hospital is one of collaboration with the CF
team, and not one of ‘taking over’ patient care [14]. This
acknowledges many things:

● the patient not feeling abandoned by a team he or she
knows and trusts;

● the patient still being able to access the necessary med-
ical/surgical care;

● the educational/collaborative approach of specialist pal-
liative care;

● acknowledgment of the often high level of general pal-
liative care delivered by CF teams;

● specialist palliative care delivering niche ideas/support
while not taking over;

● the continuity of the lead clinician (CF consultant) coor-
dinating the care plan.

Specialist palliative care is commonly involved when
there are issues around discussion of end of life (including
preparation of children and siblings), changing gear, ter-
minal care, symptom control in the terminal phase, family
support, involving community support, major life decisions
(e.g. quality versus quantity discussions), and supporting
bereavement follow-up [15].

TEAM WORKING

There has been a paradigm shift in delivery of best patient
care from the paternalistic, single consultant delivering all,

to one of a multidisciplinary team, each member of which
delivers a specialist aspect, coordinated and led by the lead
consultant. This way of working does not suit all tempera-
ments, and requires a high level of effective communication
and trust. Specialist palliative care should form one aspect
of the team, adapting locally to the needs and the gaps in the
CF team and will be different from the perceived traditional
role (one of taking over), to one of raising questions, dis-
cussion and education within the team, supporting the CF
team, and terminal care [16]. Many of the barriers faced by
specialist palliative care in CF are the preconceptions of
what specialist palliative care will do; for example, the con-
cept of stopping all acute interventions and the association
with instant death (often a consequence of late referral).
Early discussion and involvement of specialist palliative
care should increase the quality of life and enhance the well-
being of dying patients, not precipitate their death [17].

THE TERMINAL PHASE

Acknowledgment and preparation

Caring for many patients with CF in the last year or two of
life and in the dying phase is complicated for some by the
hope of transplantation [10]. For patients and the team this
can be a period of intense uncertainty, with many conflicting
emotions and fears [8,10]. Cystic fibrosis is unique in that
from childhood patients will be accumulating knowledge
about the eventual fatal outcome. By adolescence many 
will have already had to confront living with dying and
developed coping strategies [18]. In addition patients are
acutely aware that transplantation discussions are an explicit
acknowledgment of the progression of the illness. Many
teams take the opportunity that transplantation discussions
afford to openly discuss resuscitation and intensive care sup-
port, living with uncertainty, and explore aspects and wishes
around further deterioration or even death.

Patients will have known friends or siblings who have
died from CF [19], and perhaps others for whom transplan-
tation has been successful. Patients usually have an exten-
sive knowledge from non-medical sources; this should be
built on and explored by the CF team and not ignored
[20,21]. As with all sensitive discussions there is a concern
that explicitly discussing resuscitation and death will some-
how hasten it, or confuse the patient into thinking that the
team is giving up. Evidence from other specialties suggest
that open communication about prognosis, while inducing
some short-term anxiety, allows for greater participation
and acceptance [22–24]. Discussion can lead to the ability
for advance planning and optimization of care at the end of
life [25]. If the team does not raise these issues early and in
a clear manner then the patient will get the message that his
or her fears are of no interest. The patient may imagine the
worst, have no access to specialist help, and this in turn may
increase fear and diminish the ability to cope independently.
Leaving discussions about resuscitation, place of death,
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fears around dying, saying good-byes, too close to the end
becomes an exhausting self-fulfilling prophecy (Table 32.1).
The emotional work by the practitioner and patient is
greater closer to death, and the death itself may be less satis-
factory as there is too little time and energy to prepare [5].

It is difficult to support the patient during the terminal
phase [26]. The person is physically unwell, with bouts of
respiratory failure, any one of which could be fatal. It is
important to maintain clear and open communication,
acknowledging the individual patient’s hopes and fears [27].
The balance between the necessary interventions and dis-
comfort to the patient and the wish to achieve good symp-
tom control can be difficult [28]. Many drugs that relieve the
sensation of breathlessness or pain may also be sedating, and
getting the dose correct to minimize side-effects can take
time, patience and experience. Other non-drug interven-
tions, such as non-invasive ventilatory support, may be more

effective and timely [29]. Support for the team and the
patient’s family is vital [5]. As time progresses and the
patient becomes more unwell, divisions within the team
(such as ‘Is the patient dying or not?’) need to be discussed
and resolved.

The time before death is particularly hard for patients
and family, even if this has been discussed and planned for.
Patients may not feel ready, may have worries over chil-
dren, siblings, family and friends. Many are scared of dying
awake, suffocating or in pain. These fears need to be openly
addressed and managed with patients and their families.
Some patients will be called for a transplant during this
phase, but the emotional ‘work’ done in preparation for
death is not wasted – rather put aside for another time.
Many patients with support appear to be able to work
through this preparation ‘for the worst’ while maintaining
‘hope for the best’. Specialist palliative care can assist in
holding this rather unique duality [30].

Dying while on the transplant list

Perhaps one of the most difficult situations is when a patient
on the transplant list is reaching the final days of life [7].
Acceptance on the list usually brings elation and hope, but
over time the patient’s health will deteriorate, with life-
threatening exacerbations, continuous oxygen and perhaps
non-invasive ventilation, bringing fear and the inevitable
wondering ‘Will there be a transplant organ in time for me?’.
Once there is gross respiratory and/or other organ failure
there is little hope for a successful transplant. Throughout
the terminal phase and the eventual dying period, it is
essential to consider and discuss good symptom control
(Table 32.2) and the implications of treatments. However,
hopes for a transplant should not override the need for
good symptom control at every stage as opioids for pain
and breathlessness can be reversed with naloxone and ben-
zodiazepines with flumazinal, if a transplant becomes avail-
able. The discussions and deliberations around symptom
control alongside active treatment are difficult but should
be tackled on a regular basis with the whole multidiscipli-
nary team, patient and family. Dying while waiting for a
transplant is unfortunately not rare, but patients still require
good and effective terminal care and a peaceful death.

Symptom control

During the terminal phase, and especially in the dying phase,
the number of symptoms that require purely symptomatic
control increases [31]. Most patients and especially fami-
lies view a death as ‘good’ if it is peaceful, with good symp-
tom control, no agitation, and the struggle for breath
minimized (see Table 32.2).

The majority of patients dying from CF die from 
respiratory failure complicating infection, hemoptysis or
pneumothorax. The predominant symptoms noted in a

Table 32.1 Domains that require discussion during the terminal
phase in order to allow optimization of care of the dying.a

Insight:
● Prognosis is limited
● Recognition that death may be imminent
● Transplantation possibility (including who, when and where

information given and updated)

Preferred language
Level of discussion and involvement in decisions desired
Religious/spiritual needs – including identifying support
Relationships/sexuality (including family tree, key dynamics)
Legacy
Reflection and meaning of their life, legacy for future
Memory boxes
Wills, etc.
Resolution of unfinished business
Preferred place of care/death
Advanced planning or wishes for care around death
Resuscitation status – including transfer to intensive care, ward 
support, non-invasive ventilatory support

When death is predicted:
● Recognition of a change in focus of care
● Review appropriateness and frequency of investigations
● Review appropriateness and timing of nursing interventions
● Review drug chart – appropriateness of medications, route

of medication
● Review and assessment of specific symptoms, i.e. shortness

of breath, distress, pain
● Medications for symptom control prescribed as required or

regularly
● Patient, family, and team aware
● Family to stay
● Referral to specialist palliative care considered – do early if

already known 
● Financial care of children

aThere needs to be discussion with the patient, family and team, and this
must be documented to avoid unnecessary repetition and to facilitate
interdisciplinary care.
Modified from [50].



Table 32.2 Specific symptom control for adult terminal care in cystic fibrosis. If symptoms persist or are not listed refer for specialist
advice (see notes).

Symptom Non-pharmacological Pharmacological Other

Breathlessness ● Optimization of ventilatory ● Antibiotics (if appropriate) ● Calm environment
support ● Opioids – systemic not nebulized in ● Reassurance of family/patient

● Oxygen terminal care not allowed to die with 
● Controlled breathing pattern ● Morphine sulphate 2.5–5 mg (opioid naive) suffocation
● Physiotherapy to clear p.o., p.r.n., 4-hourly. Morphine sulphate  ● Familiar staff

secretions 2.5 mg (opioid naive) p.o., p.r.n., or 10 mg�
● Humidification via syringe driver over 24 hours
● Aspirate effusions ● Titrate dose with effect
● Optimize pillow at sitting ● No ceiling dose

position ● Alter routine as needed
● Relaxation ● Benzodiazepines – see below

● Treat cardiac causes

Pain ● Optimization of mattress/ ● Assessment – cause, duration, precipitating ● Reassure will not allow death
pillows and relieving features in pain

● Positioning ● WHO ladder plus adjuvants, e.g. ● Myths of opioids (a) no 
● Massage (a) non-opioids, (b) weak opioids, (c) opioids dependence if used for 
● Acupuncture Systemic p.o., s.c., transdermal. Dose: start analgesia or breathlessness;
● TENS equivalent of p.o. morphine sulphate 2.5–5 mg (b) with correct dosing 

2.5–5 mg p.r.n. and 4-hourly, titrate to does not hasten death 
effect. Seek advice for uncontrolled pain or Effective analgesia
opioid switch enhances quality and 

● Syringe driver 10–20 mg morphine sulphate quantity of life
(or equivalent 24-hour dose) over 24 hours
may be needed

● Remember anti-emetics (cyclizine 25–50 mg 
t.d.s., or metoclopramide 10 mg t.d.s., both 
p.o. or s.c.) if naive and laxatives

● NSAIDs beware of contraindications
● Neuropathic adjuvants (specialist advice)

Anxiety/panic ● Psychological support ● Short acting benzodiazepines p.r.n.: ● Calm environment
episodes ● Relaxation techniques lorazepam 0.5 mg s.l. midazolam 1.25–2.5 mg ● Teach family and nurses

● Complementary therapies, s.c. or diazepam 2–5 mg p.r.n. to t.d.s. relaxation
e.g. reflexology, ● Phenothiazines: levomepromazine
aromatherapy, music, TV (12.5–25 mg p.o. or s.c., o.d.) chlorpromazine 

25 mg p.o., b.d. Butyrophenones: haloperidol 
1.5–5 mg p.o. or s.c., o.d. to b.d.

● Anti-depressants (seek advice)

Terminal ● Benzodiazepine: midazolam 1.25–2.5 mg ● Reverse underlying cause if 
agitation s.c., p.r.n., then 10 mg� over 24 hours in possible

syringe driver
● Phenothiazines: levomepromazine 

6.25–12.5 mg s.c., p.r.n., then 25 mg� over
24 hours in a syringe driver (seek advice)

Fatigue ● Paced moving ● No evidence that any medication reverses ● Paced visiting, few people,
● Avoid unnecessary ● Steroids may give a temporary boost to mood, short duration

disturbances increase fluid retention; no long-term benefit ● Allow rest

Anorexia/ ● No intervention during ● Steroids (temporary effect if any) ● All interventions aimed earlier 
cachexia terminal phase ● Alcohol/aperitif at prevention

Reduced ● Non-verbal, i.e. touch ● Reassurance normal part of
communication ● Hearing thought to be dying, with reduced 

preserved until late consciousness

Notes
1. Subcutaneous route of drug delivery is equivalent to intravenous. A syringe driver can deliver drugs evenly over a 24-hour period. The hourly rate is one

twenty-fourth (about 4%) of the total dose.
2. For pediatric terminal care, seek specialist advice. Drugs for pain, breathlessness, and agitation remain the same but dosing schedules will vary according

to body weight and age. The principle of achieving good symptom control and effecting a peaceful death remains identical to adult care.
3. All opioids are discussed in morphine sulphate. Use conversion tables to find equivalent dose for alternative opioids.

o.d., once daily; b.d., twice daily; t.d.s., three times daily; p.r.n., as required; p.o., oral; s.c., subcutaneous; s.l., sublingual. NSAIDS, non-steroidal 
anti-inflammatory drugs; TENS, transcutaneous electrical nerve stimulation.
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retrospective review of patients indicated that breathless-
ness and anxiety/fear and fatigue occurred in the vast
majority of patients [32]. Pain is a less common symptom
when compared to breathlessness, but should be specifically
enquired about. Other symptoms common in other diseases
such as: nausea, vomiting and seizures rarely occurred. The
need for regular assessment and evaluation of symptomatic
intervention is paramount [33]. The aim of good sympto-
matic palliation is to utilize any treatment domain that
minimizes the symptoms, increases the quality of life and
ideally would not in itself alter the prognosis. Thus, for
example, to ameliorate anxiety, the role for early and effec-
tive psychological and specialist palliative care support to
explore fears and anxieties, develop coping strategies and
aid independence are key and should be employed before
prescribing drugs such as anxiolytics or antidepressants.
Similarly, breathlessness is best ameliorated with physio-
therapy, assisted ventilation and controlled breathing strat-
egies before medication [29,34]. Breathlessness is a major
symptom and reports of the efficacy of systemic opioids
suggest that these should be used earlier in the terminal
phase [35].

Terminal care

Understanding the dying process is important in order to
employ the rational use of medication for symptom control,
to be able to discuss probable scenarios with the family, and
to pre-empt problems [31].Towards the end of life often all
the non-medical modalities will have been explored and
drugs are needed to relieve symptoms. Again the aim is
always the use the minimum dose, employing polyphar-
macy for additive effect, to achieve symptomatic control but
not to hasten death [36]. It must be remembered that all
drugs commonly used do not preclude transplantation or
continued active therapy and can be stopped if no longer
needed. Specific discussions around the appropriateness of
discontinuation of acute treatment and investigations are
necessary to ensure a balance of acknowledgment of immi-
nent death and hope for reversal. Discussion around contin-
uation or cessation of assisted ventilation should be on 
the basis of symptom control and comfort, although rela-
tives may need warning that mechanical ventilation will
continue after death (until the machine is removed) [37].
Fear of death is common and may require exploration –
explanation of what is happening, but equally a silent, reas-
suring presence is therapeutic [38]. Keeping the focus on the
patient and family allows for a more individual exploration
of their psychosocial, emotional, physical and spiritual
needs [37].

Opioids are the mainstay of treatment for pain and
breathlessness in the dying phase [33]. However, the defi-
nition of the dying phase is difficult in CF and may extend
from hours to months. In one study, 86% of patients had
between 5 and 30 mg morphine hourly for more than 1
month, while continuing on antibiotics (75%) and acute

preventative treatments (72%) to within 12 hours of 
death [39]. Other symptoms that occur commonly include
terminal agitation, fatigue, altered consciousness with
reduced communication, all of which require specific eval-
uation and, where possible, control (see Table 32.2).

Most important throughout this phase is the level and
quality of communication. It is tempting with seriously ill or
dying, especially young, people not to engage them directly
in decision-making but use spouses or parents as a proxy
[40]. While this may circumvent short-term difficult con-
versations, it nearly always leads to a fracturing of trust, mis-
communication and even later guilt by the bereaved over
decisions taken. All competent adults have the right to be
spoken to about events and decisions regarding their bodies
and lives. Families are close proxies, especially where they
have been involved as caregivers, but they should not dis-
place the patient unless very clear explicit instructions have
been given [41]. Ideally communication about the patient’s
views on life and death, how and where he or she wishes to
be cared for, and fears about living and dying should all have
been explored long before the final event [42]. It is easier to
address these when the patient is ill, in the terminal phase,
but not acutely facing the possibility of death. Again a com-
munity support nurse, or other member of the team, may be
the most appropriate person to explore these issues over
time, rather than the specialist palliative care member.
However, often the team need support and education and
there will always be the more complex family interactions
and personalities that may require more direct specialist
intervention.

Open team communication and agreement is also vital.
Predicting death can be very difficult in patients with CF as
any acute infective exacerbation could be fatal, and again
death may be sudden and unpredicted. Where possible the
level of symptom control, sedation and possible conse-
quences of any intervention must be agreed within the team
and with the patient [5]. Thus, the inadequate control of
breathlessness, leaving the patient to die with the fear and
sensation of suffocation is equally an act of commission
(not omission) as sedation [36]. The needs and fears of the
team need to be explored and addressed so that they do not
hinder effective care of the dying patient. It must be remem-
bered that there is little if any evidence that drugs such as
opioids and benzodiazepines used in appropriate doses
alter the expected prognosis [33]. Rather it is a question of
how the patient will live and die, rather than when. Medicine
and people are unpredictable, and prognostication is an art
not a science, and everyone will have anecdotes of patients
who recover against all expectations, as well as those who
died with uncontrolled distress unexpectedly.

The physical and emotional care of the family is impor-
tant, including provision for them to stay and personalize
the room. The environment should be tailored to the patient
and family’s wishes wherever possible, and their time
together without repeated interruptions should be acknowl-
edged. Staying with ill and dying patients is exhausting and
this needs to be discussed and a shift pattern within the
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family encouraged if possible, so as not to exhausted 
themselves. The direction and aim of care must be clearly 
communicated.

Terminal care of the adult CF patient

In addition to the general terminal care advice above, the
CF patient has specific needs. Physiotherapy can be vital
for symptom control (breathlessness and sputum accumu-
lation) and maintaining continuity of care. However, the
program should be discussed and tailored to the patient’s
needs. Continuation of non-invasive ventilation needs to
be discussed, and it may be more appropriate to return to
an oxygen mask for palliation. Non-invasive saturation
checks may be useful as hypoxia can make the patient very
restless and uncomfortable, whereas to a certain extent car-
bon dioxide retention can help the patient to feel drowsy.
By this stage ‘do not resuscitate’ orders should be in place
and clear advice in the notes as to the level of intervention
(for example changing antibiotics, not for intubation, etc.).

Patients should be given the opportunity to talk and, 
if possible, for a few minutes most days with staff in the
absence of their relatives. They can then often express feel-
ings which would be difficult in front of those who love
them. A skilled psychologist, CF nurse specialist, or spe-
cialist palliative care practitioner can be particularly help-
ful at this stage of the patient’s disease.

Terminal care in pediatric CF patients

It is inevitable that dealing with end-of-life issues has
become secondary to the daily care of a child with CF, so
pediatric teams may have lost some of their previously held
skills. This is not necessarily a problem as many hospitals
provide a palliative care service, but the CF team needs to
individualize that service for each child. Individualizing
aspects of care are skills used on a daily basis by all CF teams;
close communication and honesty within the team can
help redirect those skills towards managing the terminal
stages of the disease.

Most people with CF know that they are dying – child or
adult. Parents want to protect their child (however old)
from this knowledge and children will often try to protect
their parents from this discussion [43]. This collusion of
silence can result in parents and child knowing what is
happening but unable to talk about it for fear of upsetting
each other. Support and encouragement from the CF team
will allow these discussions to take place, allowing not only
the family to say good-bye but also enabling the CF team to
practically and medically manage the terminal stages in a
manner most appropriate to the child and family.

Specific symptom control and terminal care issues are
the same as in adults and the aim should be to minimize
symptoms, enhance the life left and achieve a peaceful
death. Table 32.2 offers advice for adult symptom control,

and while the drugs and philosophy remain the same, spe-
cialist advise should be sought as dosing schedules will be
dependent on the weight and age of the child.

Chapter 28 has further discussion on end-stage man-
agement and bereavement.

PLACE OF DEATH

There is little evidence about the preferred place of care
and death of patients with CF. Mitchel and co-workers
[44] noted that 82% of patients died in hospital, 15% on an
intensive care unit. These figures are unsurprising given the
degree of active treatment up to death, that in many coun-
tries would be impossible to deliver at such a high level of
care at home [39]. However, some patients do have strong
views about whether they wish to be cared for at home or
hospital; where possible these should be explored and
delivered [45]. In the UK and many countries community
specialist palliative care nurses would take on the lead
coordination of care of the dying at home. They are used to
supporting families, aware of the implications for siblings
(who may have CF) and are skilled in using medication
primarily to relieve symptoms, rather than waiting for the
‘last 24 hours’.

In hospital, the division between terminal care and
acute care is often more blurred. While the principles of
good symptom control should be applied at any stage, and
the patient’s wishes held paramount, reviews of terminal
care in hospitals reveals a high level of inadequate symp-
tom control and lack of involvement of specialist help
[46–48]. The development of ‘end of life care pathways’ has
been with a view to improving the care of all dying patients
in hospital and elsewhere [49,50]. While many of these do
not easily fit with the specific needs of the CF population,
further development may allow the use of specialist pathway
to enhance the understanding of the needs of dying patients
[51,52]. Important areas such as patient assessment, symp-
tom control, goal planning and complex family dynamics
can be explored, managed and documented to facilitate
team-working [42].

SPIRITUAL CARE

All human beings have a spiritual aspect of their being. In
some this may mean following a recognized religion, in
others it is just a search for a metaphysical meaning to help
them to find a purpose in living with a life-threatening dis-
ease. In our Western society, materialism has taken over
the outlook of many people; but when patients and fami-
lies find themselves faced with the prospect of an early
death this focuses their thoughts on issues that really mat-
ter. Many young adults in the terminal phase of their dis-
ease focus not on themselves but on how those who love
them will cope when they are gone. Others want to explore
the issues of ‘What happens after death?’. The CF team
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should work closely with the chaplaincy team which,
although usually led by a Christian minister, often includes
trained lay workers. In addition the chaplaincy team will
have contacts with other religions, and have skills in help-
ing people discuss spiritual issues, religious or otherwise.

The chaplaincy team will make sure there are Christian
services on Sundays and other specific festivals; they will
take communion to those who wish, perform urgent bap-
tisms and sometimes conduct funerals when the family has
no minister of their own. The provision of an appropriate
small library on spiritual issues is helpful. The chaplaincy
team in a stressful situation can provide a listening ear for
patients, relatives and staff and help those who wish to find
hope in a seemingly hopeless situation. When a member of
the CF team is asked ‘What will happen when I die?’ or 
‘Is there a God?’ it is very helpful to have the help of well-
trained and caring professionals who have thought about
these issues. Reflection on these issues is important for team
members, so they can help the patients and families and
avoid burnout themselves.

Lay members of the chaplaincy team are often young and
can get alongside the patients as friends, spending extra time
with those who receive few visitors. Parents and spouses of
very sick patients often appreciate someone other than the
CF clinical team with whom they can discuss their worries.

BEREAVEMENT AND LOOKING BACK

The Kubler-Ross stages to acceptance of death are well
known [53], along with the classical bereavement pathway
[54]. Preparation for death, acknowledgment, ability to say
good-byes, and ability to talk about future plans before
death are all known to ease bereavement [55]. Many rela-
tives begin the bereavement journey even before death
[56]. Likewise, sudden, unexpected death, with no prepa-
ration is more likely to lead to a protracted and difficult
bereavement. Many teams use bereavement tools to try to
identify those at high risk [57–59], and some teams will be
able to run a formal bereavement service. Most teams will
have informal bereavement follow-up with annual reunion
or memorials, or contact by team members. In our hospital,
the chaplaincy team organizes an annual service of Thanks-
giving and Remembrance for the lives of patients who have
died. This event is much appreciated by friends, families
and staff. Bereavement services may not alter the underlying
pathway of the bereaved, although they do allow identifica-
tion of those who need formal psychological or psychiatric
intervention [58].

Although parents and spouses will all have been aware
of early death in CF, coming to terms with the death of a
loved one will always be painful and difficult. A death also
has ramifications for siblings and friends, all of whom may
need to be able to discuss how the death has affected their
attitude to CF, treatment, transplantation and the team.

It is important to acknowledge the grief and loss of a
patient to the CF team who may have cared for the individual

for years. As many patients are young when they die, many
teams members may be able to identify readily with the
patients – which increases their emotional response, and may
also inhibit them from acknowledging the need for appropri-
ate terminal care. The CF teams’ needs for debriefing and
discussion about deaths that have occurred are an impor-
tant protection for them, and a learning point for next
time. In addition especially vulnerable team members need
to be identified and supported. Cystic fibrosis team cohe-
sion and open communication about the care of a patient
who is dying is vital to ensure that clear treatment plans 
are carried out, no conflicting or confusing messages are
delivered to the patient, and all practitioners caring for 
the patient feel supported and involved. Specialist pallia-
tive care may have a role in aiding these discussions and
being a sounding board for the various viewpoints within
the team.

CONCLUSIONS

Patients with cystic fibrosis live with the knowledge of death,
and perhaps with the hope for life post-transplant. They
need complex support all the way through their life, includ-
ing death. While rightly the predominant focus must be on
extending the quality and quantity of life, we must pay
heed to the needs of the patient in the terminal and later
dying phase. Prognosis can be difficult but not impossible
in this condition, and the period surrounding transplanta-
tion consideration is an ideal opportunity to begin to con-
sider concepts of palliation.

The role of specialist palliative care is one of support
and part of the highly skilled multidisciplinary team. Areas
around discussion of direction of care, symptom control,
family dynamics, communication issues and specific ter-
minal care will complement and enhance other team skills.
Familiarization with polypharmacy in the dying phase,
manipulation of symptoms and the importance of care of
the living and dying are key components that may be needed
by many teams. The model of specialist palliative care should
be less a traditional ‘either/or’ one, rather one of collabora-
tion and part of the team structure.
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33a
Gene and stem cell therapy

UTA GRIESENBACH AND ERIC W. F. W. ALTON

On behalf of the UK CF Gene Therapy Consortium

INTRODUCTION

The cloning of the cystic fibrosis (CF) gene – the cystic
fibrosis transmembrane conductance regulator (CFTR) –
in 1989 opened the door for CF gene therapy. Proof-of-
principle for CFTR gene transfer was quickly established in
vitro and in animal models [1,2]. The first clinical trials in
CF patients were carried out in 1993 and to date 25 trials
have been completed incorporating approximately 450 CF
patients. These included viral and non-viral gene transfer to
both the nasal and bronchial airway epithelium. In general,
gene transfer is well tolerated and proof-of-principle for
CFTR gene transfer (as measured by vector-specific mRNA
or CFTR-mediated chloride transport) has been estab-
lished in some but not all studies. An example is shown in
Fig. 33.1. Chloride transport in the lung was measured
before and after gene therapy in active- and placebo-treated
CF patients. In the active group chloride transport was
restored to about 20% of non-CF values. It is currently
unclear, however, if this level of gene transfer would trans-
late into clinical benefit.

Despite the theoretical ease of non-invasive access to the
lung, gene transfer into the airway epithelium of man has
been comparatively inefficient. It is apparent that airway
epithelial cells have evolved effective barriers (see later) to
prevent uptake of foreign particles, including gene transfer
agents. With few exceptions most CF gene therapy trials
carried out so far have been designed as phase I/II safety
trials, with some limited inclusion of molecular (mRNA)
or functional (chloride channel transport) end-point
assays. However, it is still unclear whether gene transfer
efficiency using currently available vectors is sufficient to
change more clinically relevant end-point assays such as
lung function, inflammation or bacterial colonization (for
further discussion see Chapter 26). Thus, in parallel to fur-
ther improvements in the efficiency of existing and novel
gene transfer agents (GTAs), it is also important to assess if
one of the current vectors is capable of changing clinically
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Figure 33.1 An example of partial correction of chloride
transport across the airway epithelium of CF patients after gene
transfer to the lung. Chloride transport is measured as a change
in potential difference (PD) after perfusion with a low chloride-
containing solution, which generates a driving force for chloride
transport. PD is measured before (Pre) and after (Post) gene
transfer. Chloride transport in non-CF subjects is shown as a
reference value. Adapted from [62].

relevant features of the CF phenotype. Considering the
large number of available viral and non-viral GTAs, careful
selection of a vector is crucial. In our view suitable GTAs
have to satisfy the following criteria:

● gene transfer efficiency into airway epithelial cells;
● repeatedly administrable without provoking an immune

response;
● stable in a clinically used nebulizer;
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● low toxicity;
● good manufacturing practices (GMP) available for the

vector.

In this review we will highlight GTAs that fulfil these criteria.

CURRENTLY AVAILABLE NON-VIRAL GENE
TRANSFER AGENT

DOES THE BEST CURRENTLY AVAILABLE NON-VIRAL 
GENE TRANSFER AGENT CHANGE CLINICALLY RELEVANT
END-POINTS?

As mentioned above, it is currently uncertain whether exist-
ing GTAs, which partially restore chloride transport, are
sufficient to improve clinically relevant end-points. To
address this, the UK CF Gene Therapy Consortium
(www.cfgenetherapy.org.uk) has recently completed a large
pre-clinical program in mice and sheep to identify the most
efficient, currently available non-viral gene transfer agent.
Detection of vector-specific human CFTR mRNA was the
most robust end-point. Based on the milder lung disease in
CF patients with low-level residual CFTR function, it is gen-
erally anticipated that expression of approximately 5% of
endogenous mRNA levels may be sufficient to ameliorate CF
lung disease. It is worth noting that sheep transfected with a
human CFTR plasmid, complexed with GL67, produced at
least equal amounts of human CFTR in airway epithelial cells
when compared to endogenous ovine CFTR mRNA (UK CF
Gene Therapy Consortium, unpublished data). On the back
of these data the fifty or so Consortium scientists and clini-
cians are preparing for a clinical trial program due to start in
2006. The most relevant clinical trial end-point would be a
change in FEV1, or even better in survival. However, trials
would have to run for years and decades, respectively, to
determine changes in these end-points. In contrast, detection
of vector-specific mRNA and changes in PD have the poten-
tial to alter rapidly even a few days after gene transfer, which
is the reason why these assays have been the primary end-
points in most trials so far. It is unlikely that clinically rele-
vant end-points, such as inflammation and infection, change
rapidly after one administration of the GTA. In our view, this
will require repeated administration, over perhaps a mini-
mum of 6 months (for further discussion see Chapter 26)
and require the inclusion of sufficient numbers of patients to
be powered to detect changes in clinically relevant assays.
Thus, a trial to assess efficacy of the most potent current non-
viral GTA will be expensive and will require a significant
commitment from patients and all concerned.

EXTRA- AND INTRACELLULAR BARRIERS TO
LUNG GENE TRANSFER

In non-CF individuals, CFTR is expressed in serous cells in
the submucosal glands and in ciliated airway epithelial cells

(AEC) [3]. It is currently unclear which of these cell types
are the main target for CF gene therapy. However, given
that CF, at least in the early stages, presents as a small air-
way disease, airway epithelial cells are likely to be impor-
tant. Before the gene transfer agent (GTA) can reach the
surface of the epithelial cells a number of extracellular
physical and immunological barriers have to be overcome
(reviewed in [4]). Briefly, the airway epithelium in the lung
is generally covered by a thin mucus layer (Fig. 33.2),
whose main role it is to trap invading foreign particles. It
has been shown that mucus significantly reduces transfec-
tion efficiency of most viral and non-viral gene transfer
agents. However, transfection efficiency could be increased
through pre-treatment with mucolytics or the anticholin-
ergic drug glycopyrrolate in vitro and in vivo [5].

In CF individuals, particularly at later stages in the dis-
ease, the airways are also filled with sticky sputum, consist-
ing of inflammatory cells, cell debris, mucus and DNA,
which not only constitutes an additional extracellular bar-
rier to gene transfer, but also causes airflow obstruction
and so interferes with aerosol distribution. Gene therapy is,
therefore, most likely to be efficient and beneficial in young
children, with well-preserved airways. Close communica-
tion with appropriate regulatory agencies and parents is
necessary to ensure inclusion of children in clinical trials as
early as possible. In addition, it may be advisable to ‘clean-
up’ the lungs of CF patients in general with physiotherapy,
intravenous antibiotics and possibly DNAse treatment
before nebulization of the GTA.

It is likely that cilia also hinder access of GTAs to the
apical surface of epithelial cells, while mucociliary clear-
ance (MCC) may also reduce contact time of the GTAs
with the cell membrane. In support of this, it has recently

Figure 33.2 Ciliated airway epithelial cells partially covered in
mucus. Courtesy of Professor Peter Jeffery, Imperial College
London.
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been shown that administration of methyl-cellulose, which
inhibits MCC, increased viral gene transfer to the airway
epithelium in vivo [6].

The pharmacological interventions described above
have reached early stages of pre-clinical research and will
have to be assessed in larger animal models such as sheep
using clinically applicable delivery techniques, before they
can be used in clinical trials.

NEW STRATEGIES TO IMPROVE NON-VIRAL
AIRWAY GENE TRANSFER

In general, non-viral GTAs (lipids and polymers used to
condense the plasmid DNA) appear to be less efficient than
viral vectors, but are less likely to be toxic. Most impor-
tantly, however, they are less likely to induce an immune
response, thereby allowing for repeat administration, cru-
cial for the treatment of a chronic, life-long disease such as
CF. Clearly, it will be important to check the repeatability
of effect of any non-viral GTA on a case-by-case basis.

Improving the efficiency of non-viral gene transfer to
airway epithelial cells has been a major focus, with a variety
of strategies being followed. Several groups are modify-
ing polyplexes such as polylysine and polyethylenimine
(PEI) by adding sugars, based on the rationale that air-
way epithelial cells express lectins, which selectively bind
and internalize glycoconjugates. Although glycoconjugates
containing lactose have been efficient in cell culture studies
in vitro [7,8], their efficacy and safety in vivo remains to be
demonstrated.

Direct targeting of non-viral GTAs to receptors
expressed on the apical surface of AEC by incorporating lig-
ands into the formulation may improve transfection effi-
cacy (Fig. 33.3). Proof-of-principle for this concept has
been demonstrated by targeting the serpin enzyme complex
receptor (Sec-R) [9]. This receptor is responsible for the
uptake into the cell of serine proteases bound to their
inhibitors. The receptor recognizes a conserved five-amino-
acid binding motif, but tolerates large variation in the
attached cargo. Sec-R-directed complexes are prepared by
condensing plasmid DNA with a covalent conjugate of a
peptide receptor ligand (17 amino acids) and polylysine.
Ziady and co-workers have recently demonstrated partial
correction of the chloride transport defect in the nasal
epithelium of CF knockout mice following administration
of Sec-R ligand complexed to a CFTR plasmid [9].
However, formulation and stability problems have so far
prevented phase I clinical trials. Peptides resembling inte-
grin-binding domains have also been linked to plasmid
DNA and have been shown to transfect airway epithelium
of pigs when delivered at bronchoscopy [10]. It remains to
be established if anti-peptide immune responses will inter-
fere with using peptide-carrying non-viral formulations for
chronic diseases, but the risk of immune responses against
the peptide can be minimized by using conserved human
peptide sequences. Importantly, traditionally used animal

DNA complex

Peptide ligand

Receptor

Figure 33.3 Schematic presentation of receptor-mediated
uptake of non-viral gene transfer agents. After identification of a
suitable receptor expressed at the apical membrane of airway
epithelial cells, a corresponding peptide ligand is added to the
DNA complex.

models may not be suitable to evaluate efficiency or repeat
administration of human peptide formulation, if the cho-
sen sequence is not conserved within the animal model.

Another nanoparticle formulation, consisting of a single
plasmid molecule compacted with polyethyleneglycol (PEG)-
substituted polylysine (polymer of 30 lysines) has been devel-
oped. In non-dividing cells the nuclear membrane appears to
be an important barrier to gene transfer and one reason why
Sec-R ligand polylysine complexes transfect airway cells effi-
ciently might be their small size. With a diameter of 18–25 nm
these nanoparticles may be able to enter the nucleus via pas-
sive diffusion through the nuclear pore complex, which has a
cut-off size of about 25 nm. This was recently assessed in a
human nose trial [8]. Plasmid DNA carrying the CFTR cDNA
under the control of a commonly used immediate-early
cytomegalovirus (CMV) promoter/enhancer was compacted
with polyethylene glycol-substituted 30-mer polylysine 
and was slowly perfused on to the nasal epithelium. The study
was mainly designed as a phase I dose-escalation safety 
study (12 subjects), but efficacy end-points were also assessed.
Although initially planned as a within-subject placebo-
controlled study, administration of the active compound into
one nostril led to cross-contamination on the contralateral side,
and thus the placebo control was not evaluable. Vector-specific
mRNA could not be detected, but chloride transport was
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increased in 8 out of 12 patients when compared to pre-treat-
ment values, although the protocols used for nasal potential dif-
ference measurements may have been suboptimal. A follow-on
study looking at single-dose aerosolization of DNA nanoparti-
cles into CF lungs is currently planned.

The addition of physical energy is an interesting approach
to increase non-viral gene transfer. Exposure to an electric
field (electroporation), which causes transient permeability
of the cell membrane, has been successful in various organs,
but for technical reasons may not be suitable for lung trans-
fection. Exposure of cells to ultrasound (sonoporation) also
leads to formation of transient holes in the cell membrane
(cavitation) [12] and may be useful for lung gene transfer.
Mixing of GTAs with iron oxide particles gives them the
capacity to move within a magnetic field (Fig. 33.4). Magnet-
enhanced gene transfer (magnetofection) relies on these par-
ticles being efficiently pulled on to the cell surface thereby
increasing contact time. Proof-of-principle has been clearly
established in vitro [13] and we are currently evaluating
magnetofection for airway gene transfer in vivo. In particular,
oscillating magnets may help to ‘pull’ magnetic DNA through
CF sputum (Jon Dobson, personal communication). Impor-
tantly, from a translational viewpoint, both ultrasound and
magnets may be efficient when applied externally on to the
chest cavity.

In addition to the DNA condensing GTA (lipid or poly-
mer) the plasmid DNA is a crucial component of the com-
plex. Several groups are improving the plasmids for
non-viral gene transfer. Certain nucleotide sequences (CpG
motifs) are pro-inflammatory in animals and humans after
production of plasmid DNA in bacteria. Reduction of CpG
motif number reduces inflammation [14,15] and it is,
therefore, desirable, albeit difficult, to remove all CpG
motifs from the plasmid DNA.

Promoters are regulatory elements that in part determine
the duration of gene expression after transfection. Gill and
co-workers [16] have studied the effect of different promot-
ers on persistence of lung gene expression by comparing the

frequently used cytomegalovirus (CMV) promoter to the
constitutive endogenous polyubiquitin C (UbC) and elon-
gation factor 1� (EF1�) promoters. Although both eukary-
otic endogenous promoters lead to about 10-fold less
transgene expression at day 2, duration of gene expression
was significantly improved when ‘naked’ pDNA was admin-
istered to the lung (CMV: �1 week; UbC: 
16 weeks) and
UbC-mediated gene expression reached CMV day-2 levels
approximately 4 weeks after transfection. Similar results were
reported by Yew and colleagues using the ubiquitin B (UbB)
promoter [17]. Promoter silencing is likely to contribute to
these results and it has previously been demonstrated that the
CMV promoter is silenced by TNF� and INF� , which are
both up-regulated after gene transfer and in the CF lung
itself. However, it is currently unknown why the EF1� and
UbC promoters are more resistant to gene silencing.

In summary, technologies to improve non-viral gene
transfer to the lung are constantly being developed. In paral-
lel, the understanding of how plasmid DNA is taken up by
primary airway epithelial cells, its movement through the
cytoplasm and subsequently into the nucleus will be further
studied by us and others, and this knowledge may lead to sig-
nificant improvements in non-viral gene transfer.

THE ROLE OF ADENOVIRAL VECTORS

CURRENTLY ADENOVIRAL VECTORS DO NOT HOLD GREAT
PROMISE FOR CF GENE THERAPY

Despite encouraging results in nasal and pulmonary tissues
of pre-clinical models [18,19] and being well-tolerated at
low to intermediate doses in humans [20], adenovirus-
mediated gene transfer in the absence of epithelial damage
has been inefficient in CF patients [21]. This is mainly due
to the absence of the coxsackie-adenovirus receptor (CAR)
on the apical surface of the majority of human airway
epithelial cells (AECs) [22] and highlights the important
differences in receptor distribution in animal models and
humans.

In addition to problems with low transfection effi-
ciency, the use of adenovirus (Ad) for a chronic disease like
CF is limited due to effective cellular and humoral immune
responses against the virus. Thus, Harvey and co-workers
[23] delivered three doses of Ad-CFTR to the lungs of CF
patients 3 months apart and demonstrated that after the
third administration vector-specific CFTR mRNA was no
longer detectable. Similar results have been obtained in
animal models. Helper-dependent (‘gutted’) adenoviral
vectors, which are depleted of all viral genes, are less
immunostimulatory and have improved safety profiles
compared to first- and second-generation viruses, which
have only a subset of viral genes deleted. Recently, it was
shown that helper-dependant adenovirus combined with
the epithelial cell-specific cytokeratin 18 (K18) promoter,
leads to reduced inflammation and more prolonged
expression in murine airways [24], but there is currently
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Figure 33.4 Schematic diagram of plasmid DNA coupled to iron
oxide particles. Plasmid DNA is bound to polyethylenimine (PEI)-
coated iron oxide particles via charge interaction. The magnetic
DNA-loaded particles can be pulled on to the cell surface using
strong magnets. Courtesy of Stefania Xenariou, Department of
Gene Therapy, Imperial College London.
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no evidence that ‘gutted’ adenovirus can be repeatedly
administered.

Despite the limitations for human use, adenoviral vec-
tors have proven useful for pre-clinical proof-of-principle
studies. Two studies have recently shown that adenovirus-
mediated CFTR expression may, to a degree, protect CF
mice from the effects of bacteria-induced lung inflamma-
tion [25,26].

However, a study by Tosi and colleagues [27] raised
concerns that anti-adenovirus immune responses (cytotoxic
T lymphocyte responses and MHC class I antigen presenta-
tion) may be further enhanced if the host has a pre-existing
Pseudomonas infection. These data further highlight poten-
tial problems for adenoviral vectors in CF gene therapy, and
the use of adenoviral vectors for CF gene therapy is likely to
be restricted to pre-clinical proof-of-principle studies, until
the problems of repeat administration can be overcome.

ADENO-ASSOCIATED VIRUS (AAV) VECTORS

AAV IS CURRENTLY THE MOST COMMONLY USED VECTOR
FOR CF GENE THERAPY, BUT REPEATED ADMINISTRATION
REMAINS AN UNRESOLVED PROBLEM

Adeno-associated virus (AAV) vectors have attracted much
interest due to their good safety profile, broad tissue tropism,
long duration of expression, and suggestion of their superior
escape from immune system surveillance compared with
other viruses. One concern is the limited packaging capacity
of the virus, which only barely holds the CFTR gene (4.7 kb).
Several clinical trials have been carried out in the nose, sinus
and lungs of CF patients, all using the AAV2-based vector
TgAAV-CFTR (Targeted Genetics Corp.), which uses the
weak AAV long terminal repeat (LTR) promoter to drive
expression. Most recently Moss and co-workers [28] pub-
lished a phase II trial assessing the safety and efficacy of
repeated administration (three doses 1 month apart) 
of AAV2. Viral shedding and increases in neutralizing anti-
bodies were noted, but virus administration was safe.
Importantly, a significant reduction in sputum interleukin-8
(a pro-inflammatory cytokine) and a small improvement in
lung function (FEV1) was seen after the first, but not second
or third administrations. On the basis of these studies,
Targeted Genetics Corporation initiated a large repeat-
administration study (100 subjects), sufficiently powered to
detect significant changes in lung function. However,
recently the company announced that the trial had not met
its primary outcome measure and, therefore, the CF program
had been discontinued. There may be several reasons for
these disappointing results:

● AAV2 may be too inefficient in transducing airway
epithelial cells via the apical membrane.

● The LTR promoter used to drive CFTR expression may
be too weak.

● Repeat administration of AAV2 to the lung is not possible
due to the development of an anti-viral immune response.

Research aimed at addressing these potential limitations
of AAV is actively being pursued (see later).

AAV serotype 2 was the first AAV-based vector assessed
for lung transfection. More recently AAV2 with capsids
from serotypes 1, 5 and 6 (AAV2 genome plus AAV1, 5 or
6 capsids) have been evaluated for lung gene therapy and
appear to be more efficient in transducing airway epithelial
cells than AAV2 [29,30]. To search for potent AAV vectors
with enhanced performance profiles, molecular techniques
were employed for the detection and isolation of endoge-
nous AAVs from a variety of human and non-human pri-
mate (NHP) tissues [31]. Ten novel provirus sequences
were identified, but it remains to be established whether
these viruses are suitable for gene therapy applications.
Recently, the atomic structure of AAV2 has been identi-
fied, which should enable rational engineering of vector
capsids for specific cell targeting [32]. Shi and co-workers
[33] have already identified specific regions within the cap-
sid protein that can tolerate the insertion of small exoge-
nous peptides and have made an attempt at incorporating
integrin-targeting peptides into this region.

Strategies to overcome the AAV packaging problem,
thereby allowing incorporation of stronger promoters in
addition to the large CFTR gene, have been developed,
including approaches based on trans-splicing [34] and
homologous recombination [35]. The basic principle of
these techniques is to split the therapeutic cDNA and
required promoter elements, and package them into two
viruses, which when transfecting the same cell may recom-
bine and generate a full-length therapeutic gene. One
would speculate that both of these strategies would lead to
reduced transfection efficiency, when compared with
administration of one intact virus to the lung. However,
surprisingly, Halbert and co-workers [35] have demon-
strated that AAV2/6 (ITR from AAV2 and capsid from
AAV6) recombination-dependent vectors transduced lung
cells in mice almost as efficiently as intact vector, with 10%
of AECs being positive.

It has been postulated that AAV may not infect antigen-
presenting dendritic cells and thereby avoid activation of the
host immune system. However, the feasibility of repeated
AAV administration is still unresolved. The results of repeat
administration have been reported to vary greatly and may
depend on the host, delivery route and AAV serotype tested
[36–38]. Although the unsuccessful AAV2 repeat adminis-
tration trial (see above) may argue for problems with repeat
administration, Auricchio and co-workers [37,39] have
shown that AAV2/5 can be re-administered once to the
mouse lung 5 months after the first delivery [39]. More
recently, Fischer and co-workers [40] reported successful 
re-administration of AAV2 (three doses) into rhesus
macaques. However, although some low level of GFP
reporter gene expression was detected by RT-PCR and via
immunohistochemistry, it is unclear how expression levels
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compared to one-time administration levels. Importantly,
repeated AAV2 administration caused an increase in AAV2-
neutralizing antibodies, but did not induce lung inflamma-
tion. Finally, Halbert and co-workers [41] showed efficient
and persistent (18 months) AAV6-mediated reporter gene
expression in a rat model. Although the work is currently
unpublished, the authors claimed that repeated administra-
tion after 18 months resulted in significant gene expression
(50% of first-dose levels in three rats). Based on these data,
Dusty Miller’s group is planning a nose trial in which the
AAV6/2 vector holds an easily detectable marker gene, rather
than the therapeutic CFTR gene [35].

Finally, in addition to alterations to the AAV itself phar-
macological interventions may improve AAV transfection.
Proteasome inhibitors, for example, have been shown to
increase AAV2 and AAV5/2 transfection in vitro [42], proba-
bly via increasing their chances of transit to the nucleus.

SENDAI VIRUS VECTOR

SENDAI VIRUS IS ARGUABLY THE MOST EFFICIENT 
VECTOR FOR AIRWAY GENE TRANSFER BUT CANNOT 
BE ADMINISTERED REPEATEDLY

Sendai virus (SeV) transduces airway epithelial cells rapidly
and very efficiently (Fig. 33.5) and is currently the most effi-
cient vector for airway gene transfer. In contrast to aden-
ovirus and AAV, SeV is an RNA virus, which does not go
through a DNA intermediate and does not enter the nucleus.
In addition SeV uses sialic acid and cholesterol for cell entry,
both of which are abundantly expressed on the apical surface
of AECs, a prerequisite for efficient airway transfection. First-
generation recombinant SeV carrying CFTR cDNA can pro-
duce functional CFTR chloride channels in vitro and after
transfection of the nasal epithelium in CF knockout mice.

Figure 33.5 Efficient Sendai virus (SeV)-mediated transfection
of airway epithelial cells in an animal model. Ferrets were
transduced with SeV carrying a �-galactosidase reporter gene,
which turn transduced cells blue. Insert shows untransduced
control for comparison. See also Plate 33.5.
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SMaRT molecule
with wild-type exon 10

Wild-type CFTR mRNA

ΔF508 CFTR pre-mRNA

WT

Ex 9 Ex 10

Ex 10

Ex 10Ex 9 Ex 11

Ex 11

ΔF508

WT

Figure 33.6 Schematic presentation of splicosome-mediated
mRNA trans-splicing (SMaRT). Splicing of messenger RNA
precursors (pre-mRNAs) is a requisite step in the generation of
mRNAs and is carried out in the nucleus by spliceosomes.
Components of the spliceosome recognize the exon–intron
boundaries at the 5 and 3 splice sites, excise the intron and
ligate the adjoining exons (Ex). Splicing between two
independently transcribed pre-mRNAs is termed trans-splicing.
Intronn Inc. has developed mRNA molecules that promote 
trans-splicing after binding to homologous regions of endogenous
mRNA. Trans-splicing happens because the therapeutic mRNA
molecules carry strong splicing signals. The wild-type exon 10 in
a therapeutic CFTR SMaRT molecule replaces the �F508 exon 10
in the mutant CFTR mRNA. Dashed lines indicate intronic regions
where trans-splicing takes place.

Ferrari and co-workers [43] showed that the potentially 
safer, second-generation transmission-incompetent SeVs
maintain this high transfection efficiency. However, SeV-
mediated expression is transient and, therefore, requires
repeat administration. Unfortunately, as for other viruses,
this is inefficient, and attempts at inducing tolerance against
immunodominant SeV peptides were unsuccessful [44].

Although SeV may be useful for acute diseases that
require only transient gene expression, in the context of CF
the use of SeV will be, as for adenovirus, restricted to pre-
clinical proof-of-principle studies, until repeat administra-
tion problems can be solved.

GENE REPAIR TRANS-SPLICING
TECHNOLOGIES

INEFFICIENCY, AND CONCERNS ABOUT ACCURACY, LIMITS
THE SUCCESS OF GENE REPAIR TRANS-SPLICING
TECHNOLOGIES

Both gene repair and splicosome-mediated trans-splicing
(the post-transcriptional repair of mRNA – Fig. 33.6) have
the theoretical advantage that ‘corrected’ CFTR gene expres-
sion is under the control of the endogenous CFTR promoter.
However, despite initial enthusiasm and a flurry of papers, in
recent years the number of publications has reduced.
Efficiency is the most important bottleneck for oligonu-
cleotide-based gene repair. Thus, De Semir and co-workers
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[45] confirmed previously published data showing that gene
repair, even in cell-free extracts of CF airway epithelial cells,
is very inefficient.

Although proof-of-principle for AAV-based splicosome-
mediated trans-splicing in cell lines looks encouraging
[46], replication of the technology in lung in vivo has not
been published yet. Low transfection efficiency may in part
be responsible, while it is currently unclear how much
‘inappropriate’ gene repair and trans-splicing occurs,
mainly because current assays are insufficient to address
these questions. Thus, in the short-term it is unlikely these
strategies will lead to clinical trials.

RNA INTERFERENCE AND 
ANTISENSE THERAPY

Antisense or RNAi-mediated gene silencing may provide
novel opportunities for the treatment of cystic fibrosis.
There are several candidate proteins whose inhibition 
may attenuate CF lung disease. A reduction in the trans-
cription factor nuclear factor kappa B (NF�B) [47], which
regulates many pro-inflammatory cytokines, may be 
beneficial. Second, Lambert and co-workers [48] have
recently demonstrated that antisense inhibition of the ER-
membrane protein BAP31 increases trafficking of F508del
protein to the cell surface and restores chloride secretion in
a variety of cell types in vitro. However, redundancy in
these pathways and importantly the central role of these
proteins in the cell will make them difficult targets. In con-
trast, the epithelial sodium channel (ENaC) which is 
up-regulated in CF and contributes significantly to the
imbalanced water movement in the CF lung, may provide
a more specific target for gene silencing. The importance of
ENaC as a therapeutic target is also highlighted in studies
by Mall and co-workers [49] showing the ENaC overex-
pressing transgenic mice develop CF-like lung disease, and
by Sheridan and co-workers [50] showing that CF-like
lung disease in some subjects is due to ENaC mutations.
We have recently shown that, although antisense and small
inhibitory RNA (siRNA) significantly reduced the mRNA
of target proteins in the airway epithelium, this was too
inefficient to translate into a reduction in protein. Inefficient
uptake of the silencing oligonucleotides into the airway
epithelium was the likely cause [51]. However, with further
improvements in non-viral gene transfer, gene silencing
may become a realistic treatment option.

THE RELEVANCE OF FETAL GENE THERAPY

Although proof-of principle for fetal lung gene transfer has
been demonstrated [52], it is currently difficult to see a
clear clinical application. Unless the hypothesis that the
absence of CFTR in utero causes significant and irreparable
developmental defects proves correct, in-utero gene trans-
fer, particularly using integrating long-lasting vectors, will

most likely be considered too risky. The proposed role for
CFTR during in-utero development continues to be dis-
cussed. Thus, Cohen and co-workers [53] transiently shut
down CFTR expression in rat fetuses with antisense-CFTR
and reported the postnatal development of pathological
changes including lung fibrosis and inflammation. The
authors hypothesized that in the lung CFTR is involved in
regulating differentiation of secretory cells, which when
disturbed leads to inflammation reminiscent of CF lung
disease.

STEM CELL THERAPY IN THE CONTEXT OF CF

Stem cell therapy in the context of cystic fibrosis encom-
passes several different strategies.

Intravenous injection of ‘corrected’ 
bone-marrow-derived stem cells

Ex-vivo transfection of bone-marrow-derived stem cells
(BMSCs) with integrating retro- and lentiviral vectors is a
well-established, efficient technique. In combination with
the concept that bone-marrow-derived hematopoetic or
mesenchymal stem cells may have the capacity to differen-
tiate into airway epithelial cells [54,55], some groups have
speculated that this strategy may have applications for the
treatment of CF. Using slightly different models, both
groups suggested that BMSCs were able to adopt proper-
ties of alveolar and respiratory epithelium. The frequency
of trans-differentiation appeared to be higher in alveolar
than in respiratory epithelium and seemed to be enhanced
when the airway epithelium was damaged. However, sub-
sequent to these papers intensive discussion and further
studies have questioned these data. Importantly, Kotton
and co-workers [56] were unable to reproduce their origi-
nal findings in a follow-up study using a different tech-
nique to identify bone-marrow-derived pneumocytes. This
highlights the significant technical problems associated
with conclusive identification of bone-marrow-derived
alveolar and airway epithelial cells. However, after careful
optimization of the detection techniques, Macpherson and
colleagues [57] maintain that approximately 1% of tra-
cheal epithelial cells are bone-marrow-derived after deter-
gent damage.

In our view, ex-vivo transfection and systemic 
re-administration of BMSCs currently does not hold great
promise for CF for a number of reasons:

● Data on trans-differentiation in the lung is conflicting.
● Myelo-ablation and extensive damage of the lung with

bleomycin or detergents appear to be a prerequisite for
engraftment, neither of which are likely to be clinically
applicable.

● In reports that provided evidence of engraftment and diff-
erentiation, the frequency in airways is very low (�1%).



460 Gene and stem cell therapy

Topical administration of ex-vivo corrected
stem cells to the lung

In addition to systemic re-administration of ex-vivo cor-
rected BMSCs, topical administration of stem cells directly
into the lung might be feasible. This suggestion is very
speculative and to the best of our knowledge has not been
assessed even in pre-clinical models. Although interesting,
the strategy has several major drawbacks including:

● To encourage ‘seeding’ of stem cells in the airways, existing
surface epithelium will likely have to be damaged.

● Delivery into small airways will be difficult.
● Uncontrolled differentiation and proliferation of BMSC

in the lung might be toxic.

Targeting of resident airway stem cells with
integrating viral vectors

It has been well documented that certain cell types in the
mouse lung have stem/progenitor cell properties, although
complementary data in humans do not yet exist. Different cell
types are likely to be responsible for regeneration in the differ-
ent regions of the lung [58]. Thus, type 2 pneumocytes are
able to differentiate into type 1 cells and reconstitute the alve-
olar epithelium, certain cells in the bronchoalveolar duct
junctions are able to differentiate into alveolar and airway
epithelium [59] and subpopulations of Clara cells have a
regenerative capacity in the airways.

In contrast to SeV, RNA-based lentiviruses enter the
nucleus. The virus stably integrates into the genome of
transduced cells and expression is, therefore, likely to last
for the lifetime of the cell. Lentiviruses are particularly
interesting for the transfection of resident lung stem or
progenitor cells and will be discussed below.

Transfection of resident stem/progenitor cells with an
integrating lentivirus carrying CFTR will lead to transmis-
sion of the gene to daughter cells and may lead to repopu-
lation of the lung with CFTR-expressing cells.

Several groups, including our own, are attempting to
generate lentiviral vectors for efficient and persistent gene
expression in airway epithelium. An important factor is 
the incorporation of viral envelope proteins suitable for
uptake via the apical membrane. Lentiviruses pseudotyped
with Ebola virus [60] and baculovirus GP64 envelope gly-
coproteins [61] have been shown to enter AEC via the api-
cal membrane and lead to persistent expression (50 weeks).
In collaboration with the DNAVEC Corporation, Japan, we
have developed a simian immunodeficiency virus pseudo-
typed with the Sendai virus membrane proteins F (fusion
protein) and HN (hemagluttinin–neuraminidase), which
are responsible for efficient uptake of SeV into airway
epithelial cells. Importantly, unless lentiviral vectors are
able to hit airway stem cells efficiently they will likely need

to be re-administered and, therefore, may face the same
immune-response problems as other viral vectors. Studies
are currently under way to assess the feasibility of repeated
administration of lentiviral vectors into airways in several
groups, including our own, and further data are needed
before the relevance of lentiviruses for CF gene therapy can
be decided. In addition, the safety profile of virus insertion
into the genome of airway epithelial cells has to be carefully
monitored.

CONCLUSIONS

Over the last decade it became apparent that gene transfer to
the airway epithelial cells is difficult. This is perhaps unsur-
prising given that the lung has evolved to keep foreign parti-
cles out. However, significant progress in the development of
viral and non-viral formulation is continuously being made.
The major obstacle for viral gene transfer agents is the effec-
tive immune surveillance mechanisms in the lung, which
prevents repeated administration. Until strategies to over-
come the immune system have been identified, the use of
viral vectors for CF gene therapy is likely to be restricted to
‘single hit’ resident stem cell transfection and pre-clinical
proof-of-principle studies.

The key question in the context of non-viral vectors is that
of efficacy, and the repeat dose-trial to be undertaken by the
UK CF Gene Therapy Consortium using clinically relevant
surrogate end-points should address whether sufficient trans-
fection efficiency can be achieved by these vectors.
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Non-gene therapy treatments:
what will they deliver?
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INTRODUCTION

As discussed in Chapter 33a, there are many hurdles to
overcome before gene therapy enters the clinic as a treatment.
Scientists continue to pursue other therapeutic strategies
in the hope of translating basic scientific knowledge into
real treatments. With the advent of more sophisticated and
cheaper molecular techniques, our understanding of the
pathophysiology of cystic fibrosis (CF) and how the defective
CF transmembrane conductance regulator protein results
in disease has increased dramatically since the cloning of
the gene in 1989 [63,64] (Fig. 33.7). This understanding
has provided the scientific basis for the development of
pharmacological agents that are targeted at an array of
defects that result from mutations in CFTR. These strate-
gies and their therapeutic potential are discussed in this
chapter.

BASIC SCIENCE STRATEGIES IN CF

Protein rescue therapy

The molecular biology of specific mutations has been dis-
cussed in detail in Chapter 3. The approaches to overcome
defective CFTR protein production, abnormal intracellu-
lar processing and the incapacity of CFTR to normally reg-
ulate ion channels and other proteins are excellent examples
of how basic science can be translated into future thera-
peutic agents [65].

PHYSIOLOGICAL DRUG SELECTION

Agents that promote CFTR trafficking have exploited the
nascent potential of F508del to produce functional CFTR
protein. It has emerged that the misfolded F508del CFTR is
retained in the endoplasmic reticulum (ER) by molecular
chaperones and subsequently degraded by proteolysis to
prevent accumulation of toxic polypeptides. These chaper-
ones are calcium-binding proteins and therefore inhibition
of the ER calcium pump with a reduction of calcium con-
centration may help F508del escape, permitting it to travel
to the apical surface of the cell. This rational was behind a
study which showed in-vitro correction of CFTR defects by
the Ca-adenosine triphosphatase pump inhibitor curcumin,
a constituent of turmeric, and correction of ion transport
abnormalities in F508del CF mice [66]. In response to the
study many patients began consuming curcumin as part of
their diet. However, this compound has been found to be
ineffective in extensive in-vitro studies by other groups [67]
and subsequent work by the original group demonstrated
no effect on ion transport in humans with CF. These stud-
ies are a timely reminder of the caution with which new
findings purporting to correct CFTR defects should be pub-
lished, and the responsibility that CF researchers have to

Abnormal Gene

Defective Protein

Inflammation

Infection

Lung Damage

Ion Transport

Mucus

Figure 33.7 Pathophysiology of CF lung disease.
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CF patients and their families who are desperately hoping
for a cure [68].

Studies of CFTR kinetics have indicated that not only is
F508del CFTR degraded within the ER, but it is 20 times
less stable than wild-type CFTR [69]. Therefore, small mol-
ecule drugs capable of increasing CFTR activation kinetics
may overcome these problems. There are many examples
in recent years that exemplify the translation of these scien-
tific observations into clinical trials. In tissue culture stud-
ies of F508del cells, sodium-4 phenylbutyrate increased fully
mature glycosylated protein with associated improvement
of chloride secretory responses to forskolin [70]. Subsequent
phase I/II trials demonstrated safety and provided proof-
of-principle that up-regulation of CFTR trafficking improves
ion transport in nasal respiratory epithelium of F508del
subjects [71,72]. The exact mechanisms are unclear but it
likely to be due to the effect of sodium-4 phenylbutyrate on
CFTR transcription or trafficking. Clinical benefit from this
therapy has yet to be demonstrated. 8-cyclopentyl-1,3-
dipropylxanthine (CPX), an A1-adenosine receptor antago-
nist, has also demonstrated an increase in CFTR trafficking
in F508del CF airway cells [73], and while its safety has been
shown in phase I human studies [74], its efficacy has not yet
been demonstrated in vivo. Again, the mechanisms by which
CPX increases trafficking of F508del is not known, but is
likely to be due to an increase in synthesis or improvement
in folding of the protein. A further example is topical gen-
tamicin, which was found to increase protein trafficking and
correct ion transport in those patients with CFTR stop-
mutations [75]. Whether a sufficient dose can be delivered
to humans to overcome the stop-mutation defect and effect
a clinical change remains to be seen.

These protein rescue studies highlight the challenges in
translating molecular and animal effects into clinical benefit.
To date, none has shown therapeutic benefit, but hopefully
a better understanding of CFTR processing in wild-type and
CF cells will aid the development of specific pharmacolog-
ical therapies [69].

HIGH-THROUGHPUT SCREENING

F508del was initially thought to be a trafficking mutant,
but as discussed, researchers have reported defects in fold-
ing, stability and activation for this protein. It is clear that
if a drug is to be successful it must overcome these three
abnormalities. While there are many good examples of how
basic science knowledge has translated into clinical studies,
there has been a recognition of the need to identify other
potential small molecules for the treatment of CF through
the development of high-throughput screening programs
[64]. These automated facilities screen up to 10 000 chemi-
cals per day. A high-throughput screening program is one of
the core activities of the Therapeutic Development Network
(TDN) sponsored by the Cystic Fibrosis Foundation and has
proved a valuable strategy for pre-clinical drug discovery
(Fig. 33.8) [76]. Current studies have focused on cellular
reporters which identify c-AMP-dependent transmembrane

halide secretion in response to CFTR activation and 
correctors of channel gating, as occurs in F508del and
G551D. Screening of thousands of small molecule ana-
logues identified phenylglycine and sulfonamide com-
pounds which may have a future role in CF patients with
mutations which result in abnormalities of channel gat-
ing [77]. Other successful outcomes from this program
include the discovery of small molecular analogues of
aminoarylthiazoles, quinazolinyl-amino-pyrimidinones and
bis-amino-methylbithiazoles which correct defective cellu-
lar processing of CFTR and increase stability at the cell sur-
face [78]. The CF mouse provides an invaluable model for
assessing the effects of these compounds on functional
abnormalities of the nasal epithelium and gastrointestinal
tract. Although this approach greatly accelerates drug dis-
covery, these promising compounds will need to follow the
usual safety and efficacy studies in animals and humans
before realizing their potential as therapeutic agents for CF.

In addition to providing potential therapeutic agents,
this program has identified molecules capable of providing
further insight into the pathophysiological processes in CF.
Examples are the identification of CFTR inhibitors, which
proved useful in assessing the role of CFTR in submucosal
fluid secretion in non-CF airways [79]. These inhibitors
may potentially be useful as probes of CFTR pore structure
or in creating CF animal models [80]. It is hoped that future
classes of chemicals will be discovered capable of rescuing
abnormal CFTR with demonstrable clinical benefit.

Target identification 
and validation

Primary screening of 
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Initial structure–activity
relationship

Identify potential leads

Lead optimization

Investigational new 
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Clinical trial
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•Examine structures
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•Animal efficacy/pharmacokinetics
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Figure 33.8 Strategy for preclinical drug discovery. Adapted
and used with permission from [76].
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PHARMACOGENOMICS

The development of powerful molecular techniques such
as genomics and proteomics has enabled us to study the
effect of drugs on gene and protein expression as highlighted
by the effect of digitoxin on CF cells [81]. The application
of digitoxin to cultured CF epithelial cells suppressed inter-
leukin (IL)-8 secretion by blocking phosphorylation of the
inhibitor of nucleotide factor (NF) �B. Significant overlap
of gene expression and transcription by digitoxin were seen
when compared to CF cells treated with gene therapy, sug-
gesting that digitoxin could be a useful drug for the inhibition
of IL-8, a cytokine involved in the inflammatory process in
CF. Thus the application of pharmacogenomics is likely to be
very useful in future drug discoveries in CF and may lead
to the development of therapies tailored to the individual.

STRUCTURE-BASED DRUG DESIGN

An important scientific breakthrough has been the determi-
nation of the three-dimensional structure of CFTR using elec-
tron crystallography [82]. CFTR crystallizes as a monomer
and exists in different forms with either a single or double-
barrelled central cavity. It has a shallow extracellular cavity
with a deep, wide intracellular cavity. Furthermore, the
detailed identification of the structure of the nucleotide
binding domain [63] has revealed only mild but important
structural differences between wild-type and F508del [83,84].
These studies suggest that the primary defect of F508del is
due to abnormal interdomain interactions rather than prob-
lems with protein folding. This raises the possibility of devel-
oping a small molecule which could reinforce interdomain
interactions in CFTR and thus correct the F508del muta-
tion. This increase in structural knowledge, together with
our greater understanding of the function of CFTR, may
herald the development of chemicals aimed at structure-
guided drugs designed to overcome structural abnormali-
ties in CFTR.

Ion transport and mucociliary clearance

Principally, CFTR functions as a chloride (Cl) channel
although its role in regulation of sodium (Na) transport is
equally important in the pathogenesis of CF. The principal
therapeutic strategies for circumventing mutated CFTR
effect on ion transport are stimulation of alternative Cl chan-
nels and fluid secretion, blocking overactive Na channels and
stimulating ciliary beat frequency to increase mucociliary
clearance.

CFTR’s role in the regulation of the amiloride-sensitive
sodium channel (ENaC) has been a major target for thera-
peutic intervention. Initial studies aimed at blocking the
sodium channel with amiloride showed short-term slow-
ing of decline in lung function [85] but a subsequent study
failed to demonstrate more long-term clinical benefit, pos-
sibly due to amiloride’s short half-life [86]. Drugs with a

longer duration of action such as benzamil may be a candi-
date for aerosolized therapy in CF [87]. However, as it 
is rapidly absorbed from mucous membranes its use is lim-
ited. The development of more potent, less absorbable,
third-generation Na channel blockers provide a potential
therapy in CF. One such candidate is a derivative of the
intracellular signalling molecule D-myo-inositol 3,4,5,6-
tetrakisphosphate, which inhibits sodium and fluid absorp-
tion across the CF airway epithelium in vitro [88]. While
these approaches offer ways of modifying ion transport, it is
still unknown how much ion transport correction is required
for clinical improvement. The recent generation of a mouse
model which over-expresses ENaC suggests that sodium
absorption is a key factor in the development of airway dis-
ease [89]. Despite normal chloride secretion in the murine
airway, hyperabsorption of sodium led to lung disease with
impaired mucociliary clearance, neutrophilic inflammation
and delayed bacterial clearance, similar to that seen in CF.
This suggests that future efforts to manipulate ion channels
in CF should be concentrated on inhibition of ENaC.

Another therapeutic approach is to increase mucociliary
clearance by manipulation of ion transport and water using
specific agonists of the purinergic receptor P2Y2. The nat-
ural ligand of P2Y2 receptors is uridine triphosphate (UTP),
which stimulates chloride and fluid transport via a non-
CFTR mechanism and thus has the potential to rehydrate
the airway surface liquid and increase mucociliary clearance.
A phase I/II clinical trial sponsored by the CF Foundation
TDN demonstrated that inhaled denufosol tetrasodium
(INS37217, Inspire Therapeutics), a selective P2Y2 agonist,
was tolerated in most patients with moderately severe lung
disease [90].

Short-term clinical improvement has been seen in stud-
ies using mannitol [91] which acts as an osmotic agent on
the airway surface liquid layer and increases mucociliary
clearance. Its potential as a dry powdered inhaled therapy
as an alternative or adjunct to recombinant human DNase
(Pulmozyme) is under evaluation. Using a similar princi-
ple, two studies have shown that inhaled hypertonic saline
increases mucus clearance with demonstrable clinical ben-
efit [92,93]. This is now being used as a treatment adjunct
in many CF centers. Osmotic agents offer an inexpensive,
safe addition to current treatments for CF, although their
long-term value remains undefined. Future work will iden-
tify the most effective agent to improve mucus clearance in
addition to the most efficient delivery system to the lower
airway.

Inflammation

Inflammation is central to the disease process and ultimately
the repeated cycles of inflammation and infection result in
lung destruction (see Fig. 33.7). It is no surprise, therefore,
that successful anti-inflammatory therapy with drugs such
as steroids, ibuprofen and azithromycin result in clini-
cal improvement as discussed in detail in other chapters.
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Scientific observations have led to the development of other
potential anti-inflammatory therapies in CF. Glutathione
(GTH), an antioxidant that modulates inflammation via
gene transcription, was decreased in the bronchoalveolar
lavage (BAL) fluid of patients with CF [94]. It is proposed
that this effect may be due either to the high oxidative 
burden in CF or reduced CFTR-dependent glutathione
transport. Preliminary clinical studies of inhaled GTH
demonstrated a short-term increase in lung function and
some evidence that exogenous GTH may modulate harm-
ful inflammatory and oxidative responses in the CF airway
(increased lymphocytes and suppression of prostaglandin
E2 in the BAL fluid) [94,95]. N-acetyl-cysteine repletes glu-
tathione stores and there is developing interest in using
either inhaled or oral N-acetyl-cysteine as an anti-inflam-
matory agent.

Another potential therapeutic anti-inflammatory strat-
egy is the use of lipoxins, which are anti-inflammatory lipid
mediators active against many components of neutrophil
inflammation. Karp and co-workers [96] demonstrated
that lipoxins were reduced in BAL fluid of CF patients and
showed improvement in a mouse model of lung disease
following administration of a lipoxin analogue, suggesting
that lipoxin may have a therapeutic role in CF. The lipid-
lowering statins are a class of drug with anti-inflammatory
properties and the effects of simvastatin in CF are being
evaluated as part of the Cystic Fibrosis Foundation thera-
peutics pipeline. Other potential future therapies include
aerosolized delivery of �1-antitrypsin [97] and secretory
leukoprotease inhibitor (SLPI) [98] which protect lung tis-
sue from destruction by neutrophil elastase. Further work
is needed to establish their efficacy.

An anti-inflammatory protein, annexin A1, may be
important in the regulation of inflammation in CF. Using
a proteomic approach investigators have demonstrated a
reduction of annexin A1 both in CF mouse tissue and
human nasal epithelial cells [99]. These preliminary results
suggest that annexin A1 is involved in CF pathogenesis and
deserves further attention, which may herald a novel ther-
apy. Similarly, following the discovery that peroxisome
proliferator-activated receptor-gamma (PPAR�) is involved
in the inflammatory process, work has focused on modu-
lating this receptor in an attempt to control inflammation.

Our increase in the basic science knowledge of the
inflammatory pathways in CF has resulted in the identifi-
cation of many potential anti-inflammatory therapeutic
targets. Translating this basic science knowledge into clini-
cal improvement is fraught with difficulties. An important
example is that of a phase II clinical trial of BIIL 284 BS, a
leukotriene B4 (LTB4) antagonist [100]. LTB4 is a potent
neutrophilic chemoattractant and thus the rationale behind
the study was to block the neutrophilic inflammation seen
in CF. The trial was subsequently terminated on the recom-
mendation of the CF Foundation’s data safety monitoring
board due to an increase in the number of pulmonary infec-
tive exacerbations in the treatment arm. It is unclear why
this occurred, but it is plausible that the antineutrophil

effect rendered the patients vulnerable to uncontrolled
infections. Important lessons can be learnt from this study;
future anti-inflammatory developments need to address the
balance of inflammation that affords protection from infec-
tion, against inflammation which results in lung parenchy-
mal destruction. Drugs such as macrolides, which possess
both anti-inflammatory and antibacterial properties, may
provide this balance [101]. A better understanding of the var-
ious molecular pathways involved in the anti-inflammatory
effects of macrolides may provide the key to the development
of novel comprehensive therapies in CF.

Infection

The increase in survival of patients with CF over the past
decades has largely been attributed to aggressive antibiotic
use. One of the greatest future challenges is developing more
potent antibiotics in response to emerging resistance strains
of bacteria such as Pseudomonas aeruginosa or Burkholderia
cepacia. One such example is nebulized aztreonam which is
undergoing clinical trials. The development of more effi-
cient nebulizers using technologies such as vibrating meshes
and dry-powder devices will reduce the burden of care and
enhance delivery to the lower airway. Novel approaches such
as delivery of liposomal amikacin (SLIT amikacin) or dry-
powdered ciprofloxacin [102] may result in sustained pro-
longed local release in the airway with enhanced antibac-
terial activity.

Another anti-infective approach is the development of
Pseudomonas polyvalent vaccines [103]. Preliminary results
are very encouraging and the efficacy and safety results of
large European and American phase III studies are awaited.
Another novel approach against Pseudomonas is the use 
of immunotherapy with specific egg-yolk antibodies (IgY)
which may prevent the acquisition of Pseudomonas and be
an alternative to antibiotics. Preliminary work in patients
who gargled the solution following the first colonization
with Pseudomonas suggested that chronic infection could be
delayed [104]. The pharmaceutical industry will continue to
react to the emerging strains of pathogens which cause lung
diseases in CF, as well as looking at novel more effective
delivery mechanisms.

Lung damage

The parenchymal lung damage in CF is irreversible. Ulti-
mately many patients will require a lung transplant. The
life expectancy following transplantation is increasing largely
due to the development of improved anti-rejection strate-
gies. The use of azithromycin has been shown to have an
effect on chronic rejection and bronchiolitis obliterans syn-
drome [105]. Another advance has been the discovery that
treatment with inhaled ciclosporin caused decreased rejec-
tion and increased survival after lung transplant [106]. The
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challenge over the next few years is to understand the
mechanisms of rejection and develop targeted therapies.

FUTURE CHALLENGES OF TRANSLATIONAL
RESEARCH

There are many diverse potential therapeutic approaches
to the treatment of CF lung disease. In an attempt to accel-
erate and facilitate drug discovery, the National Heart,
Lung and Blood Institute (NHLBI) recently published a
report that offers a systematic approach to investigating
the processes and proteins that affect CFTR [64]. They
highlighted the need to develop improved molecular tech-
niques to increase our understanding of CFTR interactions
with other proteins and to assist the development of high-
throughput methods of evaluating novel drugs such as 
the TDN.

The NHLBI report also highlighted the need to develop
realistic models of CF including both cellular and animal
models. While the creation of the CF mouse heralded a
greater understanding of the pathophysiology of CF, and
presented an opportunity to assess in vivo the effects of drugs
on ion transport, the mice do not suffer from CF lung dis-
ease. The development of the mouse with airway-specific
overexpression of epithelial ENaC is a step forward to the
creation of an animal model which resembles CF lung dis-
ease [89]. The creation of a CF large-animal model such as
a sheep or pig will enable assessment of topical delivery of
therapeutic agents and will provide a model that more closely
resembles the human with CF.

To this end collaboration is essential. There are 60 000
patients with CF worldwide. Examples of successful coll-
aboration include the Cystic Fibrosis Foundation TDN
which has developed an efficient clinical trials network to
test drugs in its therapeutics pipeline. The importance of
collaboration is further highlighted by the potential to
develop therapies that target genes or gene products other
than CFTR that modify the CF phenotype. The literature is
littered with many studies claiming to have identified poten-
tial modifier genes. The small numbers of subjects involved
in most of these studies raises the possibility that results may
not be subsequently confirmed in larger sample sizes. A
recent report from the Gene Modifier Study group, in which
1300 patients from 44 sites were studied, was unable to con-
firm the effect of previously identified modifier genes but
did confirm that tissue growth factor (TGF) �1 is a modifier
gene for the CF phenotype [107]. This observation poten-
tially opens the door to the development of specific therapies
aimed at manipulating the effects of TGF� expression.

While the discovery of drugs remains a huge challenge
in the field of CF, this pales into insignificance when one
considers the challenges of translating these drugs into clin-
ical use [108]. Once a candidate drug is identified it needs
to progress through pre-clinical, clinical and regulatory
approval, which may take up to 15 years. Given that patients
and their families are desperate for new drugs, they often

find this an exasperatingly slow process. In addition, the
cost of bringing a new drug to market is on average £450
(US$760) million, way beyond any academic budget. Thus
the formation of partnerships with pharmaceutical compa-
nies is crucial. However, with relatively few patients world-
wide, there is very little incentive for these companies to
develop new drugs for patients with CF. Fortunately, polit-
ical pressure and the creation of political structures such as
the US Orphan Drug act of 1983 and European Parliament
legislation on orphan drug development in 1999 have given
financial incentives for drug companies to develop new
therapies. Two such successful examples are recombinant
human DNase (Pulmozyme) and high-dose inhaled
tobramycin (TOBI).

A further challenge for translational clinical research is
the identification of clinical outcome measures likely to be
meaningful considering the limited number of potential
subjects for recruitment into trials. Ultimately, the most
important outcome measures are long-term lung function
and life expectancy. However, in order to study the latter, a
trial will need to be conducted over a 30-year period, an
impractical constraint for any study of new therapies. Davis
and co-workers [109] estimated that over 1000 CF patients
would need to be recruited over a 1-year period in order to
detect an arrest in the expected rate of decline of lung func-
tion (FEV1) in this patient population. Fewer subjects
would be required if the patients were young with mild
pulmonary disease as these patients are more likely to have
a faster FEV1 decline [109]. Thus children with limited lung
damage would be the most appropriate subjects to demon-
strate an inhibition in FEV1 decline. The advantages of
studying this young patient population needs to be bal-
anced against the moral and ethical concerns surrounding
the use of children in trials, particularly with regard to gene
therapy [110]. To circumvent these challenges, there has
been much interest in the development of surrogate end-
points that reflect the effects of the disease process (e.g. 
airway inflammation, infective exacerbations, radiographic
changes, quality-of-life index), or the underlying disease
process itself (e.g. nasal potential difference, mucociliary
clearance, Pseudomonas adherence, molecular markers). The
challenge is to extrapolate each of these surrogate study
end-points into a prediction of life expectancy or long-term
lung function. In addition, individual surrogate measures
may have complex interdependencies with other CFTR
functions or effects. For example, it is known that approxi-
mately 6–10% of correction of CF cells results in the
restoration of chloride secretion [111], but we are uncertain
whether the correction of chloride secretion alone without
concurrent inhibition of sodium absorption will be suffi-
cient to exert a clinical effect. Likewise, it is not known how
protein expression and other surrogate markers reflect func-
tional changes required to correct the effects of mutated
CFTR. These uncertainties remain a major hurdle to the
advancement of therapeutic development in CF. A greater
understanding of the clinical picture in CF in the future will
help address many of these issues.
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The pace of scientific discovery and therapeutic devel-
opment for CF has accelerated dramatically in two decades,
and this has been reflected in a marked improvement in
average life expectancy during this time. However, we are
now faced with the harsh reality that, despite a huge and
sustained scientific effort to develop novel therapeutic inter-
ventions, CF still reduces average life expectancy by more
than half. As the life expectancy continues to improve, if
the cure from gene or stem cell therapy does not material-
ize, perhaps our goal will be that patients with CF die with
their disease but not as a consequence of it.
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The future: how will management change?

ANDREW BUSH AND DUNCAN GEDDES

INTRODUCTION

Early diagnosis through screening, and advances in treat-
ment, have improved survival in cystic fibrosis (CF). The
typical scrawny, ill, infected infant who will die as a
teenager is thankfully rare; the typical ‘patient’ is now a fit
individual, who has only ever had minimal if any symp-
toms, who happens to have a problem called ‘CF’. Cystic
fibrosis was thought to be a disease of the lungs and diges-
tive tract; almost paradoxically, the scope has expanded to
that of a multisystem disease, as individuals have lived
longer. This has two obvious consequences. First, fit indi-
viduals probably do not want to spend many hours of 
precious time every day doing treatment, or long hours
being assessed in the clinic. Second, we need to consider
much longer-term, multisystem complications both of 
the disease and its treatment. It seems likely that the focus
will shift from disease management to prevention of 
complications.

On the other hand, modern sophisticated investigations
have revealed functional abnormalities in even young,
apparently well patients. Obviously it is important not to
over-interpret minor changes, but recent work has painted
a picture that is not all rosy. What is a ‘well’ CF patient?
Even babies apparently without any apparent respiratory
disease have evidence of airflow obstruction [1,2], and
ongoing airway inflammation [3]. Their lung function
appears to track through the pre-school years, so perhaps
very early on may be a window where really intensive ther-
apy will bear dividends [4,5].

Finally, we should also acknowledge that despite mod-
ern therapies, some patients do very badly indeed, dying
before adult life; there remains a need to devise and test
rescue therapies, holding the difficult balance between
finding a cure, and improving survival and quality of life

for those whose disease has likely progressed beyond the
point when a cure is possible.

DIAGNOSIS AND PREVENTION

Traditionally CF was diagnosed by clinical suspicion and
confirmed by a sweat test. Now with genetic testing and
newborn screening, milder versions of CF are increasingly
recognized. This has two consequences. First the spectrum
of CF has extended to include lone infertility, sinus and
pancreatic disease and even complete normality. Second,
there have been apparent increases in numbers with CF
and in overall survival. These trends are likely to continue
and the diagnostic classification will become more compli-
cated. Very sophisticated diagnostic testing may throw up
‘abnormalities’ in the CF gene which may be of little prac-
tical significance. The concepts of ‘pre-CF’ [6] and a CF
gene-related disorder [7] are becoming increasingly useful
and avoid burdening people who have an excellent prog-
nosis with an inappropriate label. This will be increasingly
important to ensure that insurance, employment and life
planning are not compromised by over-pessimistic diag-
nostic labelling.

Prevention of CF is theoretically possible by a combina-
tion of genetic screening for carriers, pre-natal diagnosis and
offering the option of termination of affected pregnancies.
The only real experience of this was the Edinburgh study of
the 1990s [8] in which a large majority of couples with a CF
pregnancy opted for termination and the incidence of CF fell.
Although this demonstrated that prevention was possible it
did not lead to similar programs and no country has pursued
a policy of prevention. Since then the survival has improved
and public opinion has moved somewhat away from termi-
nating pregnancy. This combination makes a program of
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prevention less likely and at present there is no prospect of
reducing the incidence of CF.

NEW TREATMENTS

General considerations

There is an increasing and right call for rigorous clinical
trials before new treatments are introduced. However, this
brings its own problems. There are only limited numbers
of patients who can enter trials, and already huge numbers
of potential therapies. We need somehow to prioritize
what are the really important questions, and maximize 
efficiency in testing them. Ways of maximizing efficiency
include:

● Multicenter collaboration in a properly resourced 
program of clinical trials. Clinical trials use scarce
resources, including professional time, and these need
to be funded.

● Following the example of pediatric oncology in particu-
lar, and ensuring that all eligible patients are enrolled in
clinical trials. Newborn screening in particular offers a
great opportunity for trials of early treatment.

● Minimizing the numbers enrolled by use of factorial
design, and aiming to show equivalence of effect of a
more convenient treatment, rather than necessarily
always attempting to show superiority.

Outcome measures

The choice of end-points will be important; mortality is no
longer appropriate, as the survival curves have flattened
out, so surrogates are inevitable. As far as the lung is con-
cerned, spirometry is often so stable that rate of change of,
for example, FEV1 as an end-point requires large numbers
studied for a long time [9]. More sophisticated lung func-
tion testing may help (for example, indices of gas exchange
such as lung clearance index [10,11]), but may detect
minor and irrelevant changes. Biomarkers of disease may
also be of use; but would the reduction of a single inflam-
matory mediator be accepted as beneficial? Which media-
tor is truly important? There is no doubt that as our patients
are in better health, the detection of benefit will become
harder, and this is an ongoing research area.

Ethics and safety

There are many ethical and practical issues related to research
in children [12]. In particular, the selection of the timing 
of the introduction of new treatments and balancing possi-
ble risks and benefits especially as disease modifying treat-
ments are likely to work best if given early. The tragic cases
of lymphoproliferative disease in children treated with gene

therapy for severe immunodeficiency highlight the potential
problems [13]. In some ways the increased longevity of 
CF patients militates against therapeutic research. An early
death in a baby who would have been dead within months is
a tragedy, but much worse if instead the projected median
survival is 40 years. So we need to find ways of delineating a
higher risk young population in whom therapeutic trials are
more justified; and we need to address the ethical issues
around how early a child can take part in trials of a novel
approach like gene therapy. At what point can we say that 
a treatment is so likely to be efficacious that it would be
unfair discrimination to deny it to a 6-year-old, particularly
if, as is likely, invasive techniques such as bronchoscopy 
are needed to determine efficacy [14]? The ideal is that 
therapeutic efficacy is demonstrated in adults, and non-
invasive end-points discovered, before application to chil-
dren. But what if the nature of the disease, or the changes of
normal lung development, mean that a treatment is only
efficacious if applied early? How do we avoid missing detect-
ing such a therapy, while remaining ethical? CF patients,
parents, care givers and researchers must reach a consensus
which facilitates the development of new treatments while
minimizing risk.

Reducing the burden of treatment

The two most time-consuming parts of management are
aerosol therapy and airway clearance. ‘Intelligent’ nebuliz-
ers, which are breath-activated, are reducing treatment
time for a single nebulized agent to less than two minutes,
and are thus becoming serious competitors to dry-powder
devices. The benefits of nebulized therapy (antibiotics,
rhDNase) are undoubted; but they need to be given more
quickly and efficiently, without loss of therapeutic efficacy.
Reducing the burden and cost of treatment may become as
important as developing new compounds but funding this
type of research will be difficult.

Devising and testing novel rescue therapies

Infection is the key determinant of decline in CF and antibi-
otics are the mainstay of treatment. Inevitably bacteria
become resistant to antibiotics and with longer survival and
more courses of antibiotics this problem will increase. There
is therefore a clear need for more powerful, and safer, antibi-
otics. Possibly increased knowledge of natural antibacterial
polypeptides, such as �-defensins, may allow novel agents
to be identified. The benefits of macrolides have been well
documented [15–17]; but we do not know which of the
extensive properties ascribed to this fascinating class of com-
pounds is the key cause of benefit. Macrolides are ubiqui-
tous in the plant and animal kingdom, with around 2000
different compounds described. If only we could know what
properties we really needed, perhaps ‘designer’ macrolides
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could be used to enhance therapeutic benefit in those fail-
ing conventional therapy.

Despite every effort, most patients eventually need a
lung transplant if they are to survive. Tragically, in many
cases, organs will not become available. New approaches
will be needed; much current research is directed at devel-
oping transgenic pigs as a source of donor organs. Perhaps
more futuristically, as more is known about normal lung
development, strategies to regenerate normal lung, per-
haps using retinoids, or even to grow new lungs in vitro
may become practical.

Nutritional failure is still all too common. Some high-
profile international sportsmen have set a very bad example
of manipulating anabolism. But could this bad knowledge
be put to good purposes? Will we in the future use anabolic
hormones and designer steroids, combined with intensive
calorific support, to improve the nutrition of CF patients
who are spiraling downhill in cycles of recurrent infection
and weight loss? Safety issues are paramount, and the risks
have been highlighted by the sad deaths of young athletes;
but perhaps this route should be explored when conven-
tional methods have failed.

NEW COMPLICATIONS

Cystic fibrosis is no longer a lung and digestive disease, but
has become a truly multisystem illness. There are two
aspects of increased longevity to consider: first, survival
allowing the development of new complications; and sec-
ond, intensive treatments that may bring an epidemic of
iatrogenic disease. This last makes it all the more essential
that treatment is targeted precisely.

Bone disease

The etiological factors involved in bone disease have been
reviewed in Chapter 18. Some risk factors are already treated
energetically on their own merits. For example, we already
treat infection and inflammation aggressively, and recom-
mend vitamin D and calcium supplements. However, as a
result of an appreciation of impending CF bone disease,
many clinics now routinely advise oral Vitamin K supple-
mentation. We need to redouble our efforts to persuade
children to take part in weight-bearing exercise; pubertal
status should be monitored, and any excessive delay should
be treated. In the future it may be possible to block pro-
inflammatory cytokines in the systemic circulation.

Diabetes and insulin deficiency

In the majority of patients, the exocrine pancreas is irretriev-
ably damaged at birth. Endocrine pancreatic function is nor-
mal or at least adequate at birth, but in as many as a third of
adults, endocrine pancreatic insufficiency manifested by

insulin deficiency supervenes. We need to develop strate-
gies to preserve endocrine pancreatic function; and if this
fails, develop ways of recognizing insulin deficiency before
the pre-diabetic period of insidious deterioration of lung
function and nutritional status becomes evident. One pos-
sible strategy might be to reduce the pro-inflammatory
drive on the pancreas of intestinal hormones produced in
response to an abnormally low pH, by an aggressive use of
proton pump inhibitors. It is well known that prior to the
diagnosis of overt diabetes, a period of decline due to insulin
deficiency is usual. It is clear that the oral glucose tolerance
test is not the ideal way of detecting insulin deficiency, and
ways of conveniently and cheaply monitoring home blood
glucose continuously over a period of days is necessary.
Perhaps the future will include early treatment with inhaled
insulin to preserve a good clinical status. Similarly we need
to ensure that treatment is adequate to prevent long-term
vascular complications.

Other new complications

There are some manifestations of CF that are clearly
important, but it is not clear how they should be pre-
vented. One example is liver disease. This is clearly impor-
tant for a minority of people with CF, but as lung problems
(hopefully) recede, death from liver disease may become
more frequent. There is a really pitiful paucity of informa-
tion on how best to detect liver disease in CF, and what to
do when it has been detected. One can but contrast the
increasingly large number of big trials of lung treatments
(prednisolone, ibuprofen, rhDNase, TOBI, azithromycin)
with the absence of anything substantial in the field of
hepatology. We need better detection strategies for liver
disease, and evidence-based early intervention.

Iatrogenic disease

We have used antibiotics very liberally, and it is likely that
this has been a major factor in increased longevity. However,
there is a threefold price to be paid: antibiotic allergy, emer-
gence of new resistant Gram-negative organisms, and subtle
toxicity, in particular to the eighth cranial nerve and the 
kidney.

Antibiotic allergy is common in CF, with reported
prevalence being close to 33% [18,19]. In the Danish clinic,
where intravenous antibiotics are used liberally, 121
patients who received a total of 2793 courses of intravenous
antibiotics were studied; 62% of patients were reported to
have had an allergic reaction, which occurred in 4.5% of
the courses [19]. Such problems and the need for desensi-
tization are likely to increase.

Another likely iatrogenic complication of heavy 
antibiotic use is the emergence of new Gram-negative
infections. In a 12-center study of 1419 patients, the emer-
gence of resistant organisms such as Burkoldheria cepacia
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and Stenotrophomonas maltophilia were linked with use of
antibiotics [20]. Association is not the same as causality,
but database and case–control studies have linked the
emergence of S. maltophilia with intravenous and nebu-
lized antibiotic use [21,22]. Indeed, the large number of
different bacteria present in the CF lungs is becoming
increasingly recognized. There are likely to be improved
methods of detection and of antibiotic sensitively testing to
improve the precision of antibiotic prescribing.

Finally, cumulative antibiotic toxicity becomes a prob-
lem as the years go by. In one study, prolonged use of neb-
ulized gentamicin was associated with subtle defects in
renal tubular and eighth cranial nerve function [23]. In a
recent paper [24], the effects of repeated courses of intra-
venous aminoglycosides on renal function were studied.
Some of these adult patients had more than 120 courses in
their lifespan! Nearly half had a reduction in glomerular
filtration rate (GFR), of whom in around 20% it was less
than 60 mL/1.73 m2 per minute. GFR correlated highly sig-
nificantly inversely with number of courses given. With
that handy diagnostic instrument, the retrospectoscope,
were all these courses really necessary?

Increased longevity

From the world of asthma, middle-aged adults who had
‘wheezy bronchitis’ as children, presumed to be on the
basis of developmental reductions in airway caliber, and
who ‘recovered’ completely in later childhood, are now
showing an accelerated decline in lung function [25]. We
may need to switch our focus to preventing accelerated
lung aging (if it exists) in this population also. It seems
clear that very early on it is possible to detect decrements in
lung function, even in those with no apparent respiratory
disease, and that these decrements track through the 
pre-school years. Maybe we need to intervene particularly
aggressively in the very early years of CF, to ensure good
long-term lung health, and this will be increasingly impor-
tant as survival increases.

The current focus is on the prevention of the healthy
newborn lungs and nutritional state from deteriorating
and leading to premature death. But if we win that battle,
will there be an epidemic of premature aging in the CF
population? We have advised a high-fat diet with impunity
and enormous current clinical benefit, and currently
hypercholesterolemia is never seen in CF. This may change
as we make fat absorption more efficient. In 20 years time
will there be sessions on ‘The cardiology of CF’ in the big
meetings?

The ugly specter of an increased risk of epithelial cell
cancer has already raised its head, albeit only as a rare
entity. We know that ongoing inflammation is present in
the lungs, and at least some components of the high-fat
diet may be systemically pro-inflammatory. We may need
to be alert to a potential rise in cancer deaths in the CF
population.

NEW PATTERNS OF CARE

General considerations

The recurring theme of this chapter, maximizing benefit
while minimizing inconvenience, is important in this sec-
tion also. Issues include balancing the benefits and incon-
venience of hospital and home care; and those of the
conventional outpatient consultation as opposed to using
modern information technology such as telemedicine, or
email. Who will then take responsibility – healthcare pro-
fessional or expert patient? The patient is usually right –
but not invariably – and poor perception of symptoms is
well known in the context of asthma. As survival improves
the disease will be seen as less threatening and the combi-
nation of complacency and the less-than-expert patient
may lead to deteriorating standards of care and variable
adherence to treatment. Ultimately, of course, the individ-
ual adult is responsible for his or her care, enlisting such
professional aid when desired. The issues are different for
children. Adult patients have the right to neglect them-
selves, but parents and professionals owe a duty of care to
children. It will be a challenge to ensure that an e-barrier
does not arise to prevent appropriate management of
dependant children.

Psychological problems may shift away from anxiety
about death felt by parents and child towards the less dra-
matic difficulties of coping with, and accepting, a chronic
illness. Nevertheless CF remains a lethal disease and the
burden of the terminal phase will fall progressively on
older patients and their partners, some of whom may be
less well prepared than CF parents over the past 30 years.
Psychological and coping issues will alter but not diminish
and the need for psychological and occasional psychiatric
help may actually increase.

Outpatient review

The conventional outpatient review involves travel for the
patient and sometimes a carer or partner, and prolonged
waits in a hospital. There are additional, small risks of acquir-
ing a nosocomial infection, or a pathogen from another CF
patient. The alternative options are the use of Internet and
telephone technology, and home visits from members of
the CF team. Each has promises, but each also has its prob-
lems. If we are to use the Internet, we need to decide what
are the really important features of physical examination,
which will be lost. History-taking should be straightfor-
ward, but discussing sensitive issues, or breaking bad news,
may not be done best by email. Home visits are welcomed by
many patients, and allow unhurried assessment in a non-
threatening environment. However, they are very resource-
intensive and time-consuming, and increasingly difficult
to fund. It might be argued that much could be taken over
by the local team; but unless they are trained in CF, and
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have very close links with the regional center, there is a risk
of loss of quality of care.

It is likely that different patterns of care will in the
future be best for different patients, and at different stages
of CF. Home intravenous antibiotics are at least as good as
hospital care for a proportion of patients, but they need to
be highly selected. Home care for all is clearly wrong. The
challenge of the team will be to work with patients to
deliver the best package of care, tailored to the need of the
individual CF patient.

Annual review

The annual assessment traditionally has provided the means
of taking stock of how the CF patient is progressing. With
the increasing appreciation that CF is a multisystem dis-
ease, the length and complexity of the process is increasing,
and there becomes a risk that we obsess on process without
considering outcome. Clearly, this sort of assessment has
paid rich dividends in the past, and it is difficult to deny
that the approach of intensive investigation and treatment,
when compared in particular to a casual, nihilistic attitude,
has brought dividends in terms of prolonging survival.
However, perhaps the time has come when we need a more
selective consideration of who needs what, so the benefits
of the old approach can be retained, while restricting test-
ing to those who really need it.

MONITORING

Clearly, the lessons of history for the older CF physician
include absolutely to beware of complacency. But it is also
quite clear that we need to work to minimize the demands
made on the well patient, while continuing to maintain vig-
ilance. The completely well child will simply not do 30 min-
utes of postural drainage twice daily. Furthermore, there is a
precedent for reining in on the ‘more is better’ approach; the
morbidity of fibrosing colonopathy could have been avoided
by more cautious use of pancreatic enzymes. A clear chal-
lenge will be to maximize the long-term benefit from a min-
imum management package, in terms of time spent on
treatment, intervals between treatment episodes, and num-
ber and complexity of interventions. Perhaps in the future
the analogy will be with hypertension; the CF patient will 
be in no immediate danger, but will be taking treatments 
in order to prevent future complications. Any side-effect 
of treatment will become unacceptable. Monitoring of 
treatment, and timing of interventions such as a course of
antibiotics, will likely require surrogate markers. There is
precedent for this in the current treatment of asthma; inten-
sification of treatment for an asymptomatic increase in
exhaled nitric oxide or sputum eosinophil count, or worsen-
ing of bronchial hyper-reactivity, has been shown to 
optimize asthma control, as compared to a symptom- or
peak-flow-based approach.

The ultimate aim would be for CF be relegated to the sta-
tus of what mere carriage of one CFTR mutation is today,
namely to cease to be a disease, but to become a risk factor
for, for example, pancreatitis, sinusitis or bronchiectasis.
This is still some distance off!

SUMMARY AND CONCLUSIONS

The history of cystic fibrosis is one of constant surprises; as
one complication is dealt with, so another arises. The dis-
ease has metamorphosed from a simple, severe, two-system
illness to a complex multisystem series of problems. CFTR
exists in tissues that are generally thought to be non-diseased,
like the heart, the kidney, and the red blood cell [26]; how
long before these batteries are unmasked? It is likely that
combination of the defect in a multifunctional protein,
CFTR, and the frenetic activities of the medical team, com-
bined over many decades, will produce many more facets
to CF. Only a foolish person they could predict even the
chapter headings in this or a similar volume in 20 years’
time.
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Appendix 1
Transition form

SUSAN MADGE AND JACQUELINE FRANCIS

Patient name: Age: DOB:

Referring consultant: Hosp. no. (referring hospital):

Yes/No Date

TRANSITION
Has transition been discussed with the patient?
Has transition been discussed with parents/care giver?
Any concerns?

Has information about and invitation to Transition Clinic been received?

Agreed date of Transition Clinic?

Have family and patient visited the adult ward?
If ‘no’, reasons:

FERTILITY
Discussed? Yes  ❒ No ❒
Contraception advice given? Yes  ❒ No ❒

TRANSPLANTATION
Discussed? Yes  ❒ No ❒
Details of discussion:

DIAGNOSIS
Date of diagnosis:
Presentation at diagnosis:
Genotype: Sweat test results: left arm/right arm
1. Sodium mmol/L
2. Chloride mmol/L

TRANSITION
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CURRENT CLINICAL STATUS
Date of measurements:

Height: Weight: BMI:

Lung function: FEV1: ( %) FVC: ( %) SaO2: %

Portacath: Date: Type:

Gastrostomy: Date: Type:
Feeding regimen:

Appetite:
Pancreatic sufficient: Enzyme treatment:

Yes/No Date

ORGANISMS
Staphylococcus aureus
Haemophilus influenzae
Pseudomonas aeruginosa
Strenotrophomonas maltophilia
Burkholderia cepacia complex – type:
MRSA
Atypical mycobacteria – type:
Other

HOSPITALIZATION
How many times in the last year?
Reasons for admission:

DRUG THERAPY

ALLERGIES AND REACTIONS

PHYSIOTHERAPY
Type:

Frequency:

Adherence:
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COMPLICATIONS DETAILS
Oxygen therapy
Hemoptysis
Pneumothorax
ABPA
DIOS
Liver disease
Varices
CF-related diabetes
Arthropathy
Other associated conditions

FAMILY BACKGROUND
Parents’ names:

Siblings’ names and ages:

CF-siblings’ names and ages:

CF in extended family – state relationship, names and ages:

Ethic origin: Religion:

SOCIAL SUPPORT
Disability Living Allowance: Yes  ❒ No ❒ Rate:
Mobility: Yes  ❒ No ❒

EMPLOYMENT (Saturday/part-time/weekend/full-time)

EDUCATION
Sixth Form (GCSEs, A Levels, GVNQ):

College/University:

Career interest:

Special educational needs:

HOME CARE
RBH (joint visit with adult CNS?):

Referring hospital (joint visit with adult CNS?):

Primary Care Team:

Contact person and telephone number:

OTHER COMMENTS

Completed by: Date:
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ALL ABOUT ME – please introduce yourself to the adult team
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Appendix 2
Practical nursing care required by the cystic fibrosis
patient and its delivery

FRANCES DUNCAN-SKINGLE AND TRACEY CATLING

Many cystic fibrosis units will have established their own
consensus guidelines for the patient’s clinical care and
management. The employing authority accepts liability
and responsibility for the professional functions under-
taken on behalf of the organization by nurses. Where this
includes an ‘extended role of the nurse’ these functions
should be clearly laid out with guidelines and policy proce-
dures that are agreed by the Hospital Board.

In the UK, under the Code of Conduct (Nursing and
Midwifery Council, Code of Professional Conduct: standards
for conduct, performance and ethics, July 2004), it is the aim
of the nursing profession to give the highest standard of

care possible to patients. This means patients should not be
placed in jeopardy and that a nurse does not undertake any
procedure where adequate training instruction and assess-
ment has not been given. The nurse must recognize their
own limitations in competence and should not delegate to
junior colleagues tasks and responsibilities beyond their
knowledge and skills. Patients with CF require the input of
other members of the multidisciplinary team and it is part
of the nurse’s responsibility to refer them as appropriate, to
ensure that the patients receive the best possible care.

The following tables list some of the basic nursing care
required by the CF patients and its delivery.

Table 1 General nursing care.

Problems Aims/actions Outcome/actions

Treatment of chest Infection control ● Inform and educate patients on their microbiological status. This will
infections; ineffective standards and unit encourage confidence
airway clearance due  guidelines must be ● Encourage and refer to physiotherapy
to increased pulmonary strictly adhered to ● Bronchodilators may be given before physiotherapy if prescribed
secretions Reduce symptoms ● Monitor mobility and breathlessness. If breathless, assist in positioning patient 

caused by an infective  comfortably and encourage mobilization when able. Encourage good posture
exacerbation ● Report changes in the amount, quality and color of sputum

● Provide mouthwash if sputum is foul tasting, after nebulized antibiotics and
after steroid inhalers

● Give prescribed nebulized therapy in the order prescribed
● Give oxygen therapy as prescribed
● Assess respiratory status regularly, i.e. respiratory rate, pulmonary function

tests, oxygen saturation

Effective and safe Minimize the problems ● Observe cannula site before each infusion
handling of associated with ● Ensure cannulae or Huber needle, if implantable port used, is secure [1]
intravenous therapy intravenous therapy ● Administer antibiotics as prescribed. In young children and adolescents local

anesthetic cream placed on proposed venepuncture site 1 hour prior to
insertion of cannula is advisable

(Continued)
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Table 1 (Continued)

Problems Aims/actions Outcome/actions

● Check site regularly for signs of phlebitis
● Follow correct procedure for i.v. drug administration
● Check aminoglycoside levels and ensure appropriate dose is given, getting the

prescription dose changed if necessary
● Observe the patient for side-effects and report if any occur and/or stop

infusion

Promote self- ● Teach the patient how to reconstitute i.v. drugs and the method of delivery.
administration of ● Teach safety aspects on the care of the line or port, the handling and
intravenous drugs administration of drugs ensuring aseptic techniques are used to reduce the risk

of infection
● Understand the interactions of drugs and what to observe in the event of

possible side-effects
● Assess competency of either patient and/or carer according to local

standards/guidelines. They should be reassessed with every course of
intravenous antibiotics prescribed

● Advise on disposal of sharps
● Provide emergency contact telephone numbers if having i.v. treatment at home
● Provide details of home-care services, if appropriate

Malabsorption of food Ensure steatorrhea ● Refer to dietitian for review of pancreatic enzyme replacement therapy
is adequately ● Ensure pancreatic enzymes are taken with all meals and snacks (small 
controlled babies may require a medium such as fruit pureé to take their enzymes)

● Monitor bowel actions and report any changes

Poor dietary intake Ensure patients’   ● Refer to dietitian to assess nutritional status
calorie intake is ● Monitor weekly weight and report any loss
sufficient for their. ● Monitor dietary input and advise according to dietetic recommendations
energy expenditure ● Identify any factors that may affect nutritional status, e.g. breathlessness,

nausea, and assist as necessary
● Encourage use of supplements if prescribed

Provide care if Nasogastric feeding
alternative feeding ● Ensure tube is correctly positioned
methods used in ● Teach patient to pass own tube if appropriate
accordance with ● Check that feed is correct for patient
local hospital policy ● Monitor flow rates of feed so that the correct amount is delivered over the

prescribed time
Percutaneous endoscopic gastrostomy feeding tube [2]:
New stoma:
● Observe site, re-dress daily with a clean, dry dressing. After 2 weeks patient

will be able to bathe fully and to swim. Attention should be paid to drying the
stoma carefully otherwise soreness may occur

● Teach patient how to care for stoma site
● Observe patient for discomfort and bloating during and after administration 

of feed
● Give prescribed antiemetic as necessary
● Ensure correct amount of feed is given over the prescribed period
● Feeds should always be administered and controlled with a feeding pump
Total parenteral nutrition (TPN):
● Ensure scrupulous attention to intravenous site and keep manipulations to the

feeding line at a minimum. If possible use a dedicated feeding line
● Carefully monitor vital signs in order to detect infection or reactions to TPN

including blood glucose levels
● Check intravenous drugs against the prescribed regimen
● Observe the TPN for any changes, e.g. separation, creaming, color
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Table 2 Nursing activities required for specific complications.

Problems Aims Outcome/actions

Poor venous access Ensure venepuncture ● Observe cannula site before each infusion
is as pain-free as ● Ensure that antibiotics are sufficiently diluted to reduce irritation in vein
possible and avoid ● Promptly remove cannula if problems occur, to reduce risk of damage to veins
damage to the venous ● Advise patient of other methods of venous access, e.g. long intravenous line, 
system Hickman line, totally implantable venous access system (Port)

● Educate patient on how to use various venous access systems and their
individual flushing regimens

● Use of aids to extend the life of cannulas

Hemoptysis Help allay fears ● Give reassurance
Promote cessation ● Refer to physiotherapy for advice on airway clearance
of bleeding ● Observe amount and type of hemoptysis

● Report any increase and frequency
● If embolization of bronchial artery is necessary, regular temperature, pulse,

respiration, blood pressure, pedal pulses and leg color will need to be observed,
as well as leg movements. Pressure maintained on access site and analgesia
given as required

Pneumothorax Relieve breathlessness ● Report sudden onset of breathlessness or chest pain. Be aware of implications.
and promote healing Reassure the patient
of air leak ● Care of patient with chest drain, observe drainage from the chest drain. Report

any change in the amount or color of fluid in the drainage bottle
● Observe insertion site daily, change bottle and report to the medical team if

the drain stops bubbling
● Teach patient about chest drain safety
● Give analgesia as required
● Promote mobility if possible
● If suction is required, ensure correct settings are maintained

Diabetes [3,4] and Control and monitor ● Record blood glucose levels at regular intervals in accordance with local 
CF-related diabetes hyperglycemia hospital policy
(CFRD) ● Give insulin or oral hypoglycemic agent as per prescribed regimen

● Monitor symptoms of hyperglycemia, e.g. weight and weight loss, polyuria and
polydipsia

● Educate the patient about their diabetes, hypo- and hyperglycemic episodes
and self-administration of insulin

● Educate the patient on how to monitor blood glucose levels
● Educate the patient on the care of their skin, nails, eyes and feet
● Remember that steroids may cause hypoglycemia, so careful monitoring is

required during treatment
● Diabetic annual assessment is necessary to prevent and control retinopathy [5,6]

Meconium ileus Promote return to ● Give prescribed laxatives and enemas
equivalent (MIE) or previous bowel habits ● Monitor bowel movements, frequency and type
distal ileus obstructive ● Observe for dehydration and abdominal distension
syndrome (DIOS) [7] ● Administer prescribed intravenous fluids if nil by mouth

● Give appropriate analgesia and antiemetic if required

Possible need for Reduce anxiety of ● Reassure the patient who will be very anxious
ventilatory assistance patient and relative, ● Ensure that the patient understands and consents
via non-invasive and promote good ● Educate patient about safety issues, e.g. no drinking and eating while using
ventilation (NIV) [8] compliance with NIV due to a possible increased risk of aspiration

equipment by ● Ensure that the patient and relatives know how to disconnect from the 
working with the machine if necessary
multidisciplinary team ● Advise on the meaning of the alarms and significance of the different tones

● Observe and record length of time on and off NIV
(Continued)
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Table 2 (Continued)

Problems Aims Outcome/actions

● Promote good skin care around mask area. Keep clean and dry. Ensure bridge
of nose is relieved of pressure as much as possible. Pressure-relieving agents
may be employed

● Provide backup support and contact emergency telephone numbers in case of
machine failure

Coping with the Relieve symptoms ● Try to identify the patient’s wishes prior to the terminal stage. Be aware of 
terminal stages of any advanced directives
cystic fibrosis ● A patient may wish to die at home. Establish the support systems available and

ensure they are all in place. Refer to palliative care team if there is one available
● Encourage patients, relatives and staff to communicate with each other
● Allow patients and relatives time and space to be alone
● Help them to listen to each other’s needs
● Be prepared to answer questions honestly
● Help patients to maintain independence for as long as possible
● Alleviate feelings of isolation, anxiety and fear
● Control symptoms of breathlessness, pain and any other symptoms that may

occur, to ensure that a comfortable, dignified death is achieved. The use of
opiates may be helpful

● Provide support for family and friends prior to and following death [9]
● Provide bereavement follow-up support
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25-OHD see hydroxyvitamin D 

AAV see adeno-associated virus
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acute rejection of lung grafts 297, 298
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targeted ventilation

AD see autogenic drainage

adaptive aerosol delivery (ADD) devices
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ADH see antidiuretic hormone

adherence see compliance

adhesion of bacteria 70, 377

adjuvant therapy 212
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infection risks 403
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aerobic fitness 353, 353
aerobic testing 354–6

aerobic training 363–4, 364, 364
aerosol therapies see inhaled therapies

AFS see allergic fungal sinusitis

age
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female sexual/reproductive health

282–7, 283, 284

contraception 283, 391

fertility 282–3

historical view 8

information 283, 391

pathophysiology 65

pregnancy 283, 283, 284–7, 284, 286

puberty 253–9, 258, 265, 473

vaginal yeast infections 284

fertility see female sexual/reproductive

health; male sexual/reproductive

health

fertility specialists 391

fetal gene therapy 459

fetal risks of maternal medication 286

FEV see forced expiratory volume

fibrosing colonopathy 209, 211, 219

field exercise testing 357–9

fitness 353–9, 363–5, 364
flow/volume curves/loops 322, 322, 408,

408, 413
Flutter® 412, 412, 413, 413
flying 168–9, 195–6

focal biliary cirrhosis 225–6

forced expiration techniques 408, 408,

409, 409, 410, 410
forced expiratory volume in one second

(FEV1)

BOS 300, 300

bronchial responsiveness 351

children 300

clinical epidemiology 29–30, 29, 30,

30, 31, 31

exercise benefits 365–6

exercise testing 353
longitudinal epidemiological data

346–8, 347, 348, 348
prognostic indicators 37

young children 338
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(FEV0.5) 300

forced expiratory volume in 0.75 second

(FEV0.75) 322, 322
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328–9, 328
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323, 323
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frequency of mutations in CFTR

gene 103

fungal infections
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(ABPA) 7, 148–51, 150, 162, 201

lung 31, 32, 126, 148–51
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prophylactic agents 148, 150, 296,

297–8

future developments in diagnosis/

management 471–5

FVC see forced volume curve
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G551D mutation 21, 22

gallbladder 64, 65, 233

gallstone disease 233, 234
gas exchange 361

gastroenterologists 391

gastroesophageal reflux (GER) 214–16,

300

gastrografin 11, 213, 217

gastrointestinal conditions 209–21, 209

distal intestinal obstruction syndrome

6, 64, 209, 209, 216–18, 423

gastroesophageal reflux 214–16

historical view 6

malabsorption 211–13, 421, 422–3, 484

malignancy 221

meconium ileus 6, 83, 213, 218–19, 485

meconium plug syndrome 213–14

modifier genes 83–4

pH effects 210, 211, 212

vasculitis 269

see also diarrheal diseases

GCP see Good Clinical Practice

gelatinase, lung damage 74

gender

diabetes 244, 245, 349, 349
disease course variation 91

liver disease 226–7

lung function 346

prognostic indicators 37, 349–51

gendered embodiment 91

gender/sex distinction 91

Gene Modifier Study group 467

general health 87, 92

general nursing care 483–4

gene repair trans-splicing technologies

457, 458–9, 458
gene therapy 230–1, 377, 453–9

genetic counselling 117–18, 119, 121, 285

genetic diagnosis 99, 102–3, 103

genetic factors

CF-related diabetes 242

CFTR mRNA assay 375–6

disease course variation 87, 88
historical view 5, 10, 12

liver disease 226

male fertility 12, 65, 81, 279, 282

mortality rates 25–6

pancreatic disease 234

pancreatitis 12, 235
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preimplantation genetic diagnosis 281

pulmonary hyperinflation in infants

325

racial differences 91–2

sex differences 91

genetics of Pseudomonas aeruginosa 140

gene transfer agents (GTAs) 453–4,

455–6, 455, 456
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complex 123, 126–7, 127, 142–3,

142, 144
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CFTR mutation classifications 51–7,

54, 54, 55, 55, 59–60, 81–2, 234, 242

distribution 21–3, 22, 22
modifier genes 60, 81, 82–4, 104

phenotype relationship 52–3, 81–5

prognostic indicators 37

gentamicin 55

GER see gastroesophageal reflux

gestational diabetes mellitus 248

GH see growth hormone

Giardia duodenalis (giardiasis) 212, 220

Gibson and Cooke technique 101

glucagon response 243

glucocorticoid therapy see corticosteroids

glucose absorption 64, 243

glucose tests 246

glutathione 377

glycosylated hemoglobin (HbA1c) 245–6

Godfrey protocol 354, 355

Good Clinical Practice (GCP) 312

growth 253–9

assessment 256–7
clinical epidemiology 32–3, 32
epiphyseal closure 265

factors affecting 254–5

interventions 255–6, 256, 258

monitoring 422

post-transplant children 301

pubertal delay 253–4, 258

growth hormone (GH) 254–5, 256

GTAs see gene transfer agents

gynecologists 391

habitual physical activity (HPA) 365, 368

see also exercise

Haemophilus influenzae 31, 31, 32, 125,

125, 145, 199, 204

halide efflux assays 376

hand hygiene 129, 130

harm reduction 111–13, 112, 472

HbA1c see glycosylated hemoglobin

HCO3
� ion see bicarbonate ion

headaches 201, 274

head-down position in physiotherapy

409

healthcare provision variation 39–40, 

40, 92–3

health-related quality of life (HRQoL)

368–9

heart failure 163, 163, 169

heart rates (HR) 370

heart–lung transplantation 205–6, 291,

292
heat, exercise effects 362, 362
height 32–3, 32, 256, 257, 264

see also growth

Helicobacter pylori 220

hematemesis 159

hematological problems 274

hemiplegic migraine 274

hemoptysis 159–60, 160, 416, 485

hepatic disease see cystic-fibrosis-

associated liver disease

hepatic glucose production (HGP) 243

hepatic insulin resistance (HIR) 243

hepatobiliary malignancy 235

hepatobiliary pathophysiology 64–5

see also cystic-fibrosis-associated liver
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Hering–Breuer inflation reflex 328

heterozygous condition (carriers)

allergic bronchopulmonary 

aspergillosis 148

CBAVD 12, 81, 282

identification 113

pancreatitis 12, 235

phenotype 22–3

survival advantage 22, 40–1, 64, 219

HGP see hepatic glucose production

high-frequency chest compression

(HFCC) 413–14, 414
high-pressure PEP (Hi-PEP) 411, 412

high-resolution computed tomography

(HRCT) 301, 339–41, 339, 340
high throughput screening 464, 464
HIR see hepatic insulin resistance

histology 203, 203, 228–9, 263, 263
history 3–12, 220

HLA see human leukocyte antigen

holidays 168–9, 195–6

homecare 395–7, 396

home intravenous antibiotics 138

homologous recombination 457

hormones

antidiuretic hormone 273–4

gastrointestinal tract 211

growth hormone 254–5, 256

sex steroids 255–6, 257–8, 258, 265

hospital admissions

home intravenous antibiotics 

comparison 138

infection transmission 140, 145

nursing care 403, 404–5

pulmonary exacerbations 141

terminal care 446

host factors 69–72, 82–3

hot conditions, exercise effects 362, 362
HPA see habitual physical activity

HPOA see hypertrophic pulmonary
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HRQoL see health-related quality of 

life

HS see hypertonic saline

huffing 408, 408, 409, 409, 410, 410
human deoxyribonuclease see recombi-

nant human deoxyribonuclease-1

human leukocyte antigen (HLA) 82

humoral immune response 72

25-hydroxyvitamin D (25-OHD) 264,

264, 266

hygiene factors 140

hyperbilirubinbilia 233

hypercapnia 273

hyperglycemia 241, 247

see also cystic-fibrosis-related diabetes

hypersecretion 407

hypersensitivity 167–8
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hypertonic saline (HS) 61, 71, 124,

164–5, 193, 203
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(HPOA) 270–1

hypochloremia 273

hypogonadism 265

hypokalemia 273

hyponatremia 273–4

hypoventilation 176, 177
hypoxia 162–3, 162, 169, 195–6

iatrogenic disease 473–4

ibuprofen 167, 194

ICSI see intracytoplasmic sperm 

injection

identification of micro-organism 

species 125–7, 142

idiopathic pancreatitis 235

IGF-1 see insulin-like growth factor

IL-8/IL-10 70

imaging

infants/pre-school children 337–41
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lung 105, 337–41
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see also inflammation; neutrophils
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immunoglobulins 168, 378

immunology 69–80, 227, 242, 269

immunoreactive trypsin (IRT) 7, 9, 111,

112, 113

immunosuppression 168, 296, 297, 

297, 301

IMT see inspiratory muscle training

incentive spirometry 326
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children 333–4, 334

enteral feeding 425
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success 375–81
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saline 124, 165
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eruptions 270

airway clearance 415
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lung clearance index 346

lung function 321–9, 380

lung imaging 337–41

new treatment assessment 380

nursing care 401

nutritional support 424–5

pancreatic insufficiency 211, 212, 
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weight–sweat test influence 101, 101
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143–4
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Pseudomonas aeruginosa 140

strategies 129–30
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diarrheal diseases 40–1, 64, 212,

219–20

sinonasal disease 199–208

vaginal yeast 284

venous access devices 151

viral 75–6, 147, 168, 301

see also respiratory infections

infertility 12, 65, 81, 279–82

see also female sexual/reproductive

health; male sexual/reproductive

health

inflammation

anti-inflammatory therapies 165–8,

194, 203

benefits 165

bronchiolitis obliterans syndrome 300

cytokine/growth factor interactions 254

early lung infection 324

gastrointestinal tract 210

hypertonic saline 164

infants/pre-school children 331–2

lung damage 137–8

modifier genes 82

mucin secretion 62

neutrophil activation 73–4

new treatment assessment 378–9

non-gene therapy treatments 465–6

respiratory infection relationship

69–70, 137, 324

transplanted lungs 298

inflammatory bowel disease 220, 254

influenza immunization 147

information provision

adolescent nursing care 402

newly diagnosed patient 

families 118–21, 119

physiotherapist advice 417

sexual/reproductive health 280–1, 283,

287

terminal care 404

inhaled therapies 185–93

antibiotics 10–11, 138, 142, 148–9,

191–2

bronchodilators 192

corticosteroids 149, 150, 166, 192–3

delivery systems 186

drug types 191–3

dry-powder inhalers 187, 191

hypertonic saline 61, 164–5, 193

mannitol 165

mucolytics 193

nebulizers 185, 186–90, 187

oxygen 195–6

particle deposition 185–6, 186
pressurized metered-dose inhalers

186, 187, 190–1, 192

inheritance, see also genetic...

innate immune response 69–75

inspiratory muscle training (IMT) 365,

366

inspissated secretions 64, 65, 209

insulin

clearance rate 243

deficiency 241, 241, 242–3, 473

growth effects 254, 255, 258

replacement therapy 247–8

resistance 241, 243, 255

see also cystic-fibrosis-related diabetes

insulin-like growth factor 1 (IGF-1) 254

intensity of exercise 370

international organizations 7

intestinal disease see gastrointestinal

conditions

intestinal electrolyte/fluid transport

209, 210, 216

intestinal lavage 217, 218

intestinal motility 210, 216

intestinal obstruction see distal intestinal

obstruction syndrome; meconium

ileus

intestinal permeability 210

intestinal volvulus 218–19

intestinal wall thickness increases 210

intracellular bacterial killing 71

intracellular barriers to gene transfer

454–5

intracytoplasmic sperm injection (ICSI)

281

intrahepatic bile duct plugging 225–6

intrapulmonary percussive ventilation

(IPV) 414–15

intrauterine insemination 282

intravenous (IV) therapies 194–5

antibiotics 11, 138–9, 141, 194–5

immunoglobulin infusions 168

nursing care 484, 485

regimes 141

venous access 11, 151, 194–5, 194,

195, 485

intussusception 218

invasive ventilation 295–6

ion-channel-related drugs 377

iontophoresis 100–2

ion transport

airway surface liquid volume 61–2, 61
CF derangement processes 62, 63–4

gastrointestinal tract 64, 209, 210,

216

lung 61–2, 61
non-gene therapy treatments 465

pancreas 63–4, 63
systemic electrolyte disorders 273–4,

273
ion transporter proteins 50–1, 51
IPV see intrapulmonary percussive 

ventilation

iron deficiency 274

iron oxide particles 456, 456
IRT see immunoreactive trypsin

isolated populations 22, 51, 52

isoproterenol 376
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jet nebulizers 187, 188–9

joints 269, 270–1
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malformations 282

nephrolithiasis 271–2, 272
nephrotic syndrome 271, 272

nephrotoxins 271, 272, 297, 299, 

299, 301

transplant complications 297, 299,

299, 301

vasculitis 269

Kubler-Ross stages of acceptance 447

laboratories 123–31, 391, 392–3

lactose intolerance 221

laparotomy 217

LCI see lung clearance index

LFFOT see low frequency forced 
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life expectancy see mortality; survival

lipopolysaccharide (LPS) 76, 140

liver

function tests 227

hepatic glucose production/insulin

resistance 243

hepatobiliary malignancy 235

see also cystic-fibrosis-associated liver

disease

lobar collapse 162

logic checks 315

longevity see survival

longitudinal studies 315, 346–8, 348
LOS see lower esophageal sphincter

low bone mineral density see cystic-

fibrosis-related low bone mineral

density

low-dose HRCT 340

lower airways see inflammation;

respiratory infections

lower esophageal sphincter (LOS) 214,

215, 216

low frequency forced oscillation tech-

nique (LFFOT) 328

low-grade rejection of lung grafts 298

LPS see lipopolysaccharide

lung

aerosol drug deposition 185–6, 186
airway gland secretion 74

airway obstruction 137, 323–4

airway surface liquid 60–2, 61, 72,

73–4

bacterial defence mechanisms 60

β-adrenergic receptor gene effects 83

bronchoalveolar lavage 70, 73–4, 124,

329, 332–3, 379

drug delivery 185–98

elastic properties in infants 324

function

atypical phenotype 106

CFTR mutation class relationship 

60, 81–2

clinical epidemiology 29–32, 29, 30,

30, 31, 31
decline with age 29–30, 30
exercise benefit 365–6

growth relationship 253, 256

historical view 6–7

infants/pre-school children 321–9,

338

modifier genes 82

older children/adults 345–51

pregnancy relationship 284, 285

prognostic indicators 37–8

testing 141, 338

see also forced expiratory volume...

hemoptysis 159–60, 160
imaging 105, 337–41

lobar collapse 162

mechanics 175–83, 361–2, 362
pathophysiology 60–3

pneumothorax 160–2, 161
pulmonary exacerbations 138–9, 138,

141, 144, 345, 378

pulmonary hyperinflation 325

respiratory failure 162–3

work of breathing 175–6, 175
see also inflammation; respiratory

infection; transplantation; 

ventilation

lung clearance index (LCI) 346, 380–1

lymphoproliferative disease (post-

transplant) 201, 299, 301

lysosomal enzymes 70, 72, 73

see also proteases

MAC see Mycobacterium avium complex

macrolides 139, 140, 166–7, 167, 300

magnetic resonance imaging (MRI)

202–3, 341

major histocompatibility complexes

(MHCs) 82

malabsorption 211–13, 421, 422–3, 484

see also pancreatic enzyme replacement

therapy; pancreatic insufficiency

male sexual/reproductive health 279–82
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deferens 12, 65, 81, 105, 279, 282

historical view 8, 12

information 280–1, 391–2

pathophysiology 65

puberty 253–9, 258, 265, 473

reproductive options 281–2, 287,

391–2

malignancy

gastrointestinal malignancy 221

hepatobiliary malignancy 235

lung transplants 299, 301

pancreatic malignancy 235

mannitol inhalation 165

mannose-binding lectin (MBL) 82–3
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(MMAD) 185–6, 188, 189, 191
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Matthews, Leroy 6

maximal aerobic/anaerobic testing

354–6

maximal expiratory flow (MEF) 321

maximum oxygen uptake (VO2 max)

354, 356

MBL see mannose-binding lectin

MBW see multiple breath washout

MCBT see multiple combination bacte-

ricidal testing

MCC see mucociliary clearance

meconium ileus (MI)

clinical presentation 213

diagnosis 213

historical view 3, 6, 11

liver disease risk 226

modifier genes 83

nursing care 485

pathophysiology 213

therapy 213

volvulus 218–19

meconium plug syndrome 213–14

median age at death 26

median survival ages 10, 26

Medicaid patients 38, 88, 350

medical care provision variation 39–40,

40, 92–3

medical history 354, 354

medical teams 387, 389

medical therapies

aerosols 185–93, 186, 188, 190
antifungal agents 148, 150, 296, 297–8

anti-inflammatory therapy 165–8,
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antiviral strategies 147–8

bronchodilators 6, 167–8, 192

burden reduction 472

cytotoxic agents 168
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oral 11, 150, 151, 165–6, 193–4, 

246–7
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in pregnancy 285, 286

protein rescue therapy 463–5, 472–3

sinonasal disease 203–4

see also antibiotics; corticosteroids
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membrane-spanning domains (MSDs)
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methicillin-resistant Staphylococcus

aureus (MRSA) 144–5
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late diagnosis 8, 12, 27–8
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polymorphisms 56–7
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molecular assays 375–6

molecular biology 49–58, 209, 225,
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monitoring
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future care patterns 475
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mortality

age at death 87
CF-related diabetes 244

pregnancy effects 284–5

rates 25–6

transplantation criteria 292–4

see also survival

motility of gastrointestinal tract 210,

216

motor performance 358–9

mouse models 70, 328, 464, 467

MRI see magnetic resonance imaging
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MRSA see methicillin-resistant

Staphylococcus aureus

MSDs see membrane-spanning
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Staphylococcus aureus

mucociliary clearance (MCC)

airway surface liquid volume 
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factors affecting 407
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impairment 70–1
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non-gene therapy treatments 465

nose 199–200

role 60

mucoid bacterial phenotype 72, 140
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mucolytic agents 165, 193

mucosal folds of gastrointestinal 

tract 210
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mucoviscidosis 5, 7
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airway clearance physiology 408
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lung environment 62, 72
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clearance 163–5
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multidrug-resistant pathogens 128

multiple breath washout (MBW) 327–8,
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(MAC) 146
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Na�/H� exchange regulatory factor
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birth weight/length 253
diagnosis 401

historical view 6

immune system 69–70

meconium ileus 6, 83, 213, 218–19, 485

meconium plug syndrome 213–14
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volvulus 218–19
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chemotaxis 72, 73
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biliary pathophysiology 64
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meconium ileus 6, 83, 213, 218–19, 485

pancreatic duct 234
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role 390
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oral nutritional supplements 425–6
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