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Abstract

During three decades, the demographics of cystic fibrosis (CF) has undergone a significant
change. Advances in nutritional and pulmonary management allow the vast majority of
patients reaching adulthood today. With increasing survival, new and previously less
common aspects of CF are encountered by the clinician expanding the concept of CF as

a multisystem disease. The first part of this two-part review will focus on the nutritional
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and care.
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Introduction

Cystic fibrosis (CF) is a hereditary condition that is transmitted in
an autosomal recessive manner and affects close to 1 in 3000 live
births in Australia,' with significant variation of incidence within
Europe and North America.? The diagnosis is based on the recom-
mendations of the US CF Foundation that include characteristic
clinical features of the disorder, a positive family history plus an
elevated sweat chloride greater or equal to 60 mmol/L and/or two
CF-disease causing mutations. These were modified with the
introduction of neonatal screening.* Before 1970, many of those
affected with CF died in infancy with a median age of survival of
merely 8 years. Over the past four decades, this has improved
substantially with estimates that more than 90% of the CF popu-
lation born from 1990 onwards will reach the age of 40 years.**
Much of this improved survival in CF is due to centralized and
multidisciplinary care both of children and adults with earlier
diagnosis through neonatal screening programs® and the effective
management of lung disease and nutrition.

The aim of this two-part series is to provide the reader with a
summary and update of the nutritional issues and luminal gastro-
intestinal manifestations in the first part followed by pancreatic
and hepatobiliary complications in the second.

Epidemiology and pathophysiological
aspects

CF is the commonest autosomal recessive inherited disorder in the
Western world. The main abnormality is in epithelial chloride and
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and gastrointestinal aspects of the CF phenotype and outline core principles of diagnosis

other electrolyte transport that was described in the 1980s’ and
led to the discovery of the “CF gene” in 1989.% This referred
to mutations in the CF transmembrane conductance regulator
(CFTR) gene that was localized on the long arm of chromosome 7.
The CFTR protein was later shown to be the cyclic adenosine
monophosphate-stimulated chloride channel in epithelial tissue.’
The key function of CFTR chloride conductivity is its role in
hydration of exocrine gland and epithelial surface secretions. The
maintenance of mucous fluidity is complex, and CFTR is part of a
macromolecular complex (“interactome”!’), participating in the
regulation of other ion channels, receptors, and transporters such
as the epithelial Na-channel as well as HCOj; secretion. Significant
progress has been made recently by elucidating the key role of
CFTR-driven HCOj; transport in promoting expansion, hydration,
and reducing viscosity of secreted epithelial mucins." Non-
epithelial sites of CFTR expression have expanded our under-
standing of CFTR function beyond pure hydration of epithelial
surface layers: CFTR is also expressed in leukocytes, osteoblasts,
islet cells, and proximal renal tubules, and thereby involved
in pulmonary and intestinal immunoregulation,'> bone mass
accrual,'® and tubular protein reabsorption.'* CFTR dysfunction
thus leads to a pleiotropic, multisystem clinical syndrome.
Advances in molecular analysis has led to the identification of
over 1960 mutations,' with only a small percentage of this number
proven to cause CF and the majority having unknown functional
consequences. Mutations affecting different aspects of CFTR
synthesis, intracellular trafficking, degradation, and function
have been classified into severe (class 1-3) and mild (class 4-6)
mutations (Table 1,'®). The commonest mutation is referred to as
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Table 1 Classification system of mutations and functional effect of mutations on cystic fibrosis transmembrane conductance regulator (CFTR
protein)
Risk stratification ~ Class of ~ Functional effect of mutation
mutation
High risk | Defective CFTR production due to premature termination of RNA synthesis.
CFTR genotype I Defective CFTR trafficking with protein degradation. Absence of functional CFTR protein on apical cell surface.
1l Defective CFTR channel regulation with absent function even though CFTR is able to reach the apical cell surface.
Low risk vV Decreased CFTR channel conductance even though CFTR is able to reach the apikal cell surface.

CFTR genotype V

Reduced CFTR synthesis, thus reduced density of functional CFTR in surface membrane.

VI Decreased CFTR membrane stability, thus reduced density of functional CFTR in surface membrane.

Adapted from Boyle et al.'®

p.F508del, a class 2 mutation. Of those recorded in international
registries with genetic information approximately 90% carry at
least one copy of p.F508del, 50% are homozygous for p.F508del,
and another 40% are compound heterozygotes with p.F508del and
a non-p.F508del mutation.>!’

Significant effort has been spent on translating CFTR mutations
into clinical symptoms. While there is strong correlation between
allelic CFTR variation and degree of pancreatic exocrine dysfunc-
tion, this is less pronounced for other gastrointestinal manifesta-
tions and pulmonary disease. The variability in disease phenotype
of patients with similar genotype suggests a role of genetic modi-
fiers.'® Understanding and classifying the impact of CFTR muta-
tion on channel function is equally crucial for drug design and
therapy, for example a recent breakthrough using VX-770, a
“potentiator” of ion function in G551D-CFTR mutations, has been
shown to improve lung function and normalize sweat chloride
secretion.'” Developments such as this?® will further impact on the
outcome of this disorder in the future.

The gastrointestinal tract is one of the earliest systems affected
in the course of CF and stagnant, unexpanded, viscid mucus, as a
consequence of deficient surface fluid and bicarbonate flux is also
underlying most CF-related gastrointestinal pathology.?' In our
discussion, we would like to distinguish pancreatic, hepatobiliary,
intestinal-luminal complications as well as nutritional aspects of
the CF phenotype (Fig. 1).

Nutrition

General nutritional guidance. Nutritional compromise
and growth failure are key and early clinical features in untreated
CF. There is now general agreement about the importance of
nutritional status as an independent determinant of lung function
and survival.”> Aggressive nutritional management is an important
aspect of the multidisciplinary approach to CF and has contributed
to an impressive increase in median survival age during the last
three decades. Timely intervention within the first year of life is
crucial as early gain of a nutritional advantage is maintained later
in life.”® Nutritional management recommendations have thus
entered all international guidelines.?*2¢

Epidemiology. However, inadequate nutrition remains an
ongoing clinical challenge and particularly affects the cohort of
pancreatic-insufficient patients and those during infancy and ado-
lescence.””* Results from the Australian CF data registry from
2012 demonstrate that young children aged 2-5 years were nor-
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mally nourished, but with increasing age, z scores and median
centiles for both weight, height, and body mass index (BMI)
decrease steadily.™!” For adults, there is a gender disadvantage for
females with up to 25-30% being underweight compared with
15-17% of males.>'” This might partly explain the overall survival
disadvantage of female patients with CF.*’

Pathophysiology. The origin of the nutritional deficit is a result
of a chronic mismatch between energy needs and dietary intake
with a complex interplay of interdependent factors (Fig. 2).%0

First, anorexia is a frequent issue and can be consequent to a
variety of factors such as pulmonary exacerbations and chronic
inflammation, micronutrient deficiency (zinc, selenium, iron),
sodium depletion, or abdominal discomfort due to gastroesopha-
geal reflux (GOR) or constipation. Disturbed eating attitudes and
behaviors, for example as a consequence or alongside depressive
episodes and issues of body image during adolescence, can be
equally important determinants of reduced dietary intake.’
Second, inadequate pancreatic enzyme replacement therapy
(PERT) mainly because of adherence issues delayed intestinal
dissolution of microspheres due to duodenal hyperacidity,* lack of
adequate intraduodenal bile acid concentrations due to biliary
disease, or mucosal dysfunction due to small bowel bacterial over-
growth (SBBO) all contribute to excessive malabsorption of
protein and fat and thus to increased fecal energy losses.®
Third, energy expenditure is frequently increased®® and is typically
negatively correlated with nutritional status and pulmonary func-
tion.*® Expenditure rates are a function of increased respiratory
effort and pulmonary inflammation going along with systemic
hypercytokinemia. Lastly, nutritional status and energy balance
display genetic control dependent®” and separate®® of allelic CFTR
variation. The CFTR mutation class, for example, independently
contributes to an elevated resting energy expenditure that is
increased in female and pancreatic insufficient (PI) patients.”” The
overall dysbalance can only partially be compensated by a reduc-
tion in physical activity as well as a delay of growth and pubertal
development.’! The vicious circle between protein catabolism and
respiratory deterioration will invariably lead to death.

Management. International recommendations®*2%3 have aimed
to standardize assessment and surveillance, diagnostic approaches,
and nutritional intervention in CF patients. However, there is no
overall consensus with regard to the use of anthropometric indices
and their cut-offs, estimation of energy needs, or supplementation
regimes reflecting an overall lack of evidence-based data. The aim
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Deficiency of fat-soluble vitamins
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CF-related bone disease

Hepatobiliary

Steatosis
Biliary fibrosis and cirrhosis

Portal hypertension
> esophageal varices
> hypersplenism

Cholelithiasis

Pancreatic

Exocrine insufficiency
> fat and protein malabsorption

Endocrine insufficiency
Pancreatitis

> Mi
> DIOS
> Constipation

> GOR
> Gastroparesis

> SBBO

L nal Gl

Obstructive disorders

> Intussusception

Motility disorders

Dysbiosis and infections
> Clostridium difficile

Figure 1 Cystic fibrosis Gl phenotype: multisystem disease manifestations within the gastrointestinal tract. CF, cystic fibrosis; DIOS, distal intestinal
obstruction syndrome; GI, gastrointestinal; GOR, gastroesophageal reflux; Ml, meconium ileus; SBBO, small bowel bacterial overgrowth.

of nutritional management is to secure age-appropriate growth
and weight gain with accrual of adequate fat-free mass in order to
allow for normal pubertal development and better pulmonary
outcome.*

Surveillance nutritional assessment aims at early identification
of patients who are at risk of nutritional failure. Traditionally, the
percent ideal bodyweight has been recommended for assessment
of relative weight for height proportion.*! However, its use is
methodologically flawed because of its misclassification of under-
weight in short and tall children.*” BMI percentile better reflects
and predicts changes in forced expiratory volume.*> When evalu-
ating height status in children with CF, height centiles should be
adjusted for genetic potential.** Thus, the following anthropomet-
ric indices and targets have been suggested for surveillance:*

1 to assess for linear growth in childhood—determination of
height for age percentile (aim: > 25, centile);
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2 to assess for weight for stature proportion—below 2 years of
age weight for length percentile method (aim: > 50. centile by 2
years of age); between 2 and 18 years BMI percentile method
(aim: > 50, centile); in adulthood absolute BMI method (aim
males > 23 kg/m?, females > 22 kg/m?).

Macronutrient requirements. Over 85% of CF patients are PI
with associated fat malabsorption of over 7% of the total oral
intake.*> Overall energy requirements can vary considerably
between patients and are closely linked to clinical condition
including intake, expenditure, and losses. The caloric target is
between 110% and 200% of the recommended daily allowance,?
but individual estimation of energy requirements is mandatory and
should take the particular clinical situation and previous growth
pattern into account. This can usually be met by establishing an
unrestricted high-calorie, high-protein diet. PERT is adjusted to fat
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content and not vice-versa. Breast-feeding is associated with better
respiratory function® and is therefore encouraged in all infants.
Solids are introduced at the usual time around 4—-6 months.

Fat-soluble vitamins. Both PI and CF-related liver disease are
risk factors for fat-soluble vitamin deficiency. There is interna-
tional agreement that supplementation should be implemented
from the time of diagnosis*** as deficiency states are related to
deterioration of bone health (Vitamin D), immune function
(Vitamin A, D), and inflammation (Vitamin E). The definition of
reference ranges, however, is controversial internationally. Target
levels for vitamin D are, for example, > 75 nmol/L (30 ng/L) in the
US* and the UK, and > 50 nmol/L in Australia.*’ There are no
robust randomized trials with regard to supplementation regimes.
While intermittent stoss oral vitamin D appears to be effective in
establishing adequate levels,* there is a lack of data confirming
safety of such an approach.” Current recommendations for
vitamin supplementation for Australian CF patients with PI are
summarized in Table 2.

Clinical assessment. Regular surveillance of nutritional progress
from time of diagnosis is of paramount importance. Monitoring
intervals are age-dependent: 1- and 2-weekly measurements until
thriving, then 4 weekly visits during the first year of life dependent
on metabolic stability followed by 3-monthly anthropometric
assessments beyond infancy. The status quo assessment at every
clinical visit will correlate anthropometric measurements with a
thorough history and symptom assessment.”® The aim is to deter-
mine degree and duration of a possible mismatch between energy
needs and intake in order to calculate nutritional catch-up and
maintenance. Review of intake, adherence with supplement
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Table 2 Fat-soluble vitamin supplementation in the pancreatic insuffi-
cient cystic fibrosis patient®

Age Routine dosing fat-soluble vitamins
Vitamin A Vitamin D Vitamin E Vitamin K
(V) (V) (V) (ug)
0-12 months 1500-2000 400-1000 40-80 150-500
1-3 years 1500-2500 400-1000 50-150 150-500
4-7 years 2500-5000 400-1000 150-300 300-500
8-18 years 2500-5000 400-1000 150-500 300-500
Adults 2500-5000 400-1000 150-500 300-500

prescriptions, and adequacy of PERT (for further information, see
part 2) are cornerstones of CF surveillance. Times of increased
energy requirements during infancy, adolescence, and pregnancy
warrant adjustments accordingly. A down-crossing of centiles is a
warning sign and should trigger a thorough screen for adherence
with PERT first and foremost followed by assessment of CF com-
plications such as pulmonary infection, liver disease, or diabetes
mellitus that may be contributing to poor weight gain or loss.

Biochemical assessment. Deficiencies of fat-soluble vitamins are
well documented in PI patients of all ages and particularly in those
who are non-adherent with PERT therapy. Routine assessment of
fat-soluble vitamin levels, also in the pancreatic sufficient (PS) CF
patient, is recommended annually; a 3-monthly check should
occur after a change in dose. Declining levels in the PS patient can
be an early indicator of a change in phenotype with evolving
exocrine PI. It is important, however, to recognize the limitations
of the available micronutrient monitoring strategies as the
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Table 3 Nutritional intervention criteria in CF patients (particular caution should be applied in all cases of short stature, adjusted height < 5. centile)

Category Criteria indicating nutritional intervention
< 2 years 2-18 years > 18 years Interventions
At target = Weight/length centile > 50.C BMI >50.C BMI > 23 kg/m? (male) Routine nutritional care and
Routine (aim to achieve until 2 years AND BMI > 22 kg/m? (female) surveillance, preventative
nutritional of age) No weight loss AND counseling (adherence,
care OR No recent weight loss warning signs)
Weight and length
centile-parallel and within 2
centile bands of each other
AND
No weight loss
At risk = Weight/length centile 10.-256.C  BMI 10.-50.C BMI 20 to < 23 kg/m? (male) Evaluation of adherence
non-invasive OR OR BMI 20 to < 22 kg/m? (female) medical evaluation re CF
nutritional Weight or length centile plateau Weight loss over 1-3 months  OR complications

intervention or any weight loss OR

Weight gain plateau over 2-4

Non-invasive interventions
(goal-setting re dietary

5% weight loss 2/12

months intake, increase energy
density, oral supplements)
Discussion next line options
and time lines
At failure = Weight/length centile < 10.C BMI <10.C BMI < 19.0 kg/m? (USA) Further nutritional and
invasive OR OR BMI < 18.5 kg/m? (Europe) medical and psychological
nutritional Weight > 2 bands below Weight loss > 2 centile bands  OR evaluation re factors
intervention lengths centile OR 5% weight loss over 2 months affecting nutritional state
OR No weight gain over 6 months despite non-invasive measure  Consider introduction
Failure of non-invasive OR to improve nutritional status of enteral feeding

measures to improve
nutritional status
nutritional status

Failure of non-invasive
measures to improve

(nasogastric, gastrostomy)

Adapted from?24-264253
BMI, body mass index; CF, cystic fibrosis.

biomarkers are influenced by inflammatory response as in the case
of vitamin A, zinc, and selenium, or have low sensitivity in the
case of prothrombin time as a surrogate for vitamin K depletion.
The role and clinical significance of more sensitive markers of
deficiency such as PIVKA-II or undercarboxylated osteocalcin are
under evaluation.?

Importantly, in hot climates or following exercise, rates of
sweating are high and sodium losses substantial and require to be
replaced. This requirement increases with the surface area of the
patient and hence age. Adequacy of replacement can be measured
using a spot-urine sodium determination (target: > 10 mmol/L).
Other micronutrients that are affected adversely by CF include
iron, zinc, and vitamin B,,, and levels should be included as part of
an annual review.

Nutritional intervention. Longitudinal monitoring of anthro-
pometry and lung function, clinical symptoms, and biochemical
data aid in categorizing the individual nutrition risk and in estab-
lishing a staged nutritional intervention plan (Table 3). European®
and American® consensus guidelines use the same indices;
however, different individual cut-offs are applied to define nutri-
tional failure. Non-invasive nutritional intervention includes edu-
cation and behavioral therapy, increasing the energy density of
food and oral supplements for patients at risk of nutritional failure.
Invasive interventions refer to, for example, enteral overnight

1348

nutrition through nasogastric tube or gastrostomy, and are usually
reserved for patients with nutritional failure. Large-scale, con-
trolled, prospective data regarding enteral feeding strategies are
missing.>*> Registry data and systematic reviews seem to support
the early use of nasogastric and gastrostomy feeding.” Timing of
supplementation should be adjusted to the regular meals and
should not be used to replace them; overnight feeds are the pre-
ferred method and should cover 30-50% of the estimated require-
ments.”’ Institution of supplemental feeding should not be delayed
as the results are usually disappointing in those with advanced
nutritional compromise.®' Weight targets and malnutrition cut-offs
in patients with CF are summarized in (Table 3).

CF-related bone disease. CF-related bone disease has
emerged as an important feature of the CF phenotype and was first
described in 1979.% Inadequate accrual of bone mass originates in
childhood. Cross-sectional studies suggest the prevalence of low
bone mineral density (BMD) to be close to 50% in children;
osteopenia is reported in up to 85% of adults with advanced
disease.”

The evolution of low BMD in CF is multifactorial. CF leads to
an imbalance between bone formation and absorption by disrupt-
ing the complex interplay of caloric intake, vitamin and micronu-
trient availability, physical activity, and pubertal development.
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Systemic hypercytokinemia because of chronic suppurative pul-
monary disease may play an additional role during this process.”®
Pro-inflammatory cytokines stimulate osteoclastogenesis, upregu-
late the parathyroid calcium-sensing receptor with subsequent
hyperparathyroidism, and increase renal and intestinal calcium
and phosphate loss.®® More recently, it has been demonstrated that
bone formation is under genetic control of CFTR; CFTR inactiva-
tion in osteoblasts leads to a decrease in osteoblast differentiation
and osteoprotegerin synthesis.®'

Early identification of reduced BMD (g/cm?) and bone mineral
content (BMC [g]) is important in order to facilitate timely inter-
vention. Dual-energy X-ray absorptiometry is the diagnostic tool
of choice with lumbar spine and total body (children), and lumbar
spine and proximal hip (adults) being the most accurate and repro-
ducible skeletal measurement sites.’®®> Results are reported as
standard deviation (Z) scores (relating the patient’s BMD to an
age, gender-matched healthy population) for children or as T
scores (relating Z score with peak adult BMD) for adults.

International consensus guidelines have recently been reviewed
aiming for consensus regarding timing of first screening and sub-
sequent screening intervals.’**> As 90% of bone mass accrual
occurs until the end of puberty, a baseline assessment during the
prepubertal phase at around 8—10 years of age appears warranted
to allow timely intervention before adolescent growth spurt. Those
with normal BMD (Z score > —1) warrant a repeat study every 5
years; those with Z scores of —2 to —1 every 2 years; those with Z
scores < —2 or a history of low-impact fractures every year.

Evidence-based treatment data are scarce. In view of its
complex pathophysiology, a multifaceted, preventative approach
is necessary with an aim to attain and maintain normal BMD.
This includes aggressive nutritional management, monitoring of
vitamin D and calcium intake and supplementation as well as
encouragement of physical exercise. Pharmacological interven-
tion with growth hormone as an anabolic agent has shown prom-
ising results, particularly in the prepubertal group of patients
with low BMD, as it improves intermediate outcome figures such
as pulmonary function, height, weight, and BMC. Long-term
data with regard to glucose tolerance and diabetes as well as
timing and duration are still missing.”® The experience with
bisphosphonates is limited to adult patients with CF and has
shown promising results.®* Longitudinal studies with larger
populations are necessary to determine its effect on fracture rate
and survival.

Luminal disease
Disorders of motility

Gastrooesophageal reflux. GOR disease is a common phe-
nomenon in patients with CF and more frequent compared with
healthy controls. The prevalence has been reported to be 25% in
infants, and between 25% and 85% in children and adults, respec-
tively.** In addition to an increased number of transient lower
esophageal sphincter relaxations, secondary pathophysiological
mechanisms have been suggested, such as increased gastroesopha-
geal pressure gradient because of lower inspiratory intrathoracic
pressure,® chronic cough, and chest physiotherapy. Synchronous
monitoring of esophageal pH, impedance, and manometry
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however confirmed that reflux indeed occurs mostly as a primary
phenomenon and not secondarily to excessive cough.®

The clinical relevance of GOR in CF is controversial. A signifi-
cant proportion of up to 40% occurs silently, not causing any
immediate symptoms.®> GOR can lead to esophagitis, stricturing
disease, and hypoproteinemia, and may contribute to nutritional
failure in CF (see Fig. 2). The impact of GOR on progression of
CF airway disease is still controversial.®® There is increasing evi-
dence, however, that airway exposure to bile acids, pepsin, and
acid due to microaspiration may play an important role as a
non-alloimmunogenic factor in the evolution of chronic graft
dysfunction and bronchiolitis obliterans syndrome in lung
transplantation.®’

With a view to treatment, there is currently no evidence to
support a different approach to GOR compared with non-CF
patients. Conservative treatment with a proton-pump inhibitor is
the usual first choice of treatment. However, the clinician needs to
be aware that there is an increased risk of gastrointestinal bacterial
overgrowth®® and possible pulmonary infections as seen in the
non-CF population.® Long-term use may adversely affect bone
health in susceptible populations.”” Fundoplication has been
reported to be beneficial in decreasing reflux-cough sequence and
respiratory exacerbations.”' Yet, morbidity of the procedure was
high in a group of pediatric patients with CE.”> Fundoplication may
therefore be reserved for high-risk patients such as the group of
lung transplant candidates where it appears to decrease the post-
operative decline in lung function parameters.” Further studies to
reliably diagnose microaspirations following GOR, for example
through biomarkers, to investigate the mechanism and pathophysi-
ology of lung injury and to sufficiently prove efficiency of avail-
able treatment are urgently needed.™

Gastroparesis. The effect of CF on gastrointestinal motility is
complex and only incompletely understood. Medication such as
antibiotics, mucosal inflammation,” as well as SBBO’® all impact
on gastrointestinal transit. Normal, rapid as well as delayed gastric
emptying consistent with gastroparesis has been reported in chil-
dren and adults with CF. These inconsistent results can be
explained by the multifactorial pathogenesis and methodological
issues of published studies, such as the small size of study popu-
lation and the implemented diagnostic approach. Scintigraphic
studies are still considered as the diagnostic gold standard.”
Gastroparesis has been previously described as a common phe-
nomenon in the group of lung-transplanted patients and may be
associated with the increased incidence of GOR and its pulmonary
complications.** Hence, early investigation and intervention with
standard dietetic and prokinetic therapy, review of PERT compli-
ance, and good glycemic control in diabetic patients will be
warranted.

Disorders related to intestinal dysbiosis, infec-
tion, and inflammation. The gastrointestinal tract is a
tightly regulated ecosystem maintained by normal-pattern motil-
ity, an intact epithelial barrier and secretion of well-hydrated,
expandable mucins. This provides the matrix for the symbiotic
interaction and homoeostasis of commensal bacteria and host
immune system, and controls bacterial density, composition, and
location in the proximal and distal intestine.”' In CF, disruption
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of this unique milieu, for example by delayed intestinal transit,
luminal hyperacidity, and frequent antibiotic use, can result in
abnormal microbial colonization and infection of small bowel or
colon. Animal studies suggest a vicious circle involving abnormal
mucus, exaggerated bowel dysmotility, and dysbiosis.”

Small bowel bacterial overgrowth. SBBO is defined as
gram-negative, colonic-type bacterial colonization of the small
bowel. The prevalence is considered to be high in CF patients.”
However, no adequately validated diagnostic test for SBBO is
currently available.” Culture of duodenal and jejunal fluid is often
considered to be the diagnostic gold standard but is methodologi-
cally flawed due to lack of standardization and difficulties avoiding
contamination with upper gastrointestinal flora during small bowel
endoscopic access. Breath testing is commonly used as a non-
invasive diagnostic method and uses the capability of bacteria to
ferment carbohydrates, subsequently releasing H, and methane.®
Specific CF-related issues such as delayed gastric emptying and
intestinal transit as well as chronic antibiotic use may compromise
the validity of the test. Overall, sensitivity and specificity are
poor.®® Therefore, in clinical practice, a treat-outcome strategy
is frequently applied using a clinical response to treatment as a
surrogate marker for the diagnosis of pre-existing SBBO.

The clinical phenotype of SBBO in CF overlaps with symptoms
resulting from PI. Malabsorption with weight loss, diarrhea, and
abdominal distension may result from bacterial deconjugation of
bile acids, enterotoxic mucosal injury, and inflammation.?’ SBBO
should therefore be considered in the situation of ongoing abdomi-
nal symptoms and persistent fat malabsorption refractory to incre-
ments in PERT.%

Currently, no evidence-based treatment guidelines are available
for SBBO in CF and management remains primarily empiric.
Antibiotics covering gram-negative, anaerobic bacteria should be
preferentially used. The available data includes absorbable (e.g.
amoxicillin-clavulanate, metronidazole, fluorochinolones) as well
as non-absorbable antibiotics (e.g. aminoglycosides such as neo-
mycin, gentamycin, rifamyxin). In view of high recurrence rates
after successful treatment, rotating antibiotic treatment regimes
with different oral agents have been proposed.®! These regimes,
however, carry a high risk of bacterial resistance, and Clostridium
difficile (CD) infection and efficacy remains to be validated. There
is currently still insufficient evidence suggesting the use of
probiotics.

Colonic dysbiosis. Similar to small-intestinal dysbiosis, the
perturbation of the large-intestine microbiome in CF has attracted
more attention in recent years as the introduction of culture-
independent analytical methodologies, such as species-specific
polymerase chain reaction, 16S rRNA gene pyrosequencing, and
phylogenetic microarrays, allows detailed profiling of microbial
communities.® Feces is frequently used as an easily accessible
surrogate sample to investigate large-bowel microbial coloniza-
tion. CF has a strong impact on colonic microbiota diversity
leading to qualitative and quantitative compositional changes
shaped by disease severity.®* Important discriminants of dysbiosis
in CF are a significant reduction in species richness and evenness,
a decrease in relative abundance of beneficial species involved
(Lactobacillus sp., Bifidobacteria, Faecalibacteria sp.) and the
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increase in non-protective or even harmful strains (Escherichia
coli, Bacteroides fragilis).3*%°

The important role of colonic microbiota in health and disease is
increasingly appreciated as it is involved in immediate intestinal
physiology, the evolution and shaping of mucosa-associated and
systemic immune system, and the maintenance of metabolic
homoeostasis. Interestingly, abnormal colonization of the CF intes-
tine during infancy precedes the development and changes of
airway microbiota.*” The microbial communities of large and small
intestine, and respiratory tract may therefore need to be seen as
cross-talking members of an integrated whole-body microbial eco-
system.® Manipulation of abnormal intestinal microbiota in CF by
normalizing chloride channel function and fluid flux,* dietary
intervention,®’ or probiotic supplementation”® may thus become
relevant for treatment pathways of CF respiratory disease in future.

Clostridium difficile infection. Since 1978, CD has been rec-
ognized as cause of antibiotic-associated diarrhea contributing to
over 90% of pseudomembranous colitis cases.”’ During the past
two decades, incidence as well as severity of disease phenotype
has dramatically increased.”? Highly virulent strains with antibi-
otic resistence and increased toxin production have emerged. Gas-
trointestinal dysbiosis due to broad-spectrum antibacterial therapy
with disruption of colonization resistence, use of proton pump
inhibitors, hospitalization, and immunodeficiency—primary or
secondary to immunosuppression or severe underlying illnesses—
are important risk factors for this infection.’?

Colonization with toxicogenic CD occurs in up to 50% of CF
patients compared with 3% in the healthy adult population.” Pro-
gression to symptomatic infection is however less frequently seen,
possibly as a consequence of inactivation of CFTR-related
Cl-secretion, and can atypically present with symptoms of consti-
pation or distal intestinal obstruction syndrome (DIOS).** Instead,
after lung transplantation, the incidence of symptomatic infection
increases dramatically with 30% affected compared with 1-2% of
all hospitalized patients.” The disease phenotype is frequently
complicated and maybe blunted by steroid and immunosuppres-
sive treatment.”

International treatment guidelines have been recently
revised.””” Treatment is staged and adapted to disease severity and
number of recurrences that can occur in up to one third of patients.
Preceding antibiotic treatment should be reviewed and narrowed,
or discontinued, if possible. Oral metronidazole is still the first
choice for first-episode mild diarrheal disease without systemic
symptoms. Severe and recurrent disease warrants oral, nasogastric,
or rectal vancomycin. If there is significant abdominal distension,
there may be an advantage of combining this with intravenous
metronidazole that reaches the intestinal lumen through biliary
clearance and intestinal exsudation. Fidaxomicin, a first-in-class
macrocyclic antibiotic, may be a promising alternative for non-
life-threatening, recurrent infections as it seems to carry less risk
of commensal colonic microbiota disruption and transmission of
multiresistent enterococci (vancomycin-resistant enterococci).”
Fecal transplantation has recently been shown to be a therapeutic
option for recurrent clostridium difficile infection.”” Surgery is
reserved for complicated disease.

Intestinal inflammation and associated gastrointestinal
disorders. There is increasing evidence to support the presence
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of chronic inflammation to be an important feature of the CF
intestine. Capsule and conventional endoscopy allow to docu-
ment macroscopic and histological inflammatory mucosal
changes;'"!%! raised fecal markers of inflammation provide indi-
rect evidence of intestinal inflammation.'”> The picture of the
underlying complex pathophysiology is however still incomplete.
The evolution of mucosa-associated and systemic immune
homoeostasis with appropriate innate and adaptive immune
responses necessitates gut colonization with a diverse and bal-
anced microbiota after birth.!”® The altered luminal environment
in CF interferes with this process from early on, leading to
dysbiosis and thus disrupting the tolerogenic host-immunity/gut
microbiota partnership. In addition, CFTR inactivation itself
triggers innate and adaptive immune dysfunction and pro-
inflammatory responses in CFTR-deficient cells.'”> An impaired
intestinal barrier function, as demonstrated in CFTR-deficient
mice,'™ may further increase the antigenic load and fuel the
pro-inflammatory momentum.

Importantly, other inflammatory enteropathies, such as
celiac'®'% and Crohn’s disease,”™'”” are more prevalent in CF
patients (3x and 17X, respectively, vs prevalence of celiac and
Crohn’s disease in general population). All three conditions show
similarities in pathophysiology with view to intestinal inflamma-
tion, for example the disruption of microbiome and intestinal
epithelial barrier function.'® As neither particular abdominal
symptoms nor laboratory tests'® help to discriminate these from
CF, it is important to perform diagnostic endoscopy early in those
with CF who do not respond to optimized treatment.

Disorders of intestinal obstruction. Meconium ileus
(MI), DIOS, and constipation represent a group of clinical syn-
dromes with a variable degree of intestinal obstruction on the
background of increased mucous viscosity and slow intestinal
transit."'” Beyond mucus dehydration, there might also be a con-
tributory role of transmural inflammation, fibrosis, and intestinal
dysmotility.!!

Meconium ileus. Ml is defined as early-onset neonatal intesti-
nal obstruction at the level of the terminal ileum caused by inspis-
sated intraluminal meconium. There is a spectrum of underlying
pathologies, with CF still representing the majority of cases.
Usually between 10% and 20% of all children with diagnosis of
CF will present with MI during the neonatal period. There is a
clear correlation with severe CFTR mutations''?> and PI, but
linkage and association studies also suggest contribution of
genetic modifiers beyond allelic CFTR variation.'® Clinically, two
forms of MI are distinguished: simple obstruction with failure to
pass meconium during the first 24-48 h after birth and complex
disease in 40% of patients, where there is additional clinical
evidence of perforation, meconium peritonitis, or volvulus.'?
Available treatment experience mostly relies on small-size, single-
centre-based cohorts. Enema reductions are commonly used in
simple MI. Diluted gastrografin seems to be most efficacious with
success rates of up to 40%.'" Failure to relieve obstruction or
complex MI necessitates surgical intervention such as primary
anastomosis after resection or fashioning of a double-barreled
stoma. Long-term nutritional and pulmonary outcome and survival
of CF patients with and without a history of MI is comparable.'*
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Distal intestinal obstruction syndrome. DIOS is defined as
a situation of acute fecal obstruction of the ileocecum beyond the
neonatal period. It is characterized by a short history of colicky
abdominal pain and a palpable mass in the right lower quadrant of
the abdomen and can present as a partial or complete obstruction.
The majority of these patients are PI, and it is seen in patients with
genotypes associated with severe phenotypes.'”® The disease is
age-related with an increase of incidence and life-time prevalence
during adulthood."® Further risk factors are a previous history of
MI and major surgery such as lung transplantation.!'’* Treatment is
usually medical for both complete and incomplete obstruction
using polyethylene glycol solutions, oral laxative, or gastrografin
enemas.®” Surgical management remains the last resort.

Constipation. Constipation is very common in the CF popula-
tion affecting nearly half of pediatric''® and the majority of adult
patients. Similarly to DIOS, it is associated with PI. Patients
present with hypogastric abdominal pain or distension.

Clinical complaints usually include a long-standing history of
increased stool consistency and/or decreased frequency. Fecal
material will be predominantly palpable in the left lower quadrant.
Abdominal radiography may assist in distinguishing constipation
from DIOS with stool distributed through the entire colon rather
than just the ileocecal region.'"” Treatment is with oral laxative
agents.

Intussusception. Intussusception is relatively common and
occurs with a prevalence of 1% in the CF population.!!8 It is an
important differential diagnosis in pediatric and adult CF patients
with acute or recurrent abdominal pain. Mean age of patients is
older than in idiopathic cases. The clinical phenotype in adults is
frequently more insidious with recurrent abdominal pain than in
children who typically present acutely with an acute abdomen. It is
usually ileocolonic, but cases of appendiceal or small bowel intus-
susception have been reported. Inspissated ileocecal feces, local-
ized areas of dysmotility and inflammation, as well as appendiceal
mucocele or inversion play an important part in pathogenesis and
can act as lead points. Abdominal ultrasound and potentially
computed tomography will be important to distinguish other
important clinical entities such as DIOS, volvulus, and appendici-
tis (Table 4). In the absence of complications, enema reduction is
the treatment modality of choice. Recurrence rates are high."”

Table 4 Differential diagnosis of abdominal pain in cystic fibrosis

Abdominal pain in cystic fibrosis

Cause Condition

Insufficient PERT

Constipation

DIOS

Intussusception

Cholelithiasis

Appendicitis

Clostridium difficile

Small bowel bacterial overgrowth
Gastrointestinal cancer

Malabsorptive
Obstructive

Inflammatory
Infectious

Malign

DIOS, distal intestinal obstruction syndrome; PERT, pancreas enzyme
replacement therapy.
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Appendicitis. While the overall incidence of appendicitis is
lower within the CF population, its clinical picture can mimick one
of the mentioned other obstructive conditions (Table 4). Diagnosis
is frequently delayed, possibly masked as a consequence of anti-
biotic use, and complications are more common.'"

Gastrointestinal cancer. CF is now recognized to carry a
significantly increased risk of gastrointestinal tumors including
esophageal, gastric, hepatobilary, small intestinal, and colonic,
particularly after transplantation.'?!?! The exact pathogenesis
of malignancy is unclear but maybe related to long-standing
chronic intestinal inflammation with an abnormal intestinal epi-
thelial proliferation rate.'” Decreased expression of hydroxy-
prostaglandin dehydrogenase in the CF intestine, a tumor
suppressor gene involved in prostaglandin degradation®' or promo-
tion of epithelial-to-mesenchymal transition'* are potential patho-
physiological candidates. Particular screening or monitoring
recommendations have not entered any CF treatment guidelines as
yet. Nevertheless, should gastrointestinal malignancy be included
in the differential diagnosis of CF patients with otherwise unex-
plainable abdominal symptoms.

Conclusion and summary

The first part of this series highlights the importance of nutrition in
the outcome of children and adults with CF and summarizes the
importance of luminal gastrointestinal complications as a major
contributor to the morbidity of CF. Last, but not least, is the
now-recognized issue of malignancy in these patients that is likely
to be of clinical importance as survival improves. There is an
imperative for multicentre collaboration to establish evidence-
based guidelines for the clinical management of CF-related gas-
trointestinal disease and nutrition. In the second part of this series,
pancreatic and hepatobiliary issues related to CF will be discussed.
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