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Abstract

Cystic fibrosis-related diabetes (CFRD) results in significant morbidity and mortal-
ity for patients with cystic fibrosis (CF). It is the endpoint of a spectrum of progressive
insulin deficiency with resulting abnormalities of glucose tolerance. The consequence
of glycaemic abnormalities in CF is poorer nutritional status, an increase in respiratory
exacerbations with decline in lung function and ultimately greater morbidity and mortal-
ity. CFRD can be diagnosed by the standard oral glucose tolerance test (OGTT) usually
performed from 10 years of age. However, this may miss early glycaemic abnormali-
ties which appear to be clinically important. Early recognition of CFRD and treatment
have been shown to improve outcomes in CF. Novel diagnostic methods such as 30-min
sampled OGTT and continuous glucose monitoring (CGM) may prove to be useful in
screening for this disorder and in the early identification of glycaemic abnormalities.

Keywords: cystic fibrosis-related diabetes, glucose, insulin, abnormal glucose tolerance,
indeterminate glycaemia, impaired glucose tolerance, oral glucose tolerance test,
continuous glucose monitoring

1. Introduction

Cystic fibrosis (CF) is the most common life-limiting autosomal recessive genetic condition
seen in the Caucasian population, affecting approximately 1/2500 live births in Australia [1].
It is caused by mutations in the cystic fibrosis transmembrane regulator (CFTR) gene, located
on the long arm of chromosome 7 [1] and expressed in the epithelial cells of lungs, pancreas
and sweat glands and other organs. Cystic fibrosis-related diabetes (CFRD) is one of the most
important complications of the disease as it is known to have a significant impact on morbidity
and mortality [2]. Patients with CF ultimately die from recurrent respiratory tract infections
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and respiratory failure which may be hastened by abnormalities of glucose tolerance affecting
respiratory function and nutrition.

2. Pathophysiology

The pathophysiology of CFRD is likely multifactorial and complex. Historically CFRD was
thought to be the result of progressive pancreatic destruction by secretions of the exocrine
pancreas, pancreatic autodigestion and replacement with nonfunctioning fatty tissue, amy-
loid deposits or fibrotic tissue [3, 4]. This theory was supported by ultrasound findings in
patients with CF of an “echogenic” and atrophied pancreas which progresses with age. MRI
has also been used to study the pancreas of patients with CF. Sequeiros et al. attempted to
determine the pancreatic volume of patients with CF using MRI and compare with Type 1
diabetic patients and controls. In over 70% of patients with CF, the pancreas could not be
visualised and this was irrespective of glycaemic status [5]. Pancreatic tissue on autopsies of
patients with CF has also noted to have fewer islet cells and replacement with fibrotic tissue.
Histologically, patients with CFRD have a relative decrease in the number of islet cells and
insulin-containing cells within the islets, relative to the non-CFRD cohort [4, 6].

However, recent information supports the theory that destruction of the physical pancreas
does not entirely explain the glycaemic abnormalities in patients with CF. Insulin deficiency
has been shown to occur in young children and infants with CF [7], and even infants have
been reported to have CFRD [8]. This has also been demonstrated in animal models of CF. In
both the pig and ferret CF models, the animals demonstrate abnormal insulin secretion from
birth, suggesting that CFTR may play a more direct role in insulin secretion [9, 10]. In the pig
model, newborn pigs were noted to develop hyperglycaemia even when there was no signifi-
cant islet cell destruction [10]. Recent studies of the CFTR potentiator ivacaftor (Kalydeco™),
which improves gating defects and thus should not have any impact on fatty or fibrotic tissue,
have demonstrated an improvement in glucose abnormalities [11, 12]. This suggests that the

intrinsic abnormality in the CFTR protein may play a role in glycaemic control in CF.

The timeframe during which patients with CF develop glycaemic abnormalities and CFRD
has significant variability, and the specific CFTR class abnormality does not entirely account
for this unpredictability. Non-CFTR genetic modifiers may play a key role in determining
this risk. Patients with CF who have a family history of Type 2 diabetes are known to have an
increased risk of CFRD [13, 14]. Polymorphisms in TCF7L2, a “susceptibility gene” for Type 2
diabetes, are more common in patients with CFRD. The pathophysiology also appears to have
similarities. Couce et al. noted that islet cell amyloidosis, which is characteristic of pancreatic
histology of patients with Type 2 Diabetes mellitus, is also present in CF patients with CFRD
and “borderline diabetes” but not in nondiabetic CF patients or controls [3]. Other genetic
modifiers have been shown to modify CF phenotypes, including SLC26A9 which has been
demonstrated to be more common in patients who develop CFRD [15].

In normal insulin physiology, insulin secretion occurs in two phases—the first phase results
from exocytosis of preformed insulin granules which is the result of a voltage-dependent
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calcium channel being triggered by blood glucose elevations [16-18]. The second phase
requires maturation of insulin granules and lasts minutes to hours [19, 20]. Oral glucose
ingestion results in a limited and delayed first-phase insulin peak when compared with
intravenous administration [21, 22]. Overall, the amount of insulin secreted appears to be
amplified when glucose is given orally, rather than intravenously. Incretins (glucagon-like
peptide and gastric inhibitory peptide) are secreted from neuroendocrine cells of the gas-
trointestinal system and increase insulin secretion and decrease glucagon secretion. The
secretion of incretins is hypothesised to be the result of the action of oral glucose within the
gastrointestinal tract [21]. The role of incretins in CFRD has not yet been fully elucidated,
and it is unclear whether or not patients with CFRD have abnormal levels of incretins.
However, the diet of CF patients may play a role in the development of CFRD. In patients
with Type 2 diabetes mellitus (DM), those prescribed orlistat, a lipase inhibitor, had dimin-
ished fat digestion which resulted in greater postprandial hyperglycaemia [23]. In a ran-
domised crossover trial, Perano et al. demonstrated that adolescent patients with CF, who
did not take appropriate pancreatic enzyme supplementation, experienced amplified post-
prandial hyperglycaemia [24]. Barrio postulates in her review that inadequate enzyme sup-
plementation in patients with CF results in fat malabsorption, which may hasten gastric
emptying, thereby inhibiting the normal augmentation of insulin response by the neuroen-
docrine cells [25]. Exogenous incretin therapy has proven beneficial in patients with Type 2
DM, but it has also been associated with weight loss in this cohort, an undesirable outcome
for patients with CF [26]. Hyperglycaemia is known to promote beta-cell apoptosis, and as
such, postprandial hyperglycaemia from dysfunctional incretin secretion in CF may poten-
tiate the glycaemic abnormalities demonstrated and hasten the progression to CFRD.

CFRD is distinct from both Type 1 and Type 2 diabetes. CFRD is not an autoimmune condition
like Type 1 DM and is not associated with autoantibodies found in Type 1 DM. Moreover, Type
2 DM is primarily a disorder of insulin resistance, whereas glucose abnormalities in CF are pri-
marily the result of insulin deficiency, which is present even in CF patients with normal glucose
tolerance on oral glucose tolerance test (OGTT) [7]. One of the features of CFRD that differenti-
ates it from other forms of diabetes is the variation in glucose tolerance demonstrated over time
[27]. Although abnormalities of glucose tolerance are known to progress and the complications
of diabetes increase in the degree of abnormal glycaemia, some patients with the diagnosis of
CFRD will have OGTT results that normalise [27]. The role of insulin resistance has been less
well defined although there is emerging evidence of its importance. Ahmad et al. illustrated that
patients with CF actually had an increase in peripheral insulin sensitivity compared to healthy
controls matched for age and body mass index. They concluded that this increase in peripheral
sensitivity in CF patients was a metabolic compensation for insulin deficiency [28]. Moran et al.
replicated these findings in exocrine-insufficient CF patients without diabetes. However, once
CFRD had developed, there was an increase in peripheral insulin resistance [29]. The mecha-
nism by which this may occur could be the result of a downregulation of GLUT-4 insulin-sensi-
tive channels secondary to chronic hyperglycaemia [30] (“glucose toxicity”). Insulin resistance
is also thought to vary over time which could explain the variability of glucose tolerance seen
in patients with CF, including a normalisation of previously abnormal glucose tolerance on
OGTT. It is often cited that glucose abnormalities worsen during pulmonary exacerbations (due
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to cytokine and stress hormone release), but the data to support this suggestion is limited and
was not found in the study by Widger et al. [31]. This group performed OGTT in patients with
a pulmonary exacerbation and then repeated the OGTT when well. Although the sample size
was small, 8/9 patients remained within their glycaemic category even when recovered from
their pulmonary exacerbation. However insulin resistance is known to increase during periods
of corticosteroid usage, overnight feeds [32, 33], pregnancy and during puberty [34-36]. In the
latter case, insulin resistance is thought to increase as a result of a physiological elevation in
growth hormone [34], and this may account for the increased detection of CFRD in this age

group.

Chronic inflammation may play a key role in the development of glucose abnormalities in CF.
Bismuth et al. demonstrated in their cohort of patients with CF that the erythrocyte sedimenta-
tion rate (ESR), a marker of inflammation, positively correlated with HbA,_and the area under
the curve (AUC) for glucose in patients undergoing OGTT [37]. Significant and ongoing oxidative
stress is one mechanism hypothesised to result in an inflammatory state and beta-cell apoptosis
[38, 39]. One review postulated that the imbalance in inflammatory T-cell lymphocytes known
to play a role in the development of other forms of diabetes may contribute to lung inflamma-
tion and thereby a chronic inflammatory states resulting in glucose abnormalities [40]. T-helper
17 (Th-17) lymphocyte cells secrete a pro-inflammatory cytokine-IL-17 known to be involve in
pulmonary inflammation in CF and is known to be present in higher levels compared to controls
in patients with Type 2 diabetes. Furthermore, studies also suggest that IL-17 may play an impor-
tant role in the development of Type 1 diabetes [41] and may contribute to B-cell destruction. It
has also been postulated that cytokines such as TNF-a may act directly on the insulin receptor by
inducing insulin resistance, thereby inhibiting the potential action of insulin [42].

The pathophysiology of CFRD is likely to be multifactorial but ultimately resulting from pro-
gressive insulin deficiency secondary to islet cell destruction and defective beta-cell secretion,
combined with stressors that intermittently increase insulin resistance resulting in a further
deterioration of glycaemic status. Certain patients may be more at risk if non-CFTR genetic
modifiers are present [13, 14], and perhaps these patients are unable to compensate for the
degree of histological pancreatic destruction and defective beta-cell functioning.

3. Epidemiology

3.1. Prevalence of glycaemic abnormalities in CF

CFRD is known to occur in up to 50% of patients with CF by the age of 30 years [43] and the
prevalence increases with age. CFRD can occur in young children with CF but is rare [8].
Recent studies suggest that CFRD affects approximately 9% in the 5-9 year age group [44]
and a smaller proportion of children under 5 may also meet the CFRD diagnostic criteria. Yi et
al. recently reported a series that suggested 5% of their cohort between 6 months and 5 years
had CFRD [45]. Although a small proportion of young children have CFRD, the average age
of onset is 20 years [46]. CFRD occurs more commonly in females with a prevalence of 17% in
young female adults compared with 12% in males previously described [47].
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Children with CF are known to be insulin deficient from birth. Milner et al. demonstrated
that children with CF in the first year of life had lower insulin levels than controls [7]. Insulin
deficiency will progress over time and results in a gradual deterioration of glucose tolerance.
As such, impaired glucose tolerance is much more common than CFRD and can affect up to
41% of children in the 6-9 year age group [48], compared with only 10% of this group being
classified as CFRD. The risk of early CFRD is much higher in children with abnormal glucose
tolerance on OGTT [48].

3.2. Screening

The prevalence of identified CFRD has been shown to increase after the introduction of screen-
ing [49]. Unlike Type 1 or Type 2 diabetes which are often symptomatic, CFRD does not often
present with symptoms of hyperglycaemia although this can occur in approximately one
third of patients. Symptoms can include polyuria and polydipsia, but CFRD is more likely to
present insidiously with the catabolic complications of insulin deficiency such as nutritional
deterioration or decline in pulmonary function. When routine screening was introduced in
Australia, the incidence of CFRD increased from 2.0 to 22.1 per 1000 person years between
2000 and 2008, which represents a tenfold increase [50]. A decline in the age of diagnosis has
also been demonstrated after the introduction of routine screening; Noronha et al. reported
a reduction in the mean age of diagnosis from 22.3 years to 13.5 years [49]. Routine screening
from at least 10 years of age with an OGTT is recommended by most guidelines [51, 52].

3.3. Risk factors for CFRD

The risk factors for the development of CFRD are closely linked to the specific CFTR genotype
and the severity of the CFTR protein dysfunction [53]. CFTR mutations are classified accord-
ing to the resulting functional deficit [54]. Class 1 and class 2 mutations result in the total or
partial absence of CFTR protein at the surface membrane due to defective/non-functional
protein (Class 1, e.g. stop codon mutations) or due to defective transfer of the protein to the
cell membrane, i.e. defective “trafficking” (Class 2, e.g. F508) [25]. Classes 3, 4, 5 and 6 have
irregularities in regulation, conductance, prevalence and stability of CFTR at the membrane
[55]. Of the latter, 4 classes, all except class 3, which is known as a gating mutation, have par-
tial function. Those classes with no action have a more severe phenotype and are associated
with a greater risk of CFRD, such as homozygous F508 patients [46].

CFRD generally occurs in patients with pancreatic insufficiency. There have been reports of
CFRD in patients who are pancreatic sufficient, but the diagnostic criteria for exocrine pan-
creatic function do not appear to be robust [47]. Some of these patients were classified as pan-
creatic sufficient because they were not taking replacement enzymes, but had not undergone
any formal diagnostic testing such as faecal elastase or 3-day fat stool sampling. More recent
studies have demonstrated that the degree of pancreatic exocrine function appears to corre-
late with the development of CFRD. Soave et al. demonstrated a causal relationship between
the level of serum trypsinogen on the newborn screen (a marker of exocrine pancreatic func-
tion used to diagnose CF) and the development of CFRD over time [15]. Trypsinogen is an
inactive pancreatic enzyme precursor required for protein digestion and absorption. It is
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converted to trypsin when secreted into the small intestine, but this process is inhibited in CF
and results in an elevated serum trypsinogen. A significant elevation in the blood levels of
immunoreactive trypsinogen (IRT) on newborn screening is used to identify neonates with
CF. The IRT level is known to decline rapidly over Time with ongoing pancreatic destruction.
Soave et al. postulated that patients with CF who had more significant pancreatic disease at
birth would have IRT levels that had already started to decline and would be relatively lower
than the rest of the CF cohort [15]. They also demonstrated that those children with relatively
low IRT amongst the CF cohort had an increased risk of CFRD, thus confirming the relation-
ship between exocrine pancreatic function and endocrine disease.

The presence of CF liver disease appears to be a significant risk factor in the development of
CEFRD. Leung et al. examined over 700 liver ultrasounds of patients with CF and found that
patients with the features of heterogenous or cirrhotic liver disease on ultrasound were more
likely to have abnormalities of glucose tolerance, including CFRD, than those with normal
liver ultrasounds [56]. The relationship between liver disease and CFRD remains unclear. It
could be a result of the more severe genotypes causing CFRD also increasing the risk of liver
disease, or it could be the result of a non-CFTR genetic modifier.

Abnormal glucose tolerance is a known risk factor for progression to CFRD. CF patients
with glucose abnormalities are up to 11 times more likely to develop early CFRD than other
6-9-year-old patients [48].

4. The clinical impact of glucose abnormalities in CF

Glucose abnormalities in CF are associated with significantly increased morbidity and mortal-
ity [2]. Prior to the introduction of routine screening for CFRD, less than 25% of CFRD patients
survived to age 30, compared with 60% of patients without diabetes [57]. When Moran et al.
examined female CF cohorts with and without CFRD in the 1990s and compared them with
cohorts after the introduction of routine CFRD screening, mortality rates had halved: 6.9 per
100 patients years in patients with CFRD versus 3.2 per 100 patient years in CF without diabe-
tes, with similar results seen in men were reported [58]. Although mortality rates for patients
with CFRD have seen a marked improvement, a significant difference between CF patients
with and without diabetes persists [59].

CFRD leads to a significant increase in respiratory exacerbations, increased infection with
CF pathogens [60] (including Pseudomonas aeruginosa) and poorer lung function [57, 61].
The mechanism by which insulin deficiency resulting in CFRD has such a negative impact
on lung function in CF is probably multifactorial. The hyperglycaemic environment is said
to create a “pro-inflammatory” environment, optimal for bacterial growth and colonisation
that allows CF pathogens to thrive [52]. In vitro studies have demonstrated an amplifica-
tion of bacterial growth, in particular Staphylococcus aureus and P. aeruginosa with increasing
glucose concentrations [62], and this evidence supports the hypothesis of glycaemic abnor-
malities playing a significant and direct role in the infection and colonisation of patients
with CF.
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Blood glucose levels >8 mmol/L correlate with increased airway glucose levels in patients with
CF [62]. In non-CF patients, elevated airway glucose has been demonstrated to be a risk factor
for respiratory infections, including MRSA (based on studies in patients intubated due to criti-
cal illness in the intensive care unit [63]). When Brennan et al. examined the airway glucose of
patients with CF, they demonstrated that even patients with normal glucose tolerance on OGTT
had glucose in their airway for longer periods of time than the control population. The duration
of time spent with airway glucose levels >8 mmol/L correlated with the degree of glucose abnor-
mality [62]. The level at which glucose appears in the airway is much lower than the 2-h OGTT
glycaemic threshold for CFRD and also appears to be very close to the level of blood glucose
level (BGL) which correlates with significant nutritional and respiratory decline [64].

Respiratory tract infections may not entirely account for the deterioration in lung function
seen in patients with CF. Patients with diabetes mellitus from other causes have also been
demonstrated to have poorer lung function than matched controls, even in the absence of
respiratory disease [65, 66]. It is unclear whether this is a direct result of glucose in the airways
or an indirect result of inflammation from relative insulin deficiency.

Nutrition in CF has a direct correlation with survival [67], and insulin, an anabolic hormone,
plays an integral role in maintaining weight and building muscle [18]. When CF patients are
insulin deficient, this manifests as poorer nutritional status. Multiple studies have demonstrated
the impact of CFRD and insulin deficiency on nutrition and growth [37]. The data of over 8000
CF patients on the epidemiologic study of cystic fibrosis (ESCF) was analysed in 2005 and con-
firmed a greater impairment in nutrition in the CFRD group when compared with the nondia-
betic group [47]. The CFRD cohort had statistically lower height for age percentiles, weight for
age percentiles and BMI (p < 0.001 for all three parameters). A statistically significant difference
in body weight and BMI has also been demonstrated in the “prediabetic” CF patients when
compared with CF patients with normal glucose tolerance [61]. This decline was detected by
Lanng et al. in some patients 4 years prior to the diagnosis of CFRD being. Given the insidious
nature of glycaemic abnormalities and the inherent difficulties with nutrition in patients with
CF, particularly those with exocrine pancreatic insufficiency, the impact of insulin deficiency is
often not recognised until CFRD is diagnosed on routine screening.

5. The spectrum of glucose abnormalities in CF

Insulin deficiency is progressive and results in a deterioration of glucose tolerance over time.
CFRD lies at the end of a spectrum of glucose abnormalities. Glycaemic categories in CF are
determined based on the results of the oral glucose tolerance test (OGTT) [51]. To perform an
OGTT, a glucose load of 1.75 g/kg (maximum 75 g) is consumed after fasting. Classically the
blood glucose level (BGL) is measured at 0 and 120 min [68]. Additional information about
glucose tolerance is gained by also checking the BGL at 30 min, 60 min and 90 min, i.e. a
30-min sampled OGTT [64].

The diagnosis of CFRD is made based on the American Diabetic Association (ADA) criteria
[51] (see Table 1). CFRD is diagnosed when the 2-h OGTT level is > 11.1 mmol/L and can
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Category Fasting level Midpoint peak (1 h) 2-h plasma level
Normal glucose tolerance <7 mmol/L <11.1 mmol/L <7.8 mmol/L
Indeterminate glycaemia <7 mmol/L >11.1 mmol/L <7.8 mmol/L

(INDET)

Impaired glucose tolerance <7 mmol/L >7.8 and < 11.1 mmol/L
(IGT)

CFRD without fasting <7 mmol/L >11.1 mmol/L
hyperglycaemia

CFRD with fasting >7 mmol/L >11.1 mmol/L
hyperglycaemia

Table 1. Classification of abnormalities of glucose tolerance in cystic fibrosis on OGTT.

occur with or without fasting hyperglycaemia (fasting BGL > 7.0 mmol/L is defined as fast-
ing hyperglycaemia). Fasting hyperglycaemia can also be considered diagnostic of CFRD,
if still abnormal when repeated. One fasting BGL > 7.0 mmol/L and another non-fasting
level > 11.1 mmol/L can also make a diagnosis of CFRD. If a patient is sick and glycaemic
abnormalities persist for two days, then the diagnosis can also be made. Most guidelines
recommend the OGTT/BGL is repeated before the diagnosis is confirmed. Some guidelines
subclassify CFRD based on the fasting BGL, but this distinction does not alter management,
as insulin treatment is recommended for those with and without fasting hyperglycaemia.

Additional criteria have been published to subclassify the patients into glycaemic categories
based on 30-min samples (see Table 1) [1]. Patients with normal glucose tolerance have fasting
BGL <7.0 mmol/L and 2-h level <7.8 mmol/L. Indeterminate glycaemia (INDET) is defined as
normal fasting and 2-h levels with a midpoint level >11.1 mmol/L. Impaired glucose tolerance
(IGT) is defined by a 2-h level <11.1 mmol/L but >7.8 mmol/L.

Children with abnormal glucose tolerance and CF may fluctuate between glycaemic catego-
ries because of increasing insulin requirements at times of illness or because of variable levels
of resistance. In one study 18% of CF patients with abnormal glucose tolerance had glycaemic
abnormalities that improved over time. Twenty-two percent of patients had a deterioration
in their glucose tolerance [27]. This variability was replicated by Lanng et al. who saw a nor-
malisation of the patient OGTT in 58% of adult patients with CF when followed up after
5 years [69]. Yi et al. examined glucose tolerance in young children (<6 years) and found that
some of these children with abnormal glucose tolerance that normalised, including those that
met CFRD criteria [45]. This variability adds to the difficulty seen in managing patients with
CFRD, particularly younger children.

6. Issues with the OGTT in CFRD

The OGTT was not designed to diagnose diabetes in the CF population. The test was
designed to determine the treatment threshold for Pima Native American population
with Type 2 diabetes based on their risk of developing microvascular complications [70].
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Although microvascular diabetes complications can occur in CF, the major concern for
CFRD is its impact on nutrition and lung function. Complications from chronic intermedi-
ate hyperglycaemia may also result in microvascular disease prior to the patient meeting
the criteria for CFRD [71]. More practical goals would include an initiation of treatment at
a time that would alleviate significant respiratory morbidity such as recurrent infections
and respiratory function decline. The drop in nutritional status and weight, or poor growth
in younger children because of insulin deficiency catabolism, would be a more relevant
CF-specific outcome to guide diagnostic targets.

The decrease in lung function and nutrition seen in CFRD actually precedes the diagnosis by
several years and is often insidious. Lanng et al. noted that a decline was present up to four
years prior to the OGTT 2-h criteria being met [61]. Furthermore, insulin therapy has been dem-
onstrated to reverse some of the nutritional decline seen in patients with abnormal glycaemia
[72, 73]. However, once patients meet the criteria for CFRD, recovery of lung function is not
always possible. Widger et al. postulate that by waiting until the patient meets the CFRD criteria
to start insulin, the conceded progression from abnormal glucose tolerance to CFRD allows irre-
versible structural remodelling of the lungs that cannot be corrected with insulin therapy [74].

Further evidence for insulin therapy at an earlier stage of the glycaemic spectrum is warranted,
and initial data has highlighted which patients may benefit most. Schmid et al. demonstrated
that in 1000 patients with CF, patients with midpoint level >11.1 mmol/L (INDET) were predic-
tive for later development of CFRD [75]. Brodsky et al. were able to establish that the 1-h level on
the OGTT correlated with poorer lung function [76]. They examined 101 patients with CF and
these patients with higher 1-h levels had poorer respiratory status even when corrected for nutri-
tional status. The 2-h “diagnostic” level in this group did not correlate with BMI or lung function.
The findings of Coriati et al. [77] confirm that waiting for the 2-h BGL to be diagnostic of CFRD
may be too late. Their cohort of patients with indeterminate glycaemia already had significant
loss of lung function, equivalent to the lung function of patients with newly diagnosed CFRD.
The criteria to start insulin in the future may be determined by the patient’s own risk of develop-
ing CFRD or by early clinical signals in lung function and intermediate glucose abnormalities.

Hameed et al. used a 30-min sampled OGTT and found that a peak BGL > 8.2 mmol/L was
reliably predictive of a decline in lung function and nutrition in the preceding year [64]. Based

Proposed new criteria Peak blood glucose (BG ) mmol/L  Blood glucose at 120 min mmol/L
CFID1 >8.2 <11.1
CFID2 >11.1 <11.1
CFID3 >11.1

Without fasting hyperglycaemia

CFID4 >11.1
With fasting hyperglycaemia

CFID = cystic fibrosis insulin deficiency.

Table 2. Proposed new staging criteria for insulin deficiency and early glucose abnormalities in CF, based on the OGTT
with samples every 30 min.
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on these results, this group proposed a new staging criteria to identify insulin deficiency
and early glucose abnormalities in patients with CF (see Table 2) [78]. Cystic fibrosis insulin
deficiencies (CFID) 4 and 3 correspond to existing CFRD categories with and without fasting
hyperglycaemia, respectively. CFID 1 and 2 are earlier stages of insulin deficiency that are dis-
tinct from impaired glucose tolerance (IGT) because they are based on the peak glucose level
and have 2-h levels < 11.1. CFID 1 is defined by a midpoint peak glucose level >8.2 mmol/L,
and CFID2 has a midpoint glucose peak >11.1 mmol/L.

7. Continuous glucose monitoring in CF

Continuous glucose monitoring (CGM) has been used for several years in the management of
Type 1 diabetes although it is not licenced for use as a diagnostic device. CGM uses a small
probe inserted into the subcutaneous space where it measures interstitial glucose levels.
Inserting the device is a relatively simple procedure that can be done within a few minutes in
a clinic environment. It is easy to remove at home by the patient or carer, without any specific
medical training. The device averages the glucose readings every five minutes and can be worn
for several days whilst the patient continues to participate in normal activities and consumes
their normal diet. The CGM device has been validated in CF and non-CF populations and
shown to correlate with plasma glucose measurements [79, 80]. When compared with OGTT,
CGM appears to be reproducible and a reliable assessment of glycaemic abnormalities. When
used in Type 1 diabetes, Bergenstal was able to demonstrate that children and adults on insulin
pumps had improved glycaemic control, as measured by HbA,_than those who did not use
CGM [81].

CGM may be particularly useful in managing cystic fibrosis. CF patients frequently demon-
strate early postprandial hyperglycaemia [79, 82, 83], reflected by elevations in readings on
a 30-min sampled OGTT in the setting of a normal 2-h level. This intermittent postprandial
hyperglycaemia may be reflected in the poor correlation of HbA, (glycated haemoglobin)
with early glycaemic abnormalities in CF. HbA,_represents an index of the average of blood
glucose concentrations in the preceding 2-3-month period, and the result is influenced by the
half-life of the red cells [84]. When measured in CF, it is a poor indicator of glycaemic abnor-
malities as it is often still normal by the time a diagnosis of CFRD has been made. The poor
sensitivity of the test may result from the intermittent nature of hyperglycaemia in patients
with CF, which is not revealed in the HbA _level when the glucose levels are “averaged”, as
well as increased red cell turnover in CF.

CGM provides a useful tool to guide insulin treatment once the diagnosis of CFRD has been
made [79], but it may also offer a potential opportunity to capture the moments of postpran-
dial hyperglycaemia in CF in the screening and diagnostic phase. In CF patients with normal
glucose tolerance on OGTT, abnormalities on CGM have been detected [79, 82, 83]. This could
reflect the fact that patients with CF undergo a period of fasting prior to their glucose load in
the OGTT which will only measure two values. When a CGM is worn, patients can be at home
and may consume their normal CF diet including a carbohydrate load that may exceed the
glucose level consumed during an OGTT. In the same way that HbA,_ may not reflect a true
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picture of glycaemic abnormalities in CF, so too may the OGTT underestimate the hypergly-
caemia in these patients, particularly in the early phase of glucose abnormalities.

CGM may be a useful device in predicting which children with CF will develop glycaemic
abnormalities. Schiaffini et al. performed OGTT and CGM on children with CF and then
repeated the OGTT after 2 years. Children who had diabetic excursions on CGM at baseline,
even those with normal glucose tolerance on OGTT, developed impaired glucose tolerance
or CFRD when the OGTT was repeated 2 years later [83]. Initial data on CGM does appear to
suggest that this tool may be useful in identifying clinically significant glucose abnormalities
in CF. Leclercq et al. demonstrated, in a CF population with normal OGTT, that patients who
recorded glucose levels in the diabetic range (>11.1 mmol/L) on CGM had poorer lung func-
tion and greater colonisation with CF respiratory pathogens such as P. aeruginosa [85].

Glycaemic abnormalities are known to have a significant impact on nutrition in patients with
CF. CGM may provide an opportunity to highlight which children are at risk of nutritional
decline secondary to abnormities of glucose tolerance as described in the study by Hameed et
al. [64]. In this study of 25 children with CF undergoing CGM, if > 4.5% of the study duration
was spent with an interstitial glucose reading >7.8 mmol/L, this was predictive of a decline in
weight standard deviation score. This CGM criterion had a sensitivity of 89% and a specific-
ity of 86% in detecting this nutritional decline. CGM abnormalities do appear to be clinically
significant, but there are not studies as yet demonstrating a benefit from treatment based on
CGM recordings in CF, and the device is not yet licenced to make a diagnosis of diabetes.

8. Management of CFRD

The main aim of CFRD treatment is to correct the hyperglycaemia and its downstream effects
on respiratory function and infections, in addition to reversing significant protein catabolism
secondary to insulin deficiency. Optimal management has been shown to improve lung func-
tion and morbidity [72]. Although a drop in mortality from late CFRD diagnosis has been
seen, the risk of early mortality is still higher in this population. The mainstay of treatment
is exogenous insulin therapy, but studies are underway examining the benefits of dietary
changes and the use of oral hypoglycaemic agents in CF.

8.1. Insulin

Insulin plays a major role in the management of CFRD. Insulin replacement by subcutaneous
injection in CFRD has been shown to improve lung function and reduce pulmonary exacer-
bation frequency [86]. It has also been shown to benefit the nutritional status of the patient,
with an improvement in growth seen in children with CF [73]. Recent studies have also dem-
onstrated that insulin therapy in the prediabetic phase may also play a valuable role in the
management of patients with CF. Hameed et al. were able to replicate previous studies dem-
onstrating a benefit of insulin therapy on lung function and nutrition in patients with CF and
revealed an improvement in weight standard deviation score (p = 0.003) and lung function

T™

(FEV1 improvement p = 0.004) with once daily insulin injections (detemir, Levemir™) [73].
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Insulin is given via subcutaneous injection. Unlike Type 1 diabetes, a once daily dose of
long-acting insulin may be all that is required to demonstrate a benefit for this population
[73]. Insulin doses vary with each patient, but because of the important anabolic role insulin
plays in growth and nutrition, the highest tolerated dose without hypoglycaemia or other
side effects is generally recommended [52] (taking into account patient-specific factors such
as ability to recognise hypoglycaemic symptoms). The dose prescribed may vary over time
with increasing requirements during times of relative increase in insulin resistance such as
with glucocorticoid use or during periods of growth and pregnancy. Given the progressive
nature of insulin deficiency in CF, increasing requirements may be seen over time, particu-
larly in the paediatric population with CF that have age- and weight-based doses.

Insulin pumps that continuously deliver a small amount of insulin into the subcutaneous
space have been used in patients with CFRD [87] although the uptake in CF has been poor
when compared with other forms of diabetes. When wearing a pump, patients are currently
required to undertake much more intensive finger-prick blood glucose testing than that
required with a once daily insulin injection. This may prove to be too onerous for patients
with CFRD who already have a significant treatment burden with multiple oral and neb-
ulised medications and physiotherapy. Future insulin pump devices may include closed
loop systems, in which interstitial glucose levels measured by CGM calibrate the rate and
amount of insulin secreted by the pump [88]. These devices are currently under investiga-
tion for Type 1 DM, but there are no data published about their use in CFRD to date.

8.2. Nutrition

Nutritional education and support are of utmost importance for patients with a diagnosis of
CFRD. Children with CF require a higher caloric intake (may need up to 200% of usual recom-
mendations [89]) to achieve optimal nutritional and growth targets. If nutritional targets are not
met, there may be significant consequences as a lower BMI has been associated with increased
mortality in CF [67]. These additional calories are best taken from fat and protein-based meals,
but a significant proportion is taken from carbohydrates [90]. Patients with abnormalities of
glucose tolerance and CFRD will be required to recognise carbohydrates in their diet, as the
carbohydrate load will affect the glucose level and the resulting insulin requirements. This is
usually done by educating the family and patient about carbohydrate-insulin ratios.

There are very limited data regarding the dietary management of CFRD. This is of particular sig-
nificance given that hyperglycaemia has been demonstrated to worsen glycaemic abnormalities
in CF, possibly by potentiating beta-cell apoptosis. As such, glycaemic control in CFRD needs to
be tight, and diets that perpetuate postprandial hyperglycaemia may have a negative impact on
glycaemic abnormalities in CF and increase insulin requirements. A low glycaemic diet is often
recommended in Type 1 and Type 2 diabetes to optimise control of hyperglycaemia and has
been shown to decrease insulin requirements and improve glucose homeostasis, without having
a significant impact on quality of life for these patients. Whereas weight loss due to change in
diet may be beneficial in Type 2 DM, this may have serious negative consequence in CF. There is
not enough information in the literature to recommend any dietary changes that might improve
glycaemic control or prevent or delay progression to CFRD if instituted at an earlier stage.
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8.3. Oral hypoglycaemic agents

Oral agents do not play a role in the management of patients with CFRD. Many agents tar-
get insulin resistance (e.g. metformin), which is not a major feature in the early glycaemic
abnormalities of CF where insulin deficiency plays the key role and as such will not be of
significant benefit to CF patients. Significant side effects from oral hypoglycaemic agents such
as hepatotoxicity are a serious complication for the CF population where a significant propor-
tion may develop CF liver disease [91]. Insulin therapy in states of insulin deficiency such
as Type 1 diabetes has been shown to preserve insulin secretion and “rest” the residual beta
cells. Conversely, agents that stimulate insulin secretion may potentially hasten beta-cell loss.
For example, agents such as repaglinide may be useful in the short term but ultimately have
a negative long-term impact.

8.4. The role of potentiators in CFRD

Evidence for the use of potentiators in CFRD is limited, but a few pilot studies have been
published that suggest a benefit on glucose homeostasis in CF. In a single pair of CF sib-
lings with abnormal glucose tolerance (one with CFRD) and gating mutations, a reduction
in the glucose AUC and an improvement in the insulin secretion profile was demonstrated
after the introduction of ivacaftor (Kalydeco™). Bellin et al. also demonstrated improve-
ments in glucose homeostasis after the introduction of ivacaftor. In this group of five CF
patients with glucose abnormalities, four of five demonstrated improvements in insulin
secretion. The patient whose insulin secretion did not improve had long-standing CFRD,
whereas the others had earlier glycaemic abnormalities. Theoretically, the patient with
long-standing CFRD could already have undergone such significant pancreatic destruc-
tion that the abnormalities of glucose tolerance could not be corrected at the level of the
CFTR.

9. Complications of CFRD

Long-standing hyperglycaemia and insulin deficiency will result in an increase in respira-
tory exacerbations and morbidity and poorer nutrition. It will also result in complications
from chronic hyperglycaemia seen in other forms of diabetes. Historically the life-limiting
nature of CF and in particularly those with CFRD meant that CF patients were unlikely to live
long enough to develop end-organ dysfunction from the macrovascular and microvascular
complications seen in other forms of diabetes. With an improvement in life expectancy, these
long-term issues need to be addressed, and routine screening needs to be a part of CF clinical
care. This will include examination for neuropathy and retinopathy and urine screening for
microalbuminuria. In one study, 10 years after the diagnosis of CFRD has been made, subjects
with fasting glycaemia demonstrated rates of microalbuminuria of approximately 14%, reti-
nopathy 16%, neuropathy 55% and autonomic gastropathy 50% [51]. Gilchrist et al. reported
retinopathy in three patients with abnormal glucose tolerance but not meeting criteria for
CFRD [71] which further supports the proposition that the OGTT may not be the ideal test for
significant glycaemic abnormalities in patients with CF.
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10. Conclusion

Cystic fibrosis-related diabetes continues to pose a significant risk of increased morbidity
and mortality to the CF population. However, CFRD lies at the endpoint of spectrum of
glucose abnormalities, and increasing evidence implies that earlier glycaemic abnormali-
ties may also be clinically significant. The standard OGTT does not appear to be sensitive
enough to pick up early, clinically significant abnormalities of glucose tolerance secondary
to insulin deficiency and the dysregulation of insulin secretion detected in CF patients.
Hyperglycaemia in CF affects lung function, risk of respiratory pathogens, nutrition and
growth in young children, and treating teams need to be proactive in the screening and
diagnosis of glycaemic abnormalities that may be insidious and potentially irreversible
if recognised late. Early recognition of hyperglycaemia in CF is required to prevent sig-
nificant morbidity. Novel techniques such as continuous glucose monitoring may play a
role in screening and early identification of at risk patients, as they have been shown to
be predictive of significant glucose abnormalities in the future such as CFRD, but there is
not enough evidence as yet to recommend their routine use in diagnosis. Future directions
may include the use of potentiators and correctors in CF which appear to have potential
to correct abnormalities of glucose tolerance but may be limited if instituted late and once
significant pancreatic destruction has occurred.
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