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Abstract

Diabetes mellitus has emerged as a common comorbidity in cystic fibrosis and is considered a clinical entity (cystic fibrosis-related diabetes,
CFRD) distinct from that of type 1 diabetes (T1DM) and type 2 diabetes (T2DM). The relevance of this diagnosis extends not only from its
imposition of additional medical burden but its association with worse health outcomes in individuals with CF. This paper will review the 2010
U.S. and other international guidelines for screening and treating CFRD. It will highlight newer data regarding early glucose and insulin secretion
defects, mechanisms linking CFRD to worse outcomes, and recent advances in T2DM that may provide insights for CFRD; insulin secretion will
be reviewed as background for these recent developments.
© 2013 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Insulin physiology

Pancreatic β-cell insulin secretion strictly governs glucose,
amino acid, and fat disposition. A highly anabolic agent, insulin
targets these fuels for storage [1], stimulating glycogen synthesis
and glucose uptake by fat and muscle while suppressing hepatic
glycogenolysis and gluconeogenesis, lipolysis, and ketogenesis.
In the absence of nutrient ingestion, insulin secretion is down-
regulated and a catabolic state is invoked whereby glucose is
accessed from glycogen and through conversion from amino
acids. With more prolonged fasting, lipolysis and ketogenesis
provide alternate fuels.

Insulin secretion is regulated by the availability of nutrients,
other hormones, and neural factors. Following oral glucose
ingestion, insulin levels normally rise within the first 30 min,
peak at about 60 min, and return to baseline levels by 2–3 h. In
contrast, following intravenous glucose bolus, insulin secretion
occurs in a biphasic manner. An early rapid peak (acute insulin
response, first phase insulin secretion) occurs within the first
10 min and then a more slow increase in insulin secretion
(second phase insulin secretion) occurs over the next 20 min
(reviewed in [2]). Insulin secretion in response to oral glucose
is greater than insulin secretion in response to the same amount
of glucose delivered intravenously. This augmented response
arises from incretin secretion from gastrointestinal tract neuroen-
docrine cells in response to nutrient ingestion, Fig. 1. This
“incretin” effect may account for 50–70% of total insulin
Nutrient Ingestion
Carbohydrates (glucose, fructose)

Lipids FFA

Proteins amino acids

*animal models

-cell
glucagon secretion

Delayed gastric 
emptying

Fig. 1. Incretin secretion and action. Glucose, fructose, free fatty acids, and to a le
augment glucose stimulated insulin secretion and in animal models inhibit β-cell ap
suppresses glucagon secretion and delays gastric emptying.
response to an oral glucose load, with glucagon-like peptide
(GLP-1) and gastric inhibitory peptide (GIP) accounting for
~90% of this response [3]. Fat also stimulates GLP-1 and GIP
secretion — an effect that requires hydrolysis of fat [4].

1.2. Diabetes classification/clinical features

The pathophysiology of diabetes development, particularly
in the setting of T2DM, is complex, but ultimately all diabetes
arises as a result of either an absolute or relative insulin-deficient
state. The American Diabetes Association (ADA) classifies
diabetes mellitus based upon etiology [5], Table 1. T1DM arises
from β-cell destruction, primarily of autoimmune origin. Insulin
deficiency is severe, and provision of exogenous insulin is
required to minimize hyperglycemia and prevent ketoacidosis.
Insulin treatment in T1DM targets basal insulin needs and
nutrient ingestion. Individuals with T1DM are at increased risk
of other autoimmune diseases including hyper- and hypothy-
roidism, adrenal insufficiency, and Celiac disease.

Insulin secretory defects are now thought to underlie T2DM
development. Frequently, obesity and an insulin resistant state
place increased demands on β-cells. A compensatory increase
in insulin secretion occurs. As β-cells are “over-worked,” the
secretory defect(s) is unmasked, β-cells can no longer meet the
increased insulin requirements, and hyperglycemia ensues.
Treatment approaches vary from diet and exercise to address
obesity and insulin resistance, to use of medications that either
improve insulin sensitivity or insulin secretion, to insulin
replacement. Ketoacidosis is rare. Dyslipidemia, hypertension,
Gastrointestinal
Incretin Secretion 

GIPGLP-1

-cell
insulin secretion

proliferation*
apoptosis*

Adipose Tissue
lipogenesis

sser extent amino acids stimulate GLP-1 and GIP secretions. GLP-1 and GIP
optosis and promote β-cell proliferation. GIP also promotes lipogenesis. GLP-1



Table 1
Comparison of CFRD with T1DM and T2DM.

T1DM T2DM CFRD

Clinical features
Overweight Low High Low
HTN Low High Low
Dyslipidemia Low High Low
Ketosis prone Common Uncommon Uncommon
Microvascular complications Common Common Common

Pathophysiology
Islets Autoimmune destruction Inherent β-cell defect Islet destruction due to exocrine tissue destruction

Potential β-cell defect
Amyloid Absent Present Present
Insulin status Complete insulin deficiency Insulin resistance Partial insulin deficiency

Relative insulin deficiency Episodes of insulin resistance
GLP-1 Normal Normal or decreased secretion Decreased secretion

Efficacy normal Improved secretion with PERT a

GIP Normal Normal or decreased secretion Near-normal secretion
Decreased efficacy

Hyperglucagonemia Absent Present Absent
Genetic predisposition HLAD3 and D4 TCF7L2 TCF7L2
a PERT = pancreatic enzyme replacement.
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inflammation, and cardiovascular disease are common addi-
tional metabolic conditions in T2DM.

Highlighting its complex nature, T2DM is considered a
polygenic disorder. Inheritance of multiple common gene
variants simultaneously increases the T2DM risk [6]. The
repertoire of genes recognized as playing a role in the
pathogenesis of T2DM has grown considerably as a result of
recent genome wide association studies. The function of many
such genes has yet to be established. Some appear to confer
insulin resistance while others appear to impact insulin secretion
including TCF7L2, CAPN10, HNF1B, FOXO1, WFS1, SGK1,
and KCNQ1 (reviewed by [7]).

The role of incretins in T2DMhas received increased attention
over the past decade. Reduced or absent GLP-1 responses [3,8]
and partially reversible reductions in GLP-1 potency [9] have
been described. Reductions in GIP have not been observed [8],
but β-cell sensitivity to GIP may be reduced [10]. With
continuous infusion of GLP-1 in subjects with T2DM, plasma
glucose and insulin secretion improve [11,12]. Excess glucagon
has also been invoked as a mediator of T2DM.

2. Cystic fibrosis related diabetes (CFRD)

Genetic defects of β-cell function, drug-induced diabetes
including transplant diabetes, and exocrine pancreatic disor-
ders, such as CFRD are classified by the ADA as “other forms
of diabetes” [13]. CFRD occurs most commonly in the setting
of severe CF mutations associated with exocrine pancreatic
insufficiency and is considered an insulin insufficient state,
although ketoacidosis is uncommon, Table 1.

Delayed and blunted insulin and C-peptide (product of
proteolytic processing of pro-insulin) secretion typify the
OGTT in CF patients even in the absence of CFRD [14–16],
Fig. 2. Abnormalities are more pronounced with worsening
glycemic status [14,16,17]. Intravenous challenges to glucose
and other stimulatory agents reveal impaired first-phase insulin
and C-peptide secretion in CF [16], a phenomenon also seen in
T2DM. Basal insulin secretion is generally at least partially
preserved.

Unlike T1DM, β-cell damage in CF does not appear to be of
autoimmune origin [18]. Instead, according to the traditional
“collateral damage” model of CFRD, abnormal chloride
channel function results in thick viscous secretions that give
rise to obstructive damage to the exocrine pancreas. Progres-
sive fibrosis and fatty infiltration ensue and destroy islet
architecture. Immunohistochemical studies of islets from
patients with CFRD identified significantly reduced percent-
age of insulin-producing cells within islets when compared to
islets of non-CFRD patients and controls [19–21] — this
β-cell specific destruction characterizes T1DM. In contrast,
decreased glucagon secretion has been found in response to
OGTT and various other stimuli in subjects with CF and
worsening glucose tolerance [14,16], suggesting islet cell
destruction is not cell-selective and is linked to exocrine
pancreas fibrosis. In fact, a subsequent post-mortem study found
an overall decrease in islet number without specific reduction of
β-cell content. Perhaps even more importantly, despite their
limitations as retrospective studies, these post-mortem findings
highlighted the variability in β-cell mass and its lack of
correlation with the diagnosis of CFRD.

Given this lack of correlation between the quantification of
β-cell mass and the presence or absence of diabetes, additional
mechanisms for insulin secretion defects have been sought.
Mouse models suggest CFTR (cystic fibrosis transmembrane
regulator) may have a more direct role in β-cell dysfunction [22].
Islet amyloid deposition, a feature of T2DM but of neither T1DM
nor pancreatitis [23], has been identified post-mortem in adults
with CF but not those with NGT or controls [24]. The role of islet
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amyloid in β-cell dysfunction is not clear [25]. Amyloid may
serve as a marker of endoplasmic reticulum stress or may play a
direct role in this stress [26,27].

A possible link has been found between CFRD and T1DM
genes associated with inflammation, such as tumor necrosis
factor [28]. Twin studies have found that the most strong
GWAS-implicated T2DM gene TCF7L2 confers even more
strongly the risk of CFRD [29].

Until recently, the role of incretins in CF has received
limited attention. Initially, normal basal GLP-1 and GIP levels
were observed across the spectrum of glucose tolerance in CF
[14], but GIP hypersecretion during OGTT was found in adults
without CFRD [30]. More recently, impaired GLP-1 and GIP
secretions were described in five adults with CF without CFRD,
although their glucose tolerance and peak insulin secretion were
not well-characterized [31]. Another study reported no differences
in GLP-1 or insulin responses to OGTT in adults with CF and
NGT, IGT, and in newly diagnosed CFRD compared to healthy
controls [32]. This study, however, had several methodological
concerns: 1) they evaluated responses to an oral glucose load and
not a mixed meal so impairments in fat- and protein-stimulated
incretin secretion would not have been detected, 2) they may have
missed peak incretin and insulin secretion — early measurements
are critical since individuals with CF have delayed and blunted
insulin secretion [33], and 3) they defined glucose tolerance by the
two hour plasma glucose but peak glucose was 179 ± 30 mg/dL
(9.9 + 1.7 mmol/L) in the NGT group suggesting that glucose
excursion was not completely normal in at least a subset, and 4)
they combined pancreatic exocrine sufficient and insufficient
subjects in the analyses. Germane to clinical care, pancreatic
enzyme replacement improves glucose excursion and GLP-1
secretion in response to a mixed meal (Fig. 3) [31].

As the CF population ages, the normal decline in β-cell
function that occurs in everyone with aging may allow underlying
β-cell abnormalities to become more prominent. This normal
decline coupled with compromised insulin secretory capacity may
then give rise to diabetes and in some cases may obscure the
distinction between T2DM and CFRD.
2.1. Insulin deficiency vs. insulin resistance

Insulin deficiency is the primary defect in CFRD, but the
potential contribution of insulin resistance in CF has also been
explored. Insulin resistance may arise from decreased glucose
uptake by muscle (peripheral insulin resistance) and through
impaired suppression of hepatic glucose production (hepatic
insulin resistance) [34,35]. Normal peripheral sensitivity in
CFRD [36], increased peripheral but reduced hepatic insulin
sensitivity [37], decreased hepatic sensitivity [38], and decreased
peripheral insulin sensitivity [35] have all been observed in CF.
These mixed results likely reflect differences in methodology,
glucose categorization, and in the underlying state of health of the
study populations. Overall, the data suggest that insulin sensitivity
is preserved in CF patients who do not have diabetes [37], but
modest insulin resistance is present in the setting of CFRD.

As with T2DM, insulin resistance may unmask underlying
defects in insulin secretion in CF. Insulin resistance may worsen
with acute pulmonary exacerbation, chronic severe lung
disease, and glucocorticoid therapy [39]. Obesity (defined as
BMI N 30 kg/m2 in adults), common in T2DM, is now
reported in CF and may place an additional burden on the CF
endocrine pancreas. In the U.S. in 2011, median BMI among
adult males and females with CF (age N 19 y) was 22.1. The
University of Pittsburgh CF Center reported overweight in
13% and obesity in 7% of 233 children age 2–18 y followed at
their center [40]. The 2008–2009 European Cystic Fibrosis
Society Patient Registry reports maximum BMI N 30 in many
countries in Europe [41]. According to the 2011 Australian CF
Data Registry, nearly 43% of adult males with CF age N 30 years
had BMI N 25; thus, nearly half of adult men with CF are
overweight or obese [42].
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3. Implications and complications

3.1. Morbidity/mortality

CFRD has been associated with a nearly 6-fold greater
mortality rate [43], and in the 1980's, only 25% of CFRD patients
survived to age 30 years compared to 60% of the nondiabetic
group [44]. Confirming data from the 1980's, CFRD has been
associated with decreased survival even more recently [45–49].
Promising, however, are data associating improvements in
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Fig. 4. Mortality in CF subjects with and without CFRD, from Moran et al. [50]
survival with early identification and treatment of CFRD from
the University ofMinnesota where annual screening was initiated
in the 1980's and more aggressive treatment was initiated in the
following years [50], Fig. 4.

3.2. Nutritional status

Decreases in BMI have been found in the years prior to
CFRD diagnosis [47], and lower BMI has been observed in
CFRD patients older than 15 years with the greatest difference
oint of decade)

. Blue line: males, red line: females; solid line: CFRD; dashed line: CFRD.
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in adolescent patients aged 15–19 years [48]. In 2010, Hameed
et al. found that having glucose N 140 mg/dL (N7.8 mmol/L)
for ≥4.5% of the time during continuous glucose monitoring
(CGM) (n = 15) predicted greater declines in weight-Z (change
in weight-Z: −0.3 + 0.4 vs 0.1 + 0.2) and FEV1%-predicted
(change in FEV1-percent predicted: −6 ± 7 vs −2 ± 11) over
the previous year than a percentage time b 4.5% (n = 8) in
adolescents defined as having NGT or IGT by OGTT [51].
These findings suggest more subtle glucose abnormalities may
be clinically relevant in CF, but the extent to which these more
subtle abnormalities predict future decline after adjusting
for important factors such as baseline weight-Z, BMI-Z,
FEV1%-predicted, and pubertal status is not yet known and
the extent to which treatment of these glucose excursions
impacts CF-relevant outcomes has yet to be delineated.
Highlighting the role of insulin deficiency in nutritional status,
a randomized control trial identified improved BMI in adults
with CFRD without fasting hyperglycemia who were treated
with insulin for a year [52]. Smaller studies have found insulin
treatment improves weight in children with early insulin
deficiency, even prior to development of CFRD [53–55].

3.3. Pulmonary function

The presence of CFRD is linked to worse pulmonary
function regardless of age. The decline in clinical status can
occur in several years before the diagnosis of CFRD is made
[44,46,47]. The rate of pulmonary deterioration over a 4 year
period has been correlated with the degree of insulin deficiency
at baseline [46]. This finding reinforces the link between the loss
of the potent anabolic effects of insulin, subsequent protein
catabolism, and clinical deterioration [33], but hyperglycemia may
also play a direct role in this deterioration potentially through
oxidative stress. As found with nutritional status, studies of CGM
have identified greater declines in pulmonary function in children
with CF and greater daily glucose excursion even in the absence of
CFRD as defined by the OGTT [51]. Underscoring the role of
insulin in pulmonary function, insulin therapy may improve or
stabilize pulmonary function in the setting of pre-diabetes and
CFRD [56–58].

3.4. Microvascular complications

As in other forms of diabetes, microvascular complications
occur in CFRD. The risk appears associated with the presence
of fasting hyperglycemia: 16% of CFRD subjects with FH had
retinopathy and 14% had microalbuminuria while none in the
absence of fasting hyperglycemia had evidence of these
complications [59]. Diabetic nephropathy has been confirmed
histologically [60]. The prevalence is lower than with the other
forms of diabetes which may stem from shorter duration of
diabetes, better glycemic control, some persistence of endog-
enous insulin secretion, and absence of other metabolic risk
factors, such as dyslipidemia and hypertension [59], although
the landscape of CF is changing with both obesity [61,62] and
hypertension being more commonly reported as the population
ages [60]. In a much smaller group of 30 insulin treated CFRD
subjects, nine of whom had history of lung transplant, Andersen
et al., reported retinopathy in 27% [63]. Microalbuminuria in
this group was not common although hypertension and renal
impairment were found in the cyclosporine treated transplant
group [63].

Autonomic neuropathy and gastropathy do occur in CFRD
at similar rates to those found in T1DM [59]. Based upon the
above findings, annual microvascular complication screening
as occurs with T1DM is recommended in CFRD patients who
have had fasting hyperglycemia for 5 years or at diagnosis if
onset is not known [59]. Awareness should be heightened in
groups receiving chronic nephrotoxic drugs in the setting of
transplant.

3.5. Graft survival

Diabetes is also a well-recognized threat to overall survival
after solid organ transplantation [64,65], but data with respect
to transplant in CF and the pediatric population is limited and
the extent to which diabetes impacts graft survival (liver or
lung) in CF is not clear.

4. CFRD screening & diagnosis

Screening for CFRD has received increased attention over
the past few years. The motivation for aggressive screening
largely derives from the association of CFRD with negative
outcomes. Screening is recommended because CFRD onset is
usually insidious. Classical diabetes symptoms such as polyuria
and polydipsia may not be evident, and other symptoms such as
failure to gain or maintain weight, poor growth, and unexpected
pulmonary function decline [66] are nonspecific.

4.1. Oral glucose tolerance testing (OGTT)

The majority of patients with CFRD do not have fasting
hyperglycemia, and, in the absence of classic symptoms, the
diagnosis of CFRD frequently relies on the oral glucose tolerance
test (OGTT). As of 2010, annual screening for CFRD with an
OGTT (1.75 g/kg glucose as advocated by the World Health
Organization; maximum dose 75 g) starting at age 10 y was
recommended by the U.S. Cystic Fibrosis Foundation (CFF) [67]
and the International Society of Pediatric & Adolescent Diabetes
(ISPAD) [68]. The OGTT should also be performed prior to
transplant and during pregnancy. Based on the OGTT, four
glucose tolerance categories are defined:

Normal glucose tolerance (NGT) = one hour plasma glucose
(PG1) b 200 mg/dL (b11.1 mmol/L) and two hour plasma
glucose (PG2) b 140 mg/dL (b7.8 mmol/L)

Impaired glucose tolerance (IGT) = PG2 ≥ 140 and b200 mg/dL
(≥7.8 and b11.1 mmol/L)

CFRD = PG2 ≥ 200 mg/dL (≥11.1 mmol/L)

CFRD w/o fasting hyperglycemia (FH) = fasting PG b 126 mg/dL
(b7 mmol/L)



Table 2
Screening & diagnostic criteria for CFRD.

OGTT Interpretation of OGTT PG mg/dL (mmol/L)
•Healthy outpatients (OGTT is test of choice) Fasting PG 2-h PG 1-h PG
✓ Annually by age 10 y NGT b126 (b7) b140 (b7.8)

IGT b126 (b7) 140–199 (7.8–11)
•Prior to transplant CFRD ≥126 (≥7) ≥200 (≥11.1)
•Prior to planned pregnancy Indeterminate b126 (b7) b140 (b7.8) ≥200 (≥11.1)
•During pregnancy Gestational diabetes ≥92 (≥5.1) ≥153 (≥8.5) ≥180 (≥10)

Fasting and 2-h post-prandial glucose (PPG) monitoring
•During hospitalizations CFRD Fasting glucose ≥126 mg/dL (≥7 mmol/L)
•Outpatient PPG ≥ 200 mg/dL (≥11.1 mmol/L)
•During intercurrent illness, intravenous antibiotic use, or systemic
glucocorticoid use

Persisting N48 h during illness

•Monthly during and after continuous overnight enteral feeds ≥200 mg/dL (≥11.1 mmol/L) during/after feed

HbA1C CFRD ≥6.5% (b6.5 does not exclude CFRD)

Random glucose CFRD ≥200 mg/dL (≥11.1 mmol/L) + polyuria & polydipsia

ADAPTED FROM North American CF Consensus Committee 2010 [67].
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CFRD with fasting hyperglycemia (FH) = fasting PG ≥ 126 mg/dL
(b7 mmol/L)

Indeterminate glycemia (Ind-) = PG1 ≥ 200 mg/dL
(≥11.1 mmol/L) but PG2 b 140 mg/dL (b7.8 mmol/L).

Few patients have completely normal glucose tolerance. Early
glucose changes involve variable postprandial hyperglycemia,
occurring earlier than 2 h as evidenced by frequent elevations in
30-, 60-, and 90-minute plasma glucose duringOGTT [69], Fig. 2.
Moreover, with respect to the “new” category of Indeterminate
glycemia, recent data in non-CF suggests PG1 N 155 mg/dL
(N8.6 mmol/L) may not be completely normal; PG1 at this level
are a risk factor for T2DM development and are associated with
early atherosclerosis [70]. The clinical relevance of PG1 in this
lower range for CF is not known.

The CFF [67] and ISPAD [68] guidelines no longer
differentiate whether FH is present or absent. This original
distinction arose because at the time of the 1998 consensus
[43], limited data were available relating mild to moderate
hyperglycemia and risk of complications in CFRD and regarding
appropriateness of using conventional thresholds derived from
epidemiologic studies in non-CF patients [66] in whom glucose
concentrations associatedmicrovascular complications were used
to define diabetes. Newer data targeting CF-relevant outcomes
such as BMI and pulmonary function have provided evidence
supporting treatment of CFRD even in the absence of fasting
hyperglycemia [52]. Contrary to what one might expect, impaired
fasting glucose is not associated with worse survival, nutritional
status, pulmonary function, or progression to CFRD [71].

4.2. Random glucose monitoring

Measurement of fasting and postprandial glucose during
hospitalizations for acute illness is recommended [67,68].
Hyperglycemia persisting beyond 48 h in this setting is
consistent with the diagnosis of CFRD. The utility of formal
OGTT over these measures during hospitalization has not been
evaluated. In the outpatient setting, glucose should be measured
periodically during and after continuous overnight G-tube feeds
and should also be measured during intercurrent illnesses
requiring intravenous antibiotics or glucocorticoid treatment [39].

Implementation of annual CFRD screening with the OGTT
has been problematic for some individuals and centers, and the
utility of random or post-prandial glucose monitoring as
potentially more practical approach has been broached. The
current guidelines combine random plasma glucose N 200 mg/dL
(11.1 mmol/L) with the presence of symptoms (or during
hospitalization). Extending the use of random glucose to in-
dividuals in the well state is problematic: glucose ≥ 200 mg/dL
(11.1 mmol/L) is not uncommonly found at times earlier than 2 h
during the OGTT but is b200 mg/dL (11.1 mmol/L) by 2 h and
during continuous glucose monitoring. While these early glucose
increases are likely both abnormal and reflective of defective
insulin secretion, they are not synonymous with diabetes.
Insufficient evidence pairing random glucose concentrations with
either the OGTT or long-term outcomes is currently available to
extend the current diagnostic guidelines to include random/
post-prandial glucose N 200 mg/dL (11.1 mmol/L) in the absence
of symptoms. A similar issue arises in the diagnosis of Type 2
diabetes but in T2DM HbA1C and fasting glucose [5] are much
more useful alternatives than in CF.

Screening strategies for inpatient and outpatient care are
outlined in Table 2.
4.3. Hemoglobin A1c

The majority of studies find HbA1c underestimates overall
glycemic control in CF patients compared with the non-CF
population. For instance, in one study, HbA1c was normal in
about 70% of CFRD cases diagnosed by OGTT [34]. Thus,
HbA1c is not recommended as a tool for CFRD screening.
Importantly, however, while a normal HbA1C does not exclude
CFRD, an HbA1C ≥ 6.5% is consistent with diabetes. A good
HbA1c may also be falsely reassuring in the management of



325A. Kelly, A. Moran / Journal of Cystic Fibrosis 12 (2013) 318–331
patients with CFRD [72]. Nonetheless, while HbA1C may be
spuriously low, it may still be useful for monitoring diabetes
control since an elevated HbA1C is consistent with increased
blood glucose and trends in HbA1c may still be followed.

4.4. Continuous glucose monitoring

CGM measures interstitial glucose which is then “translated”
as blood glucose. It has been validated in both CF and non-CF
patients and is frequently used to evaluate glucose trends in
T1DM. In CF, mean glucose levels higher than age-matched
controls have been identified by CGM [73], and postprandial
glucose peaks above 200 mg/dL (11.1 mmol/L) have been
observed in a third of CF subjects with NGT, half of IGT
subjects, and all patients with CFRD [42]. In 2010, Hameed et al.
found glucose N 140 mg/dL (N7.8 mmol/L) during CGM was
correlated with greater declines in weight-Z and pulmonary
function over the previous year in children defined as having
NGT or IGT by OGTT [51]. O'Riordan reported CGM results in
over 100 children with CF and found it to agree well with OGTT
and to be reproducible [74]. In an abstract presented at the 2012
North American CF Conference, CGM has been identified as a
useful tool in diagnosing and managing CFRD in adults with CF
[75]. While CGM was not recommended by the U.S. Cystic
Fibrosis Foundation as a diagnostic test for CFRD, it was
considered a complementary tool in the management of CFRD.
ISPAD extended the use of CGM as a potential adjunct to OGTT
in diagnosing CFRD [68]. Use of CGM as a diagnostic tool for
CFRD is receiving increasing attention. Glucose excursions
≥200 mg/dL (≥11.1 mmol/L) are well recognized in individ-
uals with CF in the absence of OGTT-defined CFRD just as these
same excursions are commonly found at 30-, 60-, and 90-min but
not at 120 min during OGTT.While these glucose excursions are
not normal, may explain declines in CF-relevant outcomes, and
may be worthy of treatment, the extent to which they can be
defined as CFRD has not been the subject of rigorous
investigation.

5. Prevalence/incidence

The number of patients diagnosed with CFRD is rapidly
increasing, possibly reflecting better surveillance and improved
survival. In fact, an Australian study identified a 10 times higher
incidence of CFRD (22.1 cases/1000 children and adolescents
with CF) following the introduction of annual screening [76]. Data
from the University ofMinnesota where annual OGTT screening
is recommended for all patients ≥ 6 years, find CFRD affects
2% of children, 19% of adolescents, and 40–50% of adults
[50]. A study that included 24 young Italian children (age 2–
5.9 years) with CF found 33% had varying degrees of glucose
intolerance ranging from Indeterminate-GT to CFRD [77]. A
15 year study of 775 patients ≥ 6 years identified CFRD
diagnosed by OGTT in over a third [59]. Within a 10 year
period, 60% of patients with CFRD without FH progressed to
CFRD with FH [59]. The annual incidence of CFRD is reported
to increase with age at 5.0%/year in patients 10 + years and 9.3%/
year in patients 20 + years [34]. At least in children, increased
plasma glucose at 1 h during an oral glucose tolerance test predicts
increased risk of progression to CFRD [78]. Other risk factors
include pancreatic insufficiency and family history of diabetes.

Post-transplant diabetes is considered a distinct clinical entity,
but, in the setting of CF, the etiology blurs. Stresses related to
transplant, including glucocorticoids and immunosuppression
with tacrolimus and cyclosporine [79–81], likely unmask the
underlying β-cell defects and diabetes becomes evident. In one
study, the diagnosis of CF increased the likelihood of diabetes
post-transplant three times and over 50% of transplant recipients
with CF developed diabetes post-transplant [82].

Gestational diabetes is not uncommon in the otherwise healthy
population, and women with CF appear to be at increased for
developing diabetes during pregnancy. The data regarding
incidence and maternal and fetal outcomes with respect to
CFRD, however, is limited.

Autoimmune T1DM can occur in the setting of cystic fibrosis.
In fact, in the study by Rana et al. reporting the incidence of CFRD
inAustralian children and adolescents, two childrenwere identified
as having T1DM over an eight year period (an additional 49 were
diagnosed with CFRD) [76]. The presence of diabetes autoanti-
bodies and higher insulin requirements were distinguishing
features. Distinguishing T1DM fromCFRD is clinically relevant;
T1DM greatly increases the risk of diabetic ketoacidosis and is
associated with other autoimmune disease (thyroid, primary
adrenal insufficiency) which may impact management.
6. Treatment

Prior to the 2009 ISPAD and 2010 CFF guidelines, the
treatment of CFRD with FH was recommended and treatment
of CFRD without FH was recommended only in the presence of
symptoms. With newer data identifying a nutritional benefit,
treatment of CFRDwithout hyperglycemia is now recommended.
The role of treating pre-diabetes is now receiving increasing
attention [53,54,77]. The CFRD treatment of choice is insulin.

The insulin regimen is tailored to fit the individual patient.
Combinations of basal (long-acting) and bolus (rapid-acting)
insulins are used in the setting of fasting hyperglycemia.
Pre-meal rapid-acting insulin is the primary approach to the
treatment of CFRD without FH.

Basal insulin formulations such as glargine and detemir last
typically 18–24 h, are generally peakless, and are frequently
given once daily. NPH is also long-acting but the duration of
action is about 12 h, and a peak occurs around 6 h following
administration; this peak can be used to address food intake that is
normally planned for that time but can lead to hypoglycemia if
food is not ingested. Onset of action for rapid acting insulins
(aspart, lispro, apidra) is approximately 5 min with a peak action
at 90 min and a duration of action of 2–3 h making it an
appropriate insulin to target food intake [83,84]. Carbohydrate
coverage is typically started at 0.5–1 units of rapid-acting insulin
for every 15 g of carbohydrates consumed; this dose is refined to
achieve postprandial blood glucose goals [39]. Extra rapid-acting
insulin, the so-called “touch up” or “correction” dose may be
given pre-meal if hyperglycemia is present. Frequent meals are
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typical in CF and can translate into frequent injections making an
insulin pump often an ideal option [85,86].

With overnight continuous enteral feeds, a single injection
of NPH and regular insulin can be used to cover the ~8 h
“meal” [39]; with the initiation of this regimen blood glucose is
monitored periodically in the middle and at the end of the
enteral feeding to help with titration of insulin doses. During
intercurrent illness and systemic glucocorticoid use, insulin
needs can increase dramatically — frequently doubling and
even tripling.

Multiple daily injections may be rejected by some patients,
as demonstrated by the drop-out rate in a recent trial [52]. Once
daily detemir was associated with improved nutritional status in
six newly diagnosed children/adolescents with CFRD [53], but
no study has directly compared the risks and benefits of once
daily vs. bolus insulin regimens in either the early stages of
CFRD or as CFRD progresses. As highlighted by Hameed et al.
[53], these treatment burden considerations are extremely
important: insulin injections, blood glucose monitoring, and
even carbohydrate counting are additional medical burdens for
a population already undertaking multiple medical therapies.
Such interventions may be rejected or may impact adherence
with other therapies. Thus, in discussions with patients and their
families regarding treatment options, the lifestyle, eating habits,
physical activity, and potential barriers to insulin administration
and glucose monitoring must be considered. For individuals who
“graze,” who decline insulin injections with meals, in whom
adherence is an issue, or in whom a very simple approach is
desired, a combination 70/30 insulin may be useful. Some
individuals may only require insulin during overnight continuous
feeds, when the majority of carbohydrates are delivered. For
individuals who have minimal caloric intake at breakfast, insulin
therapy is delayed until the first meal of the day. Carbohydrate
counting, the mainstay of T1DM management, may be cumber-
some in the setting of CF, and set insulin doses may achieve good
glucose control, especially if the individual has consistent food
intake at meals when insulin is delivered. In the absence of an
insulin pump, insulin injections beyond 3 times per day can be
excessive, and the teammight focus on insulin delivery at the three
largest meals of the day.

Education regarding the etiology and implications of CFRD,
insulin therapy, blood glucose monitoring, treatment of hypo-
and hyperglycemia, and the effects of food intake, stress, illness,
and physical activity is crucial for successful partnership in the
management of CFRD. “Managing Cystic-Fibrosis-Related
Diabetes: An Instruction Guide for Parents and Families” is
available online from the CFF (http://www.cff.org/UploadedFiles/
LivingWithCF/StayingHealthy/Diet/Diabetes/CFRD-Manual-
5th%20Edition-05-2012.pdf).

Oral hypoglycemic agents are currently not recommended
for the treatment of CFRD [87] based upon limited data and
concerns about potential side effects such as diarrhea and appetite
changes (metformin, acarbose), osteoporosis and liver dysfunction
(thiazolidinediones), hypoglycemia (sulfonylureas, glinides), and
theoretical acceleration of β-cell loss (sulfonylureas, glinides).

Nutritional therapy is an integral part of both CF and CFRD
management. Individuals with CF often require 120–150% or
more of normal caloric intake for age and gender to maintain
body weight, and caloric restriction is not an option in the
treatment of CFRD. While carbohydrate ingestion in general is
not discouraged, avoidance of specific food items high in simple
sugars and low in nutritional value such as soda or sugar confection
is useful to decrease the glucose excursion. Consuming such foods
in combination with complex carbohydrates, protein, and fats may
“soften” this excursion. Glucose excursion also appears improved
when pancreatic enzymes are taken with the meal [31].

7. Hypoglycemia

The major barrier to achieving near-perfect blood glucose
control in the setting of diabetes is the risk of hypoglycemia. This
risk was clearly demonstrated in the Diabetes Control and
Complications Trial [88], and despite newer insulin formulations
and glucose monitoring tools hypoglycemia remains a reality for
individuals with diabetes. Occasional, mild hypoglycemia (symp-
toms of hypoglycemia that do not interfere with normal activities)
is anticipated in the setting of good diabetes control. This
hypoglycemia generally develops as a result of 1) excess insulin—
as a result of erratic absorption, increased sensitivity, or just
absolute excessive administration, 2) inadequate food intake or
absorption for amount of insulin administered, 3) exercise without
adequate reduction in insulin dose or increase in carbohydrate
intake or 4) alcohol consumption.

As with T1DM, hypoglycemia can occur in the setting of
treated CFRD. CF patients have normal hypoglycemia awareness,
and thus the risk of hypoglycemia is no greater in patients with
CFRD than in other patients receiving insulin therapy. In the first
three months of the “Cystic Fibrosis Related Diabetes Trial” mild
hypoglycemia was reported in 16% of subjects randomized to
pre-prandial lispro insulin [52]. Education reduced the frequency
of these episodes, but curiously over the course of the study, mild
hypoglycemia was also reported in the placebo group. Moreover,
fasting and reactive hypoglycemia have been reported in
approximately 6–15% of CF patients undergoing routine OGTT
[89,90], although the frequency may be less if the strict definition
of hypoglycemia (PG b 50 mg/dL, b2.8 mmol/L) is used [91,92].
In otherwise healthy individuals undergoing OGTT, the average
nadir glucose is 63 mg/dL (3.5 mmol/L) and 25% of subjects have
a nadir glucose of 55 mg/dL (3 mmol/L) or less; the majority of
the nadir blood glucose occurring at 3–4 h of the OGTT [93]. Thus
while hypoglycemia is reported in CF during OGTT, the frequency
does not appear more common than occurs in individuals without
CF. Moreover, PG b 60 mg/dL (b3.3 mmol/L) at 2 h during the
OGTT did not predict subsequent development of IGT or diabetes
in individuals with CF [90].

Glucagon is the body's major defense against insulin-induced
hypoglycemia. It stimulates glycogenolysis and gluconeogenesis.
In T1DM, glucagon secretion is generally lost after a few years;
in a subset of patients, epinephrine is also lost after 10–15 years
of T1DM. Loss of these counter-regulatory hormones in T1DM
as well as resetting of normal responses due to repeated
hypoglycemia can lead to hypoglycemia unawareness and severe
hypoglycemia. Glucagon secretion is also impaired in CFRD
[16]. While not yet reported, loss of epinephrine secretion after

http://www.cff.org/UploadedFiles/LivingWithCF/StayingHealthy/Diet/Diabetes/CFRD-Manual-5th%20Edition-05-2012.pdf
http://www.cff.org/UploadedFiles/LivingWithCF/StayingHealthy/Diet/Diabetes/CFRD-Manual-5th%20Edition-05-2012.pdf
http://www.cff.org/UploadedFiles/LivingWithCF/StayingHealthy/Diet/Diabetes/CFRD-Manual-5th%20Edition-05-2012.pdf
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long-standing CFRD and hypoglycemia unawareness with
frequent hypoglycemia are not unexpected in CF.

Other causes of hypoglycemia might also be considered.
With fundoplication-related late dumping syndrome, hypogly-
cemia arises from exaggerated insulin secretion after a bolus
feed. Early hyperglycemia is a common finding, and, thus the
insulin and glycemic pattern can resemble that of a subject with
CF. Excessive secretion of GLP-1 has been implicated in the
excessive insulin secretion [94].

Fasting hypoglycemia can also occur in the setting of adrenal
insufficiency. This adrenal insufficiency might arise following
withdraw of a prolonged glucocorticoid use. Additionally,
adrenal crisis and hypoglycemia have been reported with
inhaled corticosteroid use [95–97]. Suppression of the
hypothalamic–pituitary–adrenal axis may be more common
with the combination of inhaled and nasal corticosteroids [98].
The combination of inhaled corticosteroids and fluconazole, a
CYP3A4 inhibitor, has been reported to cause Cushing
syndrome in a child with CF [99].

8. Psychosocial impact

The diagnosis of CFRD places additional treatment burden
upon an already cumbersome daily regimen for patients with CF.
Limited data is available on how individuals with CF cope with
the diagnosis of a second chronic illness, how CFRD affects
quality of life, or how the medical team can facilitate the
acceptance of the diagnosis and its intervention. As one might
imagine, initial reactions range from shock to relief [100]. Several
key messages from the interviews conducted by Collins and
Reynolds of adults diagnosed with CFRD are worth noting for
healthcare providers: the lack of awareness that diabetes develops
in CF was stressful for interviewees and better diabetes support
and education are desirable [100].

Given the attention now being paid to CFRD and recommen-
dations for annual screening, awareness of CFRD as a disease
entity is likely to have increased among patients with CF and their
families. Parent and family education events that include sessions
on CFRD may help improve this awareness. Availability of a
clinical team with expertise in CFRD, a CFRD-specific educa-
tional program, and educational materials (like those available
through the CFF) may also facilitate adapting to the diagnosis of
CFRD. Misconceptions that the diagnosis of CFRD translates into
caloric restriction are also common. Assuring patients that the
diabetes team does not seek to restrict calories is a key; calories
may need to be more evenly distributed through the day and
sugared-soda and pure sugar candies avoided or consumed in the
context of complex carbohydrate, protein and fat intake.Moreover,
the management of diabetes (as with T1DM) needs to be placed
into the context of one's daily life. A flexible approach to CFRD is
desirable; conforming one's daily activities around insulin dosing
is less than ideal.

9. Future perspectives

The mechanisms underlying insulin secretion defects and
the relationships of hyperglycemia and insulin deficiency to CF
status are the subject of intense investigation as are diabetes
screening and the role of earlier treatment in β-cell preserva-
tion, nutritional status, and pulmonary function.

CFRD and impaired glucose tolerance are defined by the
two-hour plasma glucose during the OGTT. The standard 75 g
OGTT is performed in the fasting state and requires blood draws at
0 and 120 min, although many centers also obtain a glucose level
at 1 h. Adherence to recommendations to obtain an OGTT yearly
starting at 10 years has not been an idea— raising concerns that
the fasting requirement and time commitment are prohibitive for
some patients. An alternate test, such as the 50 g glucose
challenge test (GCT) may be more acceptable for some patients.
This test 1) has been used to screen for gestational diabetes and
more recently has been found to be useful in identifying
pre-diabetes and T2DM [101], 2) does not require fasting, and
3) relies on a single blood draw at 1 h. Such a test might be used
to identify the subset of individuals at greater risk of CFRD and
IGT and in whom the standard OGTT should be performed. A
multi-center study funded by the CF Foundation to address this
question is now being conducted (PI: Phillips at Emory).
Additional questions regarding screening include feasibility
of identifying a subset of subjects in whom performing OGTT
at less frequent intervals might be safe and appropriate.

The role of the earlier treatment of insulin deficiency and
glucose intolerance in CF is receiving increasing attentionwith the
main outcomes of interest, pulmonary function and BMI. A
one-year study of short acting-insulin at meals found no benefit to
BMI or pulmonary function in adults with CF and impaired
glucose tolerance [52], but was likely underpowered. In a
subsequent study that pre-selected a less healthy CF population,
glargine insulin at a dose of 0.15 units/kg/day did not impact
CF-relevant outcomes, but this dose of insulin has been
considered too low to provide anabolic benefit [102]. Hameed's
uncontrolled study of detemir insulin, 0.1 units/kg/day, however,
did identify improvements in nutritional status and pulmonary
function in children with pre-diabetes [53]. A follow-up
randomized trial of once daily detemir in children and adolescents
by this same group is ongoing (PI: Verge, Clinical Trials.gov
NCT01100892). Additional studies will hopefully better define
the role of earlier treatment. Such trials include an ongoing study
of sitagliptin, a medication that inhibits catabolism of incretins,
that is being trialed in CF-IGT (PI: Stecenko; ClinicalTrials.gov
NCT00967798). This treatment modality is particularly attractive
since incretin based therapy restores first phase insulin secretion in
T2DM [103] and increases β-cell number in animal models
[104–106]. Until the results of these or other definitive studies are
available, the routine use of insulin or other diabetes therapy for
the preservation of lung function, nutritional status, and β-cell
function in individuals with CF and early glucose abnormalities
cannot be recommended. However, in patients with deteriorating
pulmonary status who do not meet the current criteria for CFRD
but in whom glucose ≥ 200 mg/dL (11.1 mmol/L) has been
observed either post-prandially or during CGM, consideration
may be given to insulin therapy. This consideration should include
a frank discussion with the patient/family regarding the limited
and conflicting data that are available, additional burden, and risk
for hypoglycemia. The choice of insulin therapy, once-daily
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long-acting vs. multiple rapid-acting insulin injections with meals,
will require input from the patient and CF teammembers. The dose
of insulin required to secure an anabolic state without inducing
hypoglycemia is not known. The Diabetes Prevention Trial, a
study that aimed to prevent T1DM development in high-risk
individuals, used ultralente 0.125 units/kg BID (total daily dose
0.25 units/kg/day) without causing severe hypoglycemia [107];
weight gain over the course of the study was not described.

An extension of this question is how one defines early glucose
abnormalities in CF. A one hour plasma glucose N 200 mg/dL
(11.1 mmol/L) during the OGTT is defined as abnormal. Values
in the 140–200 mg/dL (7.8–11.1 mmol/L) range may not be
“normal,” but the clinical relevance of these values has yet to be
established. The one-hour plasma glucose has been associated
with lower FEV1%-predicted after adjustment for BMI, but the
relationship of the one-hour plasma glucose value to longitudinal
outcomes has not been established [108]. Hameed et al. identified
a correlation between the peak OGTT in non-CFRD children and
decline in pulmonary function in the previous year [51], but this
study did not adjust for potentially important covariates such as
age, baseline BMI, baseline FEV1%-predicted and the extent to
which this greater decline reflects higher plasma glucose vs
increasing age is not clear. In the otherwise healthy population, a
one hour plasma glucose N 150–155 mg/dL (N8.3–8.6 mmol/
L) during the OGTT is associated with increased likelihood of
progression and evidence of carotid atherosclerosis compared to
individuals with NGT and one hour plasma glucose less than this
threshold [70,109,110] — suggesting even those lower glucose
concentrations may be relevant.

The mechanisms underlying CFRD are also being further
explored. A direct role of the CF transmembrane conductance
regulator (CFTR, the site of the CF chloride channel defect) in the
development of CFRD has been posited. CFTR is expressed in
rat and pancreatic α- and β-cells [111,112], although it is much
more highly expressed in α-cells [112]. Unlike the CF knock-out
mouse, the ferret CF model displays early glucose and insulin
secretory abnormalities [113]. The finding of dysregulated
insulin secretion in the newborn ferret suggests a primary defect
in insulin secretion is operative that goes beyond the collateral
damage model. These and other animal models will serve as tools
for understanding the pathophysiology of CFRD.
10. Conclusions

As the CF population ages and maintains good health, the
prevalence of CFRD is expected to increase and complications
such as micro and macrovascular disease may become more
evident. Understanding the impact of hyperglycemia and
insulin deficiency on these outcomes the impact of interrupting
progression diabetes on CF nutritional status, lung function
and survival are goals for the near future.
References
[1] Ize-Ludlow D, Sperling MA. The classification of diabetes mellitus: a

conceptual framework. Pediatr Clin North Am 2005;52:1533–52.
[2] Caumo A, Luzi L. First-phase insulin secretion: does it exist in real life?
Considerations on shape and function. Am J Physiol Endocrinol Metab
2004;287:E371–85.

[3] Nauck M, Stockmann F, Ebert R, Creutzfeldt W. Reduced incretin effect
in type 2 (non-insulin-dependent) diabetes. Diabetologia 1986;29:46–52.

[4] Beglinger S, Drewe J, Schirra J, Goke B, D'Amato M, Beglinger C. Role
of fat hydrolysis in regulating glucagon-like Peptide-1 secretion. J Clin
Endocrinol Metab 2010;95:879–86.

[5] Diagnosis and classification of diabetes mellitus. Diabetes Care
2012;35(Suppl. 1):S64–71.

[6] Collins FS, Guyer MS, Charkravarti A. Variations on a theme: cataloging
human DNA sequence variation. Science 1997;278:1580–1.

[7] Schafer SA, Machicao F, Fritsche A, Haring HU, Kantartzis K. New type
2 diabetes risk genes provide new insights in insulin secretion
mechanisms. Diabetes Res Clin Pract 2011;93(Suppl. 1):S9–S24.

[8] Vilsboll T, Krarup T, Deacon CF, Madsbad S, Holst JJ. Reduced
postprandial concentrations of intact biologically active glucagon-like
peptide 1 in type 2 diabetic patients. Diabetes 2001;50:609–13.

[9] Kjems LL, Holst JJ, Volund A, Madsbad S. The influence of GLP-1 on
glucose-stimulated insulin secretion: effects on beta-cell sensitivity in
type 2 and nondiabetic subjects. Diabetes 2003;52:380–6.

[10] Nauck MA, Heimesaat MM, Orskov C, Holst JJ, Ebert R, Creutzfeldt W.
Preserved incretin activity of glucagon-like peptide 1 [7-36 amide] but
not of synthetic human gastric inhibitory polypeptide in patients with
type-2 diabetes mellitus. J Clin Invest 1993;91:301–7.

[11] Rachman J, Barrow BA, Levy JC, Turner RC. Near-normalisation of
diurnal glucose concentrations by continuous administration of
glucagon-like peptide-1 (GLP-1) in subjects with NIDDM. Diabetologia
1997;40:205–11.

[12] Nauck MA, Kleine N, Orskov C, Holst JJ, Willms B, Creutzfeldt W.
Normalization of fasting hyperglycaemia by exogenous glucagon-like
peptide 1 (7-36 amide) in type 2 (non-insulin-dependent) diabetic
patients. Diabetologia 1993;36:741–4.

[13] Diagnosis and classification of diabetes mellitus. Diabetes Care
2009;32(Suppl. 1):S62–7.

[14] Lanng S, Thorsteinsson B, Roder ME, Orskov C, Holst JJ, Nerup J, et al.
Pancreas and gut hormone responses to oral glucose and intravenous
glucagon in cystic fibrosis patients with normal, impaired, and diabetic
glucose tolerance. Acta Endocrinol (Copenh) 1993;128:207–14.

[15] Mohan V, Alagappan V, Snehalatha C, Ramachandran A,
Thiruvengadam KV, Viswanathan M. Insulin and C-peptide responses
to glucose load in cystic fibrosis. Diabete Metab 1985;11:376–9.

[16] Moran A, Diem P, Klein DJ, Levitt MD, Robertson RP. Pancreatic
endocrine function in cystic fibrosis. J Pediatr 1991;118:715–23.

[17] Yung B, Noormohamed FH, Kemp M, Hooper J, Lant AF, Hodson ME.
Cystic fibrosis-related diabetes: the role of peripheral insulin resistance
and beta-cell dysfunction. Diabet Med 2002;19:221–6.

[18] Gottlieb PA, Yu L, Babu S, Wenzlau J, Bellin M, Frohnert BI, et al. No
relation between cystic fibrosis-related diabetes and type 1 diabetes
autoimmunity. Diabetes Care 2012;35:e57.

[19] Iannucci A, Mukai K, Johnson D, Burke B. Endocrine pancreas in cystic
fibrosis: an immunohistochemical study. Hum Pathol 1984;15:278–84.

[20] Abdul-Karim FW, Dahms BB, Velasco ME, Rodman HM. Islets of
Langerhans in adolescents and adults with cystic fibrosis. A quantitative
study. Arch Pathol Lab Med 1986;110:602–6.

[21] Soejima K, Landing BH. Pancreatic islets in older patients with cystic
fibrosis with and without diabetes mellitus: morphometric and
immunocytologic studies. Pediatr Pathol 1986;6:25–46.

[22] Stalvey MS, Muller C, Schatz DA, Wasserfall CH, Campbell-Thompson
ML, Theriaque DW, et al. Cystic fibrosis transmembrane conductance
regulator deficiency exacerbates islet cell dysfunction after beta-cell
injury. Diabetes 2006;55:1939–45.

[23] Solomon MP, Wilson DC, Corey M, Kalnins D, Zielenski J, Tsui LC,
et al. Glucose intolerance in children with cystic fibrosis. J Pediatr
2003;142:128–32.

[24] Couce M, O'Brien TD, Moran A, Roche PC, Butler PC. Diabetes
mellitus in cystic fibrosis is characterized by islet amyloidosis. J Clin
Endocrinol Metab 1996;81:1267–72.



329A. Kelly, A. Moran / Journal of Cystic Fibrosis 12 (2013) 318–331
[25] Lorenzo A, Razzaboni B, Weir GC, Yankner BA. Pancreatic islet cell
toxicity of amylin associated with type-2 diabetes mellitus. Nature
1994;368:756–60.

[26] Huang CJ, Haataja L, Gurlo T, Butler AE, Wu X, Soeller WC, et al.
Induction of endoplasmic reticulum stress-induced beta-cell apoptosis
and accumulation of polyubiquitinated proteins by human islet amyloid
polypeptide. Am J Physiol Endocrinol Metab 2007;293:E1656–62.

[27] Huang CJ, Lin CY, Haataja L, Gurlo T, Butler AE, Rizza RA, et al. High
expression rates of human islet amyloid polypeptide induce endoplasmic
reticulum stress mediated beta-cell apoptosis, a characteristic of humans
with type 2 but not type 1 diabetes. Diabetes 2007;56:2016–27.

[28] Lanng S, Thorsteinsson B, Pociot F, Marshall MO, Madsen HO,
Schwartz M, et al. Diabetes mellitus in cystic fibrosis: genetic and
immunological markers. Acta Paediatr 1993;82:150–4.

[29] Blackman S. A susceptibility gene for type 2 diabetes is a genetic
modifier of diabetes complicating cystic fibrosis. Unpublished data,
discussed at Pedatric Academic Society Meeting, Baltimore, MD, May
2009. 2009.

[30] Ross SA, Morrison D, McArthur RG. Hypersecretion of gastric
inhibitory polypeptide in nondiabetic children with cystic fibrosis.
Pediatrics 1981;67:252–4.

[31] Kuo P, Stevens JE, Russo A, Maddox A, Wishart JM, Jones KL, et al.
Gastric emptying, incretin hormone secretion, and postprandial glycemia
in cystic fibrosis–effects of pancreatic enzyme supplementation. J Clin
Endocrinol Metab 2011;96:E851–5.

[32] Anzeneder L, Kircher F, Feghelm N, Fischer R, Seissler J. Kinetics of
insulin secretion and glucose intolerance in adult patients with cystic
fibrosis. Horm Metab Res 2011;43:355–60.

[33] Moran A, Milla C, Ducret R, Nair KS. Protein metabolism in clinically
stable adult cystic fibrosis patients with abnormal glucose tolerance.
Diabetes 2001;50:1336–43.

[34] Lanng S, Hansen A, Thorsteinsson B, Nerup J, Koch C. Glucose
tolerance in patients with cystic fibrosis: five year prospective study.
BMJ 1995;311:655–9.

[35] Austin A, Kalhan SC, Orenstein D, Nixon P, Arslanian S. Roles of
insulin resistance and beta-cell dysfunction in the pathogenesis of
glucose intolerance in cystic fibrosis. J Clin Endocrinol Metab 1994;79:
80–5.

[36] Lanng S, Thorsteinsson B, Roder ME, Nerup J, Koch C. Insulin
sensitivity and insulin clearance in cystic fibrosis patients with normal
and diabetic glucose tolerance. Clin Endocrinol (Oxf) 1994;41:217–23.

[37] Moran A, Pyzdrowski KL, Weinreb J, Kahn BB, Smith SA, Adams KS,
et al. Insulin sensitivity in cystic fibrosis. Diabetes 1994;43:1020–6.

[38] Hardin DS, LeBlanc A, Para L, Seilheimer DK. Hepatic insulin
resistance and defects in substrate utilization in cystic fibrosis. Diabetes
1999;48:1082–7.

[39] O'Riordan SM, Robinson PD, Donaghue KC, Moran A. Management of
cystic fibrosis-related diabetes. Pediatr Diabetes 2008;9:338–44.

[40] Hanna R, Weiner D. Overweight and obesity in Cystic fibrosis patients.
(Abstract 534). North American Cystic Fibrosis Conference. Orlando,
FL: Pediatric Pulmonology; 2012. p. 419.

[41] European Cystic Fibrosis Society. Patient Registry. Annual Data Report
(2008-2009 data). Version 03.2012.

[42] Cystic Fibrosis in Australia 2011. 14th annual report from the Australian
Cystic Fibrosis Data Registry; 2012.

[43] Moran A, Hardin D, Rodman D, Allen HF, Beall RJ, Borowitz D, et al.
Diagnosis, screening and management of cystic fibrosis related diabetes
mellitus: a consensus conference report. Diabetes Res Clin Pract
1999;45:61–73.

[44] Finkelstein SM, Wielinski CL, Elliott GR, Warwick WJ, Barbosa J, Wu
SC, et al. Diabetes mellitus associated with cystic fibrosis. J Pediatr
1988;112:373–7.

[45] Marshall BC, Butler SM, Stoddard M, Moran AM, Liou TG, Morgan
WJ. Epidemiology of cystic fibrosis-related diabetes. J Pediatr 2005;146:
681–7.

[46] Milla CE, Warwick WJ, Moran A. Trends in pulmonary function in
patients with cystic fibrosis correlate with the degree of glucose
intolerance at baseline. Am J Respir Crit Care Med 2000;162:891–5.
[47] Lanng S, Thorsteinsson B, Nerup J, Koch C. Influence of the
development of diabetes mellitus on clinical status in patients with
cystic fibrosis. Eur J Pediatr 1992;151:684–7.

[48] Koch C, Rainisio M, Madessani U, Harms HK, Hodson ME, Mastella G,
et al. Presence of cystic fibrosis-related diabetes mellitus is tightly linked
to poor lung function in patients with cystic fibrosis: data from the
European Epidemiologic Registry of Cystic Fibrosis. Pediatr Pulmonol
2001;32:343–50.

[49] Rosenecker J, Hofler R, Steinkamp G, Eichler I, Smaczny C, Ballmann
M, et al. Diabetes mellitus in patients with cystic fibrosis: the impact of
diabetes mellitus on pulmonary function and clinical outcome. Eur J Med
Res 2001;6:345–50.

[50] Moran A, Dunitz J, Nathan B, Saeed A, Holme B, Thomas W. Cystic
fibrosis-related diabetes: current trends in prevalence, incidence, and
mortality. Diabetes Care 2009;32:1626–31.

[51] Hameed S, Morton JR, Jaffe A, Field PI, Belessis Y, Yoong T, et al.
Early glucose abnormalities in cystic fibrosis are preceded by poor
weight gain. Diabetes Care 2010;33:221–6.

[52] Moran A, Pekow P, Grover P, Zorn M, Slovis B, Pilewski J, et al. Insulin
therapy to improve BMI in cystic fibrosis-related diabetes without fasting
hyperglycemia: results of the cystic fibrosis related diabetes therapy trial.
Diabetes Care 2009;32:1783–8.

[53] Hameed S, Morton JR, Field PI, Belessis Y, Yoong T, Katz T, et al. Once
daily insulin detemir in cystic fibrosis with insulin deficiency. Arch Dis
Child 2012;97:464–7.

[54] Bizzarri C, Lucidi V, Ciampalini P, Bella S, Russo B, Cappa M. Clinical
effects of early treatment with insulin glargine in patients with cystic
fibrosis and impaired glucose tolerance. J Endocrinol Invest 2006;29:
RC1–4.

[55] Mozzillo E, Franzese A, Valerio G, Sepe A, De Simone I, Mazzarella G,
et al. One-year glargine treatment can improve the course of lung disease
in children and adolescents with cystic fibrosis and early glucose
derangements. Pediatr Diabetes 2009;10:162–7.

[56] Lanng S, Thorsteinsson B, Nerup J, Koch C. Diabetes mellitus in cystic
fibrosis: effect of insulin therapy on lung function and infections. Acta
Paediatr 1994;83:849–53.

[57] Nousia-Arvanitakis S, Galli-Tsinopoulou A, Karamouzis M. Insulin
improves clinical status of patients with cystic-fibrosis-related diabetes
mellitus. Acta Paediatr 2001;90:515–9.

[58] Dobson L, Hattersley AT, Tiley S, Elworthy S, Oades PJ, Sheldon CD.
Clinical improvement in cystic fibrosis with early insulin treatment. Arch
Dis Child 2002;87:430–1.

[59] Schwarzenberg SJ, Thomas W, Olsen TW, Grover T, Walk D, Milla C,
et al. Microvascular complications in cystic fibrosis-related diabetes.
Diabetes Care 2007;30:1056–61.

[60] Yahiaoui Y, Jablonski M, Hubert D, Mosnier-Pudar H, Noel LH, Stern
M, et al. Renal involvement in cystic fibrosis: diseases spectrum and
clinical relevance. Clin J Am Soc Nephrol 2009;4:921–8.

[61] Coderre L, Fadainia C, Belson L, Belisle V, Ziai S, Maillhot G, et al.
LDL-cholesterol and insulin are independently associated with body
mass index in adult cystic fibrosis patients. J Cyst Fibros 2012;11:
393–7.

[62] Kastner-Cole D, Palmer CN, Ogston SA, Mehta A, Mukhopadhyay S.
Overweight and obesity in deltaF508 homozygous cystic fibrosis. J
Pediatr 2005;147:402–4.

[63] Andersen HU, Lanng S, Pressler T, Laugesen CS, Mathiesen ER. Cystic
fibrosis-related diabetes: the presence of microvascular diabetes compli-
cations. Diabetes Care 2006;29:2660–3.

[64] Bradbury RA, Shirkhedkar D, Glanville AR, Campbell LV. Prior
diabetes mellitus is associated with increased morbidity in cystic fibrosis
patients undergoing bilateral lung transplantation: an ‘orphan’ area? A
retrospective case–control study. Intern Med J 2009;39:384–8.

[65] van Meerkerk G, van de Graaf EA, Kwakkel-van Erp JM, van Kessel
DA, Lammers JW, Biesma DH, et al. Diabetes before and after lung
transplantation in patients with cystic fibrosis and other lung diseases.
Diabet Med 2012.

[66] Moran A. Cystic fibrosis-related diabetes: an approach to diagnosis and
management. Pediatr Diabetes 2000;1:41–8.



330 A. Kelly, A. Moran / Journal of Cystic Fibrosis 12 (2013) 318–331
[67] Moran A, Brunzell C, Cohen RC, Katz M, Marshall BC, Onady G, et al.
Clinical care guidelines for cystic fibrosis-related diabetes: a position
statement of the American Diabetes Association and a clinical practice
guideline of the Cystic Fibrosis Foundation, endorsed by the Pediatric
Endocrine Society. Diabetes Care 2010;33:2697–708.

[68] O'Riordan SM, Robinson PD, Donaghue KC, Moran A. Management of
cystic fibrosis-related diabetes in children and adolescents. Pediatr
Diabetes 2009;10(Suppl. 12):43–50.

[69] Lombardo F, De Luca F, Rosano M, Sferlazzas C, Lucanto C, Arrigo T,
et al. Natural history of glucose tolerance, beta-cell function and
peripheral insulin sensitivity in cystic fibrosis patients with fasting
euglycemia. Eur J Endocrinol 2003;149:53–9.

[70] Succurro E, Marini MA, Arturi F, Grembiale A, Lugara M, Andreozzi F,
et al. Elevated one-hour post-load plasma glucose levels identifies
subjects with normal glucose tolerance but early carotid atherosclerosis.
Atherosclerosis 2009;207:245–9.

[71] Frohnert BI, Ode KL, Moran A, Nathan BM, Laguna T, Holme B, et al.
Impaired fasting glucose in cystic fibrosis. Diabetes Care 2010;33:
2660–4.

[72] Godbout A, Hammana I, Potvin S, Mainville D, Rakel A, Berthiaume Y,
et al. No relationship between mean plasma glucose and glycated
haemoglobin in patients with cystic fibrosis-related diabetes. Diabetes
Metab 2008;34:568–73.

[73] Dobson L, Sheldon CD, Hattersley AT. Conventional measures
underestimate glycaemia in cystic fibrosis patients. Diabet Med
2004;21:691–6.

[74] O'Riordan SM, Hindmarsh P, Hill NR, Matthews DR, George S, Greally
P, et al. Validation of continuous glucose monitoring in children and
adolescents with cystic fibrosis: a prospective cohort study. Diabetes
Care 2009;32:1020–2.

[75] Dyce P, Daniels J, Dunne J, Govin B, Malone V, Nazareth D, et al.
Continuous glucose monitoring for cystic fibrosis: sweet success or bitter
disappointment. (Abstract 436). North American Cystic Fibrosis
Conference. Orlando, FL: Pediatric Pulmonology; 2012. p. 420.

[76] Rana M, Munns CF, Selvadurai HC, Simonds S, Cooper PJ, Woodhead
HJ, et al. Increased detection of cystic-fibrosis-related diabetes in
Australia. Arch Dis Child 2011;96:823–6.

[77] Mozzillo E, Raia V, Fattorusso V, Falco M, Sepe A, De Gregorio F, et al.
Glucose derangements in very young children with cystic fibrosis and
pancreatic insufficiency. Diabetes Care 2012;35:e78.

[78] Ode KL, Frohnert B, Laguna T, Phillips J, Holme B, RegelmannW, et al.
Oral glucose tolerance testing in children with cystic fibrosis. Pediatr
Diabetes 2010;11:487–92.

[79] Gunnarsson R, Lundgren G, Magnusson G, Ost L, Groth CG. Steroid
diabetes–a sign of overtreatment with steroids in the renal graft
recipient? Scand J Urol Nephrol Suppl 1980;54:135–8.

[80] Hathout E, Alonso E, Anand R, Martz K, Imseis E, Johnston J, et al.
Post-transplant diabetes mellitus in pediatric liver transplantation. Pediatr
Transplant 2009;13:599–605.

[81] Heisel O, Heisel R, Balshaw R, Keown P. New onset diabetes mellitus in
patients receiving calcineurin inhibitors: a systematic review and
meta-analysis. Am J Transplant 2004;4:583–95.

[82] Ye X, Kuo HT, Sampaio MS, Jiang Y, Bunnapradist S. Risk factors for
development of new-onset diabetes mellitus after transplant in adult lung
transplant recipients. Clin Transplant 2011;25:885–91.

[83] Grover P, Thomas W, Moran A. Glargine versus NPH insulin in cystic
fibrosis related diabetes. J Cyst Fibros 2008;7:134–6.

[84] Mudaliar SR, Lindberg FA, Joyce M, Beerdsen P, Strange P, Lin A,
et al. Insulin aspart (B28 asp-insulin): a fast-acting analog of human
insulin: absorption kinetics and action profile compared with regular
human insulin in healthy nondiabetic subjects. Diabetes Care 1999;22:
1501–6.

[85] Sulli N, Shashaj B. Continuous subcutaneous insulin infusion in children
and adolescents with diabetes mellitus: decreased HbA1c with low risk
of hypoglycemia. J Pediatr Endocrinol Metab 2003;16:393–9.

[86] Sulli N, Bertasi S, Zullo S, Shashaj B. Use of continuous subcutaneous
insulin infusion in patients with cystic fibrosis related diabetes: three case
reports. J Cyst Fibros 2007;6:237–40.
[87] Onady GM, Stolfi A. Insulin and oral agents for managing cystic
fibrosis-related diabetes. Cochrane Database Syst Rev 2005:CD004730.

[88] Standardization of spirometry–1987 update. Statement of the American
Thoracic Society. Am Rev Respir Dis 1987;136:1285–98.

[89] Battezzati A, Battezzati PM, Costantini D, Seia M, Zazzeron L, Russo
MC, et al. Spontaneous hypoglycemia in patients with cystic fibrosis. Eur
J Endocrinol 2007;156:369–76.

[90] Radike K, Molz K, Holl RW, Poeter B, Hebestreit H, Ballmann M.
Prognostic relevance of hypoglycemia following an oral glucose
challenge for cystic fibrosis-related diabetes. Diabetes Care 2011;34:e43.

[91] Stanley CA, Baker L. The causes of neonatal hypoglycemia. N Engl J
Med 1999;340:1200–1.

[92] Service FJ. Hypoglycemic disorders. N Engl J Med 1995;332:1144–52.
[93] Lev-Ran A. Nadirs of oral glucose tolerance tests are independent of age

and sex. Diabetes Care 1983;6:405–8.
[94] Palladino AA, Sayed S, Levitt Katz LE, Gallagher PR, De Leon DD.

Increased glucagon-like peptide-1 secretion and postprandial hypogly-
cemia in children after Nissen fundoplication. J Clin Endocrinol Metab
2009;94:39–44.

[95] Christensson C, Thoren A, Lindberg B. Safety of inhaled budesonide:
clinical manifestations of systemic corticosteroid-related adverse effects.
Drug Saf 2008;31:965–88.

[96] Kennedy MJ, Carpenter JM, Lozano RA, Castile RG. Impaired recovery
of hypothalamic-pituitary-adrenal axis function and hypoglycemic
seizures after high-dose inhaled corticosteroid therapy in a toddler. Ann
Allergy Asthma Immunol 2002;88:523–6.

[97] Todd GR, Acerini CL, Buck JJ, Murphy NP, Ross-Russell R, Warner JT,
et al. Acute adrenal crisis in asthmatics treated with high-dose fluticasone
propionate. Eur Respir J 2002;19:1207–9.

[98] Zollner EW, Lombard C, Galal U, Hough S, Irusen E, Weinberg E.
Hypothalamic-pituitary-adrenal axis suppression in asthmatic children on
inhaled and nasal corticosteroids–more common than expected? J Pediatr
Endocrinol Metab 2011;24:529–34.

[99] Hoover WC, Britton LJ, Gardner J, Jackson T, Gutierrez H. Rapid onset
of iatrogenic adrenal insufficiency in a patient with cystic fibrosis-related
liver disease treated with inhaled corticosteroids and a moderate
CYP3A4 inhibitor. Ann Pharmacother 2011;45:e38.

[100] Collins S, Reynolds F. How do adults with cystic fibrosis cope following
a diagnosis of diabetes? J Adv Nurs 2008;64:478–87.

[101] Phillips LS, Ziemer DC, Kolm P, Weintraub WS, Vaccarino V, Rhee
MK, et al. Glucose challenge test screening for prediabetes and
undiagnosed diabetes. Diabetologia 2009;52:1798–807.

[102] Minicucci L, Haupt M, Casciaro R, De Alessandri A, Bagnasco F, Lucidi
V, et al. Slow-release insulin in cystic fibrosis patients with glucose
intolerance: a randomized clinical trial. Pediatr Diabetes 2012;13:
197–202.

[103] Vilsboll T, Brock B, Perrild H, Levin K, Lervang HH, Kolendorf K, et al.
Liraglutide, a once-daily human GLP-1 analogue, improves pancreatic
B-cell function and arginine-stimulated insulin secretion during
hyperglycaemia in patients with Type 2 diabetes mellitus. Diabet Med
2008;25:152–6.

[104] Takeda Y, Fujita Y, Honjo J, Yanagimachi T, Sakagami H, Takiyama Y,
et al. Reduction of both beta cell death and alpha cell proliferation by
dipeptidyl peptidase-4 inhibition in a streptozotocin-induced model of
diabetes in mice. Diabetologia 2012;55:404–12.

[105] Pospisilik JA, Ehses JA, Doty T, McIntosh CH, Demuth HU, Pederson
RA. Dipeptidyl peptidase IV inhibition in animal models of diabetes.
Adv Exp Med Biol 2003;524:281–91.

[106] Mu J, Woods J, Zhou YP, Roy RS, Li Z, Zycband E, et al. Chronic
inhibition of dipeptidyl peptidase-4 with a sitagliptin analog preserves
pancreatic beta-cell mass and function in a rodent model of type 2
diabetes. Diabetes 2006;55:1695–704.

[107] Effects of insulin in relatives of patients with type 1 diabetes mellitus. N
Engl J Med 2002;346:1685–91.

[108] Brodsky J, Dougherty S, Makani R, Rubenstein RC, Kelly A. Elevation
of 1-hour plasma glucose during oral glucose tolerance testing is
associated with worse pulmonary function in cystic fibrosis. Diabetes
Care 2011;34:292–5.



331A. Kelly, A. Moran / Journal of Cystic Fibrosis 12 (2013) 318–331
[109] Kanat M, Mari A, Norton L, Winnier D, DeFronzo RA, Jenkinson C,
et al. Distinct beta-cell defects in impaired fasting glucose and impaired
glucose tolerance. Diabetes 2012;61:447–53.

[110] Abdul-Ghani MA, Abdul-Ghani T, Stern MP, Karavic J, Tuomi T, Bo I,
et al. Two-step approach for the prediction of future type 2 diabetes risk.
Diabetes Care 2011;34:2108–12.

[111] Edlund A, Huhn M, Flodstrom-Tullberg M, Eliasson L. Active CFTR
channels are important for insulin and glucagon secretion. Acta Physiol
2010(Suppl. 677):O13.
[112] Boom A, Lybaert P, Pollet JF, Jacobs P, Jijakli H, Golstein PE, et al.
Expression and localization of cystic fibrosis transmembrane conduc-
tance regulator in the rat endocrine pancreas. Endocrine 2007;32:
197–205.

[113] Olivier AK, Yi Y, Sun X, Sui H, Liang B, Hu S, et al. Abnormal
endocrine pancreas function at birth in cystic fibrosis ferrets. J Clin
Invest 2012;122:3755–68.


	Update on cystic fibrosis-related diabetes
	1. Introduction
	1.1. Insulin physiology
	1.2. Diabetes classification/clinical features

	2. Cystic fibrosis related diabetes (CFRD)
	2.1. Insulin deficiency vs. insulin resistance

	3. Implications and complications
	3.1. Morbidity/mortality
	3.2. Nutritional status
	3.3. Pulmonary function
	3.4. Microvascular complications
	3.5. Graft survival

	4. CFRD screening & diagnosis
	4.1. Oral glucose tolerance testing (OGTT)
	4.2. Random glucose monitoring
	4.3. Hemoglobin A1c
	4.4. Continuous glucose monitoring

	5. Prevalence/incidence
	6. Treatment
	7. Hypoglycemia
	8. Psychosocial impact
	9. Future perspectives
	10. Conclusions
	References


