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Abstract

Rationale: In cystic fibrosis, abnormal glucose tolerance is
associated with decreased lung function and worsened outcomes.
Translational evidence indicates that abnormal glucose tolerance
may begin in early life.

Objectives: To determine whether very young children with cystic
fibrosis have increased abnormal glucose tolerance prevalence
compared with control subjects. The secondary objective was to
compare area under the curve for glucose and insulin in childrenwith
cystic fibrosis with control subjects.

Methods: This is a prospective multicenter study in children ages
3 months to 5 years with and without cystic fibrosis.

Measurements and Main Results: Oral glucose tolerance testing
with glucose, insulin, and C-peptide was sampled at 0, 10, 30, 60, 90,
and 120 minutes. Twenty-three children with cystic fibrosis and

nine control subjects had complete data. All control subjects had
normal glucose tolerance. Nine of 23 subjects with cystic fibrosis had
abnormal glucose tolerance (39%; P = 0.03). Of those, two met
criteria for cystic fibrosis–related diabetes, two indeterminate
glycemia, and six impaired glucose tolerance. Children with cystic
fibrosis failed to exhibit the normal increase in area under the curve
insulin with age observed in control subjects (P, 0.01), despite
increased area under the curve glucose (P = 0.02).

Conclusions: Abnormal glucose tolerance is notably prevalent
among young children with cystic fibrosis. Children with cystic
fibrosis lack the normal increase in insulin secretion that occurs
in early childhood despite increased glucose. These findings
demonstrate that glycemic abnormalities begin very early in cystic
fibrosis, possibly because of insufficient insulin secretion.
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Cystic fibrosis (CF) is a severe, autosomal-
recessive disease of high prevalence caused
by mutations of the cystic fibrosis
transmembrane conductance regulator
(CFTR) gene. CF-related diabetes (CFRD)

is an important and prevalent comorbidity
of CF. In some pediatric diabetes practices,
CFRD now represents the second largest
group of patients after children with type 1
diabetes mellitus (1).

CFRD is a distinct form of diabetes with
unique pathophysiology and clinical
characteristics differing from type 1 and
type 2 diabetes mellitus. Importantly, CFRD
increases risk of pulmonary death in CF (2).
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Even mild hyperglycemia is detrimental
and clinical decline begins before overt
diabetes, during the time when only
abnormal glucose tolerance (AGT) is
present (3, 4).

In youth 10–20 years of age with CF,
AGT is associated with decreased lung
function and worsened nutritional status
(4, 5). Even glucose elevation at only
intermediate time points during oral
glucose tolerance testing (OGTT) has a
strong negative association with pulmonary
function (6). Among children with CF,
available data indicate AGT is highly
prevalent (up to 40%) in those who are
6–10 years of age (7). Alarmingly, AGT in
6–10 year olds strongly predicts early onset
CFRD (7).

There is a paucity of data regarding the
prevalence of AGT among children with CF

younger than 6 years of age (8). However,
glucose tolerance has been studied in
animal models of CF at very young ages,
including CFTR null and deltaF508 pigs
and CFTR null ferrets. CFTR null ferrets
and pigs exhibit abnormal glycemia and
abnormal endocrine pancreas function as
early as the neonatal period (9, 10).
Importantly, this indicates glucose
abnormalities in humans may also begin
very early in infancy or early childhood.

In response to these findings, we
conducted this small prospective study to
interrogate oral glucose tolerance in
children with CF at 3 months to 5 years of
age. Our primary hypothesis was that
children with CF would exhibit an increased
risk of abnormal glucose intolerance as
compared with control children. Secondary
hypotheses were that glucose area under the
curve (AUC) would be higher and insulin
AUC would be lower in these young
children with CF as compared with control
subjects.

Some of the results of this study have
been previously reported in the form of an
abstract (11).

Methods

Children were prospectively recruited from
the CF centers at the University of Iowa and
the University of Minnesota. Control
subjects were recruited from friends and
family members of children with CF who
did not themselves have CF, e-mails, and
advertisements. The protocol was approved
by the institutional review boards of both
institutions. At least one parent provided
verbal and written consent for each child.
Inclusion criteria were greater than or equal
to 3 months of age and less than 6 years of
age. Exclusion criteria were preexisting
diagnosis of diabetes. subjects with CF were
excluded if they did not have a firm
diagnosis of CF defined as two known
disease-causing CFTR alleles and/or
diagnostic sweat chloride testing.

Length of fasting was weight-based.
Children less than or equal to 10 kg fasted
4 hours, those greater than 10 kg and less than
15 kg fasted 6 hours, and greater than or
equal to 15 kg fasted 8 hours. The child was
weighed and measured and medication and
illness history obtained. Body mass index
(BMI) and BMI z score or weight for length
and weight-for-length z score (if the child
was ,2 yr of age) were calculated. Both

BMI z score and weight-for-length z score
were calculated via web-based calculators
(Children’s Hospital of Philadelphia,
http://stokes.chop.edu/web/zscore/ and
Medscape, http://reference.medscape.
com/calculator/infant-weight-length-
percentile, respectively).

A peripheral intravenous (IV) catheter
was placed and baseline venous blood
sample was drawn. The child then drank
1.75 g/kg glucose of oral glucose solution
(Trutol 100; Thermo Fisher Scientific,
Middletown, VA). Additional samples were
obtained at 10, 30, 60, 90, and 120 minutes
after administration of the glucose solution.
The medical record was extracted to verify
the child’s medications, major medical
conditions, pancreatic sufficiency status,
gene mutations, and stool elastase.

Plasma glucose was measured using a
glucose analyzer (Analox Instruments,
Lunenburg MA). Plasma insulin and
C-peptide were measured using a Human
Metabolic Hormone Magnetic Bead Panel
(EMD Millipore Cooperation, Billerica,
MA).

Mixed effect modeling was used to
account for repeated measures on AUCs of
glucose, insulin, and C-peptide, using the
R package lme4. The Satterthwaite
approximation implemented in the R
package lmerTest was used to compute the
P values. For baseline continuous
descriptive variables mean and SD were
calculated and significance was tested using
Student’s t test for normally distributed
variables and Wilcoxon rank sum test for
variables with a nonnormal distribution.
Categorical variables were tested using
Fisher exact test. Significance level was set
at P less than 0.05. AUC was calculated by
the trapezoidal method for the values of
interest (glucose, insulin, and C-peptide).

Based on established clinical practice in
CFRD (12), three mutually exclusive
patterns of AGT were used. Impaired
glucose tolerance (IGT) was defined as a
fasting blood glucose less than 126 mg/dl
(7 mmol/L) and a 120-minute blood glucose
value greater than or equal to 140 mg/dl
(7.8 mmol/L), but less than 200 mg/dl
(11.1 mmol/L). Indeterminate glycemia
(INDET) was defined as a fasting blood
glucose less than 126 mg/dl (7 mmol/L) and a
120-minute blood glucose value of less than
140 mg/dl (7.8 mmol/L), but at least one
intermediate blood glucose value of greater
than or equal to 200 mg/dl (11.1 mmol/L).
CFRD was defined as fasting blood glucose

At a Glance Commentary

Scientific Knowledge on the
Subject: In those with cystic fibrosis
(CF), the presence of abnormal glucose
metabolism is associated with more
severe lung function decline and excess
morbidity and mortality. The historic
assumption that abnormal glucose
metabolism in CF does not start until
adolescence or later has been
challenged by recent findings that
abnormal glucose regulation is present
at birth in ferret and pig models of CF.
This study was designed to determine
whether infants and very young
children with CF exhibit abnormal
glucose tolerance.

What This Study Adds to the
Field: This study is a prospective,
controlled assessment of abnormal
glucose tolerance in children with CF
3 months to 6 years of age. Abnormal
glucose metabolism was present in 39%
of the children with CF studied. Even
though glucose levels increased with
age in children with CF, insulin
secretion did not increase with age in
children with CF in the normal manner
seen in control subjects. These results
indicate that the pathophysiology of
CF-related diabetes begins at a very
young age in humans with CF and is
potentially linked to age-related
differences in insulin secretion.
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greater than or equal to 126 mg/dl
(7 mmol/L) and/or a 120-minute blood
glucose value greater than or equal to
200 mg/dl (11.1 mmol/L). For the purposes of
this study, AGT was defined as the presence
of IGT, INDET, or CFRD. Normal glucose
tolerance (NGT) was defined as the absence
of AGT.

Results

Population
Twenty-seven subjects with CF attended at
least one study visit. One CF subject had no
samples available because of IV failure.
Three additional subjects with CF lacked
samples from intermediate time points.
Therefore, 23 unique subjects with CF had
full data available. Ten were from the
University of Minnesota and 13 from the
University of Iowa. Eleven control children
attended at least one study visit. Two had no
samples available because of IV failure and
nine had full data available. Nine of the
subjects with CF and one control subject
attended multiple study visits. Two subjects
with CF had five visits, one had three visits,
and six had two visits; however, two of those
had incomplete data at one visit. The one
control subject seen multiple times attended
four visits. Altogether there were a total of
55 visits, 49 with complete data.

Baseline subject characteristics are
presented in Table 1. The mean BMI of the

subjects with CF was lower than the
control subjects (15.96 0.79 vs. 17.56 2.0;
P = 0.04), as was the mean weight z score
(20.476 0.83 vs. 0.386 1.00; P = 0.02). No
other measures differed significantly
between the groups (Table 1). The
difference in percentage of African
American subjects (29% vs. 0%) represents
the typical ethnic distribution of CF. All but
one child with CF had a clinical diagnosis
of pancreatic insufficiency (see Table E1 in
the online supplement). Fecal elastase
values were unavailable for eight subjects.
One subject who was clinically classified as
pancreatic insufficient had a fecal elastase
value of 222 mg/g at 1 month of age.
However, at the time of study he was
treated with pancreatic enzymes and
known to have steatorrhea when untreated.
One subject had history of duodenal atresia
post surgical repair, and one subject had
history of meconium ileus (see Table E1).
CFTR genotype of each subject is reported
in Table E1. All were clinically classified as
disease-causing mutations.

Primary Outcome: AGT
At their first visit, 9 of the 23 subjects with
CF with full data available met criteria for
AGT (P = 0.03 compared with control
subject). One had INDET, six had IGT, and
two met criteria for CFRD. None of the
control subjects had AGT. The rate of AGT
was not different by center (University of
Iowa vs. University of Minnesota; P = 0.11).

In subjects who had multiple visits, three
additional subjects with CF subsequently
developed IGT (P = 0.01 for having
exhibited AGT at any visit CF compared
with control subject).

Comparing the subjects with CF with
AGT at any point with subjects with CF who
remained NGT, there was no significant
relationship between the presence of AGT
and sex, BMI, BMI z score, weight for
length, weight-for-length z score, CFTR
mutation class, or AUC insulin (all P>
0.2). As expected, AUC glucose did
trend higher in subjects with CF with AGT
(P = 0.06). CFTR genotype and fecal
elastase values for each subject are
presented in association with their glucose
tolerance category in Table E1.

Apparent Association between AGT
and Age in CF
The prevalence of AGT demonstrated a
unimodal relationship with age. When
subjects with CF were divided into roughly
equal age quintiles, AGT occurred in all age
quintiles. There was an increase in the
frequency of AGT with age until the second
oldest quintile, followed by a marked decline
among the oldest quintile (Figure 1B). This
trend in AGT frequency was mirrored by a
similar unimodal trend in glucose AUC
among subjects with CF peaking at
3.4 years of age, whereas this pattern was
not observed in control children (Figure 1A).

Secondary Outcome: Glucose,
Insulin, and C-Peptide AUC
AUC glucose was higher in subjects with CF
than control subjects (16,5676 1,059 vs.
14,6966 1,523; P = 0.02) and increased
with age in subjects with CF but not in
control subjects (P = 0.002). In subjects
with CF AUC glucose was higher in
3-to-5-year-old children compared with
younger children (P = 0.006), but this
difference was not seen in control subjects
(P = 0.39) (Figure 1D).

AUC insulin and C-peptide increased
strikingly in 3-to-5-year-old control
children compared with younger control
children (P = 0.002 and P = 0.02,
respectively) (Figures 1E and 1F), but
exhibited only small albeit statistically
significant increases in 3-to-5-year-old
children with CF compared with younger
children with CF (insulin, P = 0.008;
C-peptide, P = 0.004) (Figures 1C, 1E, and
1F). Similarly, when AUC insulin was
analyzed as a continuous variable, insulin

Table 1. Baseline Characteristics at First Visit

CF Control Total P Value*

Total, n 27 11 38
Female, n (%) 12 (44) 3 (27) 15 (39) 0.47
African American, n (%) 0 (0) 2 (18) 2 (5) 0.08
Hispanic, n (%) 1 (4) 0 (0) 1 (3) 1.0
Age, yr, mean6 SD 2.646 1.77 2.766 1.78 2.676 1.75 0.82
Height, cm, mean6 SD 886 17 906 17 896 17 0.53
Height z score 20.216 0.93 0.0656 1.01 20.176 0.94 1.00
Weight, kg, mean6 SD 12.86 4.67 14.36 5.3 13.26 4.8 0.48
Weight z score 20.476 0.83 0.386 1.00 20.276 1.02 0.02
Weight for length, kg/cm,
mean6 SD

40.176 22.44 69.666 23.72 48.436 26.07 0.02

Weight-for-length
z score†

20.206 0.94 0.516 0.77 0.0196 0.94 0.05

BMI, kg/m2, mean6 SD 15.96 0.79 17.56 2.0 16.266 1.61 0.04
BMI z score, mean6 SD‡ 0.026 0.92 0.356 1.35 0.16 1.03 0.81

Definition of abbreviations: BMI = body mass index; CF = cystic fibrosis.
*P values given are for CF versus control.
†Weight-for-length z score could not be calculated for heights .109 cm.
‡BMI z score is only calculated for subjects 2 years of age or older because it cannot be calculated for
younger children.
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Figure 1. Percent of population with cystic fibrosis (CF) with abnormal glucose tolerance (AGT). (A) Area under the curve (AUC) glucose values for CF and control
subjects plotted against age at the time of measurement. All control subjects had normal glucose tolerance (NGT). Subjects with CF with AGT are marked by
a diamond. The two subjects with CF with two repeat AGT measures are marked by * and †. The dotted curved line shows the local regression curve
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age ranges. Red circles in D–F indicate those subjects classified as AGT. Significant differences by Mann Whitney U test are shown with brackets for comparisons
between age groups within a single-subject classification and between-subject classifications of a single age group (*P, 0.05; **P, 0.01; ***P, 0.001).

ORIGINAL ARTICLE

Yi, Norris, Wang, et al.: Glucose Tolerance in Young Children with CF 977



increased with age to a greater extent in
control children compared with children
with CF (P = 0.03 for interaction). Similarly,
C-peptide also increased with age to a
greater extent in control subjects compared
with children with CF (P = 0.04). Neither
AUC glucose, insulin, nor C-peptide
correlated with sex or race in a statistically
significant manner (all P. 0.2). CFTR
mutation class (I-V) was associated with
AUC insulin only (P = 0.04). However,
when separated into subjects with at least
one class IV-V mutation versus subjects
with all mutations of class I-III, there was
no significant difference in AUC insulin
(P = 0.07).

Subjects with Change in NGT/AGT
Status
Waxing and waning of OGTT categories is
well documented in older children and
adults with CF. Of the eight subjects with CF
who had multiple visits, six had a change in
their glucose tolerance status during the
study (Figure 2). Of these, three were
NGT at their first visit. One was NGT at
8 months, NGT at 12 months, and then IGT
at 18 months, and IGT at 2 years, but NGT
again at 3 years. The second was NGT at
12 months, 18 months, and 2 years, IGT at

3 years, and NGT again at 4 years. A third
was NGT at just less than 3 years and
INDET at 4 and 5 years. Three older
children with CF were classified as AGT at
their initial visit. One was INDET at 4 years
and NGT at 5 years, the second met criteria
for CFRD at 4 years but was NGT at
5 years. The third was IGT at 4 years and
NGT at 5 years. Two subjects with CF who
had more than one visit remained NGT for
the entire duration of the study. One was
NGT both at 4 and 5 years of age and the
other at 3 months and 6 months. None of
the control subjects were AGT at any point
in the study.

Adverse Effects of OGTT
There were no adverse events secondary to
OGTT. None of the subjects experienced
hypoglycemia. Some children did not have
successful IV placement, as noted
previously.

Discussion

CFRD is a common significant complication
of CF. It is increasingly prevalent with age
and affects a significant proportion of the CF
population (13), with milder abnormalities

of glucose tolerance being even more
common (5). Although CFRD has been
described since the 1950s (14), only
recently has it become a major focus of CF
care. The pathophysiology of this disease is
currently incompletely understood
(reviewed in Reference 15) hampering
rational treatment and prevention efforts.
Historically, CFRD was believed to be
caused by endocrine pancreas damage
collateral to exocrine pancreas destruction.
Although this is an important component
of the problem, it is now recognized that
CFRD pathophysiology is more
complicated, with evidence that type 2
susceptibility genes play a role (16), that
insulin secretory defects predate exocrine
pancreatic destruction (17) and may be
related to the CFTR channel defect itself
(18, 19), and that CFRD occurs despite
relative sparing of b-cell mass (9, 10). In
ferret and pig models abnormalities of
glucose tolerance and insulin secretion are
striking even in young animals, indicating
pathology begins in very early life.

This study of modest power shows that
glucose tolerance abnormalities are present
in a nontrivial number of very young
children with CF. Nearly 40% of the children
with CF age 0–5 years in our study met
clinical criteria for AGT, with 9% meeting
criteria for previously unrecognized CFRD.
Because this is not a population study, it is
not possible to know conclusively whether
40% of the general childhood CF
population has AGT; nonetheless, these
numbers are striking. The long-term
significance of this finding is unclear, but it
is important to note that among children
6–10 years of age, AGT on OGTT predicts
a more rapid progression to CFRD at a
younger age (7). Moreover, AGT in older
children is associated with rapid lung
function decline (6, 20) and increased
mortality (21, 22). Whether AGT detected
at a very young age will predict higher
morbidity and mortality remains to be
determined.

Normally, children experience
increased insulin levels with age, thought to
be caused by increases in growth hormone
levels, a transition that occurs around
2 years of age (23) and induces relative
insulin resistance (24). Although our
control children demonstrated this normal
trend, it was significantly attenuated in the
children with CF.

Our study was not designed to
determine the reasons insulin levels failed to
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Figure 2. Area under the curve (AUC) glucose by age in children with cystic fibrosis with multiple
visits. This figure represents the children with cystic fibrosis who had multiple study visits. Points
graphed are the AUC glucose at a given study visit by exact age at the time of the study visits.
Points associated with normal glucose tolerance status are solid; those associated with abnormal
glucose tolerance (AGT) status are open. Points relating to a single subject are connected with lines

between the points. Six of the subjects with multiple visits had change in AGT status, and two
subjects with multiple visits were AGT for all visits. All control subjects had normal glucose
tolerance for the duration of the study and are not included in the figure.
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increase in children with CF; however, we
can speculate. One possibility could be that
insulin requirements may be lower in
children with CF compared with control
subjects as a result of malnutrition,
perturbed growth hormone axis, and/or
high metabolic demands that are insulin-
independent (25, 26). Such factors may
underlie the low insulin levels in children
with CF with NGT. However, the high
prevalence of AGT and increased glucose
levels in subjects with CF in our cohort
suggests that lower insulin levels are not a
benign physiologic phenomenon. The
children with AGT had no higher insulin
levels than control subjects and only a
modest increase in insulin compared with
NGT children with CF despite higher
glucose levels, implying that these children
lack the ability to appropriately increase
insulin secretion in the face of increased
demand. Therefore, deficiency in insulin
secretion is likely the primary cause of
AGT in these children, similar to older
children and adults with CF (3, 27, 28).
This may be coupled with increased insulin
clearance, which would explain some of the
difference found between measures of
insulin and C-peptide and is described in
others with CF (29).

Interestingly, our data suggests an age-
dependent predilection to AGT among
young children with CF, with increasing
rates with increasing age. The apparent
improvement in glucose tolerance at age 5
may be an artifact of small numbers, but it
potentially may be representative of a real
phenomenon, given that similar patterns
have previously been reported for exocrine
pancreatic function over the first 5 years of
age in children with CF (30). Also, waxing
and waning of endocrine function on
OGTT is commonly described in older
subjects with CF (31), in whom abnormal
values on at least one occasion are
predictive of negative clinical outcomes
even in those with subsequent normal
values (3, 13). We continue to follow this
cohort longitudinally to gather more data.

Our study has strengths and
limitations. The major strength of our study
was the inclusion of very young children
(,6 years old), an age range that is
underrepresented in the literature, but
informative regarding the pathophysiology
of this disease. We are limited by the small
sample size, especially control subjects.
However, despite the low sample size,
control children demonstrated very little
variability in glucose and insulin values

compared with children with CF.
Furthermore, the rate of glucose
abnormalities found in our CF population
was in the range we reported previously (7).
Most of the control subjects in our study
were siblings of children with CF, and as
such many are likely CF carriers. However,
CF carrier status is not known to affect
glycemia.

In summary, our data show that nearly
40% of very young children with CF exhibit
AGT with poor insulin responsiveness.
These abnormalities wax and wane with age,
and seem to be related to inadequate insulin
secretion. Our work suggests that further
investigations in young children and animal
models are likely to be informative in
regards to the pathophysiology of CFRD.
We are hopeful that future studies will
uncover short- and long-term clinical
implications of AGT in young children
with CF. n
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Lavoie A, Lévesque R, Perrier J, Poisson D, et al. Increased glucose
excursion in cystic fibrosis and its association with a worse clinical
status. J Cyst Fibros 2007;6:376–383.

29. Battezzati A, Bedogni G, Zazzeron L, Mari A, Maria Battezzati P,
Alicandro G, Bertoli S, Colombo C. Age- and sex-dependent
distribution of OGTT-related variables in a population of
cystic fibrosis patients. J Clin Endocrinol Metab 2015;100:
2963–2971.

30. O’Sullivan BP, Baker D, Leung KG, Reed G, Baker SS, Borowitz D.
Evolution of pancreatic function during the first year in infants with
cystic fibrosis. J Pediatr 2013;162:808–812, e1.

31. Sterescu AE, Rhodes B, Jackson R, Dupuis A, Hanna A, Wilson DC,
Tullis E, Pencharz PB. Natural history of glucose intolerance in
patients with cystic fibrosis: ten-year prospective observation
program. J Pediatr 2010;156:613–617.

ORIGINAL ARTICLE

980 American Journal of Respiratory and Critical Care Medicine Volume 194 Number 8 | October 15 2016


	link2external
	link2external
	link2external

