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Abstract

BACKGROUND—To assess insulin secretion in pediatric cystic fibrosis (CF) patients with 

exocrine pancreatic sufficiency.

METHODS—Glucose and insulin responses during an oral glucose tolerance test (OGTT) were 

measured in 146 CF patients. Patients were divided into exocrine sufficient (CF-PS) and 

insufficient (CF-PI) groups based on pancreatic enzyme usage and fecal elastase. A reference 

group included healthy, non-diabetic subjects.

RESULTS—All CF groups showed reduced insulin secretion as measured by insulinogenic 

index. The CF-PS patients had normal glucose tolerance. There was direct correlation between 

BMI z-score and insulin area under the curve.

CONCLUSION—Patients with CF have reduced insulin secretion during an OGTT regardless of 

exocrine pancreatic status. The abnormal insulin secretion in all CF patients may predispose them 

for glucose intolerance, particularly when challenged by inflammation, infection, or nutritional 

deficiency. In addition, the diminished insulin secretion may contribute to increased catabolism. 

Lastly, the CF-related diabetes (CFRD) screening guidelines should be followed by all CF patients 

regardless of pancreatic status.
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INTRODUCTION

Pulmonary disease is the major cause of morbidity and mortality in patients with CF. 

However, pancreatic disease also significantly contributes to poor outcomes in patients with 

CF. The CF transmembrane regulator (CFTR) protein is expressed in the intralobular and 

intercalated duct epithelia of the exocrine pancreas (1). In the normal pancreas, chloride/

bicarbonate exchangers and the CFTR protein create a bicarbonate-rich pancreatic secretion. 

This secretion aids in the digestion of protein and fat in the small intestine. In patients with 

CF, the impairment of epithelial chloride secretion caused by a disruption in CFTR results in 

the precipitation of proenzymes and the obstruction of pancreaticobiliary ducts (1). 

Pancreaticobiliary duct obstruction leads to inflammation, necrosis, and fibrosis of the 

exocrine pancreas resulting in exocrine pancreatic insufficiency. This process begins in 

utero and approximately 85% of CF patients have exocrine pancreatic insufficiency (CF-PI) 

with associated malabsorption within the first year of life (2).

The process of pancreaticobiliary duct obstruction places patients with CF at risk for 

developing endocrine pancreatic dysfunction and eventually CF-related diabetes (CFRD). 

The most common view of the etiology of CFRD is that inflammation, necrosis, and fibrosis 

associated with pancreatic duct obstruction cause fibrosis and fatty infiltration of the islets of 

Langerhans (3-5) leading to secondary β-cell dysfunction, reduced islet mass, and insulin 

deficiency. However, several groups have implicated decreased insulin sensitivity related to 

pulmonary disease and systemic inflammation in the pathogenesis of CFRD (6, 7). At 

present there is general agreement that insulin deficiency and insulin resistance contribute to 

hyperglycemia, and ultimately CFRD, in the CF-PI population, but this model is not well 

defined (8).

Previous reports suggest that the 15% of patients with CF who are exocrine pancreatic 

sufficient (CF-PS) are not at risk for secondary β-cell dysfunction and CFRD (9). These 

reports are based on the concept that if pancreatic ductal plugging and fibrosis have not 

progressed sufficiently to cause exocrine insufficiency, then β-cells will remain functional. 

Recent reports, however, challenge this concept, suggesting a primary mechanism of β-cell 

injury and insulin deficiency (10-12). Furthermore, in our own clinical experience, oral 

glucose tolerance testing (OGTT) in patients with CF-PS suggests abnormalities in insulin 

secretion. In view of our clinical observations and recent reports of primary β-cell 

dysfunction, we hypothesized that all CF patients regardless of exocrine pancreatic status 

would have insulin deficiency secondary to dysfunctional β-cell mass, even if they did not 

have prediabetes or CFRD. To test this hypothesis, we compared OGTT results from 

pediatric CF patients subgrouped by exocrine pancreatic status to OGTT results from lean, 

healthy patients.
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METHODS

Patient population

The study population included all CF patients followed at Cincinnati Children’s Medical 

Hospital Center (CCHMC) who were 5 years of age and older and who underwent at least 

one OGTT between January 1, 2004 and June 30, 2009. These patients had undergone 

OGTT as part of the annual screening assessment and were consider baseline in health. We 

identified these patients using a clinical database established in 1998 that contains clinical 

and biochemical data on patients with CF who were followed by the pulmonary division at 

CCHMC. Nine percent of the patients included in this study population were also included 

in work previously published by the authors (13).

We analyzed the weight, height, and spirometry values of these patients, as recorded during 

clinic appointments closest to the time of the OGTT testing. The mean number of days 

between recording height, weight, and spirometry data and the OGTT data was 17. 

Additionally, all study subjects had measures of hemoglobin A1C at the time of the OGTT. 

In patients who had undergone OGTT testing more than once, the data from the most recent 

OGTT were used for this study.

A reference group included 12 lean subjects enrolled in a previous study of glucose 

metabolism (14). These subjects were non-diabetic, free of chronic medical conditions, not 

taking medication, and healthy at the time of evaluation. These patients were similar to other 

previously published control groups used for measures of beta-cell function (15).

Nutritional status

Weight and height measurements were performed as part of a standard clinic visit. Body 

mass index (BMI) was calculated as weight (kg)/ height (m) 2. Z-scores for BMI were 

derived based on sex- and age-specific BMI charts developed by the Centers for Disease 

Control and Prevention (16).

Spirometry

We performed spirometry in the pulmonary function laboratory according to the American 

Thoracic Guidelines (17) and recorded the forced expiratory volume in 1 second (FEV1). 

We then calculated percent predicted FEV1 (FEV1%) using Wang et al (18) for study 

subjects ages 5-16 years and Hankinson et al (19) for subjects older than age 16.

Fecal elastase analysis

Patients not demonstrating symptoms of malabsorption underwent fecal elastase testing. 

Quest Diagnostics® laboratories (San Juan Capistrano, CA) performed the fecal elastase 

measurements using a quantitative enzyme linked immunosorbent assay for measuring 

concentrations of elastase-1 in feces. We defined CF-PS patients as those not taking 

pancreatic enzyme supplements and having a fecal elastase value of ≥246. Patients who did 

not meet these criteria were considered CF-PI.
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Oral glucose tolerance testing

Following an overnight fast, patients ingested an oral glucose solution containing 1.75 

mg/kg of glucose (maximum of 75 grams). Venous blood samples were obtained through an 

intravenous catheter before glucose ingestion and 30, 60, and 120 minutes after glucose 

ingestion. Samples were placed on ice and centrifuged within 1 hour. Plasma was then 

collected and stored for measurement of glucose and insulin.

We categorized patients as having normal or abnormal glucose metabolism using criteria 

recommended by the American Diabetes Association (ADA) (20), and divided our patients 

into normal glucose tolerance (CF-NGT) and abnormal glucose metabolism (CF-AGM) as 

we have done previously (13). The CF-AGM group included patients who had impaired 

fasting glucose (IFG), impaired glucose tolerance (IGT), IFG/IGT and CFRD.

Biochemical analysis

Plasma glucose was measured using a glucose oxidase-based-method run on an Ortho 

Clinical Diagnostics Vitro 950 instrument, and plasma insulin by radioimmunoassay (14) in 

the General Clinical Research Center laboratory at CCHMC. Hemoglobin A1C was 

determined with a modified high-performance-liquid-chromatography method using an 

Alliance 2690/2695 HPLC (Walters Corporation, Milford, MA) and a PolyCAT A (PolyLC, 

Inc, Columbia, MD) column to separate the hemoglobin fractions by cation-exchange 

chromatography. The hemoglobin A1C was then quantified using a dual wavelength 

detector (model 2487, Walters Corporation) and Empower Software (Walters Corporation); 

results were reported as percentages.

Biochemical calculations

The glycemic and insulin responses of each subject during the OGTT were integrated as the 

3-hour areas above fasting levels (area under the curve-AUC) using the trapezoidal rule. To 

estimate insulin secretion, the insulinogenic index was calculated as insulin30min-insulin0min 

[pmol/L]/glucose30min-glucose0min[mmol/L] (21) (22).

Statistical analysis

In preliminary analyses, we used likelihood-ratio chi-square tests to assess differences 

between the reference group of lean subjects and each of the CF groups (CF PI-NGT, CF-

PI-AGM, and CF-PS) with regard to gender and race. We tested the differences between 

groups for continuous variables using the Wilcoxon nonparametric test.

For each glucose and insulin response, an analysis of variance (ANOVA) model was used to 

assess difference in means between the reference and each of the CF groups, and the CF-PS 

group to the CF-PI-NGT and CF-PI-AGM groups. Fasting glucose, AUCGlu, and AUCIns, 

were each log-transformed to achieve normality. A cube-root transformation was used to 

achieve normality for the insulinogenic index. Within each model, simulation-based, step-

down multiple comparison adjustments were applied to all least-square means (LSM) 

comparisons between groups. Estimates for ANOVA models are reported in terms of back-

transformed point-estimates and 95% confidence intervals for each LSM (Table 3). To 

determine the association between BMI z-score and insulin secretion in patients with CF, an 
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analysis of covariance (ANCOVA) model was applied to the insulin responses including age 

and FEV1 as a continuous covariates.

Influence diagnostics were obtained for each subject and included likelihood distance, 

Cook’s D and PRESS statistics(23). Based on the results of these diagnostics, it was 

determined that one subject in each of the CF groups was unduly influencing the model fit, 

parameter estimates and predicted values (using likelihood distance, Cook’s D and PRESS 

statistics). These three subjects were removed from all models. Significance level for all 

tests was set a priori at α < 0.05. SAS software (SAS Institute, version 9.2, Cary, NC) was 

used for all analyses.

RESULTS

Patient characteristics

A search of the Cincinnati Children’s Hospital database identified 146 patients with CF who 

were 5 years of age or older and who had undergone at least one OGTT. Seventy-three 

(50%) of the 146 patients were homozygous for ΔF508. Sixty-one (42%) were heterozygous 

ΔF508. Nine (6%) patients had identified mutations not including the ΔF508 mutation. 

Three patients (2%) did not undergo genetic analysis. The male: female ratio was 8:7. The 

racial distribution was 143 Caucasians, 2 African-Americans, and 1 multiracial patient.

Of the 146 CF patients, 139 were receiving pancreatic enzyme supplementation and were 

thus classified as pancreatic insufficient (CF-PI). Seven patients were not taking pancreatic 

enzyme supplements and had a fecal elastase value of ≥246 microgram/g of stool (Table 1). 

These patients were classified as pancreatic sufficient (CF-PS). The genotypes of these 

patients are listed in Table 1.

The characteristics of the CF groups as well as the reference group are shown in Table 1. No 

differences were found between the CF-PS group and the CF-PI group with regard to BMI, 

BMI z-score, FEV1 and FEV1%. The CF groups were significantly younger than the 

reference group (p<0.01). The BMI of the reference group was significantly higher than the 

CF-PI group (Table 1). However, there was no significant difference in the BMI z-score 

between the reference group and the CF groups (Table 1). Based on CF Foundation 

nutritional guidelines, 25% of the CF-PS group and 50% of the CF-PI groups were classified 

as nutritionally “at risk” with a BMI <50th percentile. (24).

Glucose tolerance

All CF-PS patients had normal glucose tolerance. Of the 139 CF-PI patients, 96 (69%) 

demonstrated normal glucose tolerance (CF-PI-NGT) and 43 (31%) demonstrated abnormal 

glucose metabolism (CF-PI-AGM). Of the CF-PI-AGM patients, 22 met the diagnostic 

criteria of CFRD. There was no significant difference in the fasting glucose among the 

groups. The AUCGlu was not significantly different in the CF-PS group compared to the 

reference group. However, the AUCGlu was increased in the both CF-PI groups compared to 

the CF-PS group and reference group (Table 3). The mean 1-hour glucose measures and 

hemoglobin A1C from the CF-PS group was significantly lower than the values for the CF-

PI-NGT and CF-PI-AGM groups (Table 3).
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Insulin secretion

The AUCIns of both CF-PI groups was significantly lower than the AUCIns in the CF-PS 

group and the reference group (Table 2). When insulin secretion was expressed as a function 

of ambient glucose, the insulinogenic index supported a significant impairment in all three 

CF groups compared to the reference group (Figure 1). In fact, the mean insulinogenic index 

of the CF-PS group was half of the mean index of the reference group. The insulinogenic 

index was significantly lower in the CF-PI groups compared to in the CF-PS group.

Correlations

In separate ANCOVA models (CF patients only) controlling for age and FEV1%, BMI z-

score was significantly and positively correlated with AUCIns (p=0.001) (Figure 2). BMI z-

score was not significantly correlated with insulinogenic index.

DISCUSSION

This study found abnormalities of insulin secretion in all CF patients regardless of exocrine 

pancreatic function, with the CF-PI patients more pronounced compared to the CF-PS 

patients. The insulin secretion abnormalities in the CF-PS have not been previously 

reported. Our findings support a model of intrinsic β-cell dysfunction in CF rather than 

secondary dysfunction caused by progressive pancreatic plugging and fibrosis producing 

exocrine pancreatic insufficiency and eventual endocrine insufficiency. Concordant with our 

findings, previous autopsy studies demonstrated no difference in the loss of pancreatic islet 

cells in patients with CFRD compared to patients with NGT (3) (5). Additionally, some 

investigators have proposed an intrinsic mechanism within the β-cell of CF patients causing 

dysfunction. In the rat endocrine pancreas, CFTR mRNA and protein have been localized to 

the β-cell and β-cell in the islet of Langerhans (25). CFTR knockout mice have been found 

to be more susceptible to β-cell damage than control mice (12). Finally, a mechanism of 

abnormal apoptosis in the β-cell caused by chronic stress in the endoplasmic reticulum due 

to the presence of misfolded CFTR has been reported (10).

Previous reports are discordant regarding the presence of hyperglycemia in the exocrine 

pancreatic sufficient CF population. Specifically, two studies focusing on CFTR genetic 

mutations and associated co-morbidities report the incidental finding that adults with CF and 

pancreatic sufficiency develop abnormal glucose metabolism including CFRD (26) (27). In 

contrast, Moran et al (9) reported that adult CF patients with pancreatic sufficiency had 

normal glucose metabolism. All of these studies involved small patient numbers, and there 

may be some variability among CF-PS patients that confounds discrimination from control 

subjects. Resolution of this issue will require larger samples and additional assessments of β-

cell function.

Based on our findings, we recommend that all CF patients undergo glucose screening with 

illness and annual OGTT regardless of pancreatic status. The abnormal insulin secretion in 

all CF patients generates a risk of glucose intolerance. Decreased insulin sensitivity related 

to pulmonary disease and systemic inflammation (6, 7) further contributes to that risk of 

hyperglycemia. The CF-related diabetes (CFRD) screening guidelines recommend that CF 
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patients with acute pulmonary exacerbation requiring intravenous antibiotics and/or 

systemic glucocorticoids should be screened for CFRD by monitoring fasting and 2-h 

postprandial plasma glucose levels for the first 48 hours (28). However, previous reports of 

adult CF-PS patients not having β-cell dysfunction (9) may cause clinicians to forego this 

screening in pancreatic sufficiency CF patients and risk unrecognized hyperglycemia.

Additionally, we found that BMI z-score was a significant predictor of AUCIns in all CF 

patients. Insulin demonstrates multiple actions within the body including preventing protein 

and fatty acid breakdown. Increased protein breakdown is reported in insulin deficient CF 

patients (29) (30). Our findings suggest that the loss of insulin-mediated anabolism 

contributes to malnutrition and poor outcomes in CF. Development of interventions such as 

insulin replacement in non-diabetic CF patients to offset insulin secretion dysfunction may 

improve the nutritional status of these patients.

The present study has several limitations. First, the age difference between the reference and 

study groups with the mean age of the reference group indicating they were post-pubertal. 

Whereas the mean age of the CF patients would indicate these patients were pubertal or pre-

pubertal. Second, it is likely that we underestimated the number of subjects who were 

pancreatic sufficient. We report on 5.5% of participants being pancreatic sufficient 

compared to a report of 15% in the CF national registry (2). In addition, fecal elastase 

testing was performed only on patients with uncertain pancreatic status. However, because 

the CF-PI groups demonstrated significantly reduced insulin secretion in all measures 

compared to the CF-PS group, it is likely that the correct classification of all CF-PS patients 

would have strengthened our results. Third, with our results, we do not have an accurate 

measure of insulin sensitivity. The Homeostatic model assessment measure, calculated from 

fasting insulin and glucose values, is an acceptable measure of insulin sensitivity for the 

analysis of a large cohort. However, HOMA-IR in an insulin deficient population falsely 

underestimates the true values associated with insulin sensitivity. Thus, we can accurately 

report on insulin secretion only. Due to the limitations of this study, we recommend a future 

larger prospective study including assessment pubertal status of all patients, measurement of 

fecal elastase on all CF patients, and a higher number of CF-PS patients.

In summary, this study demonstrates that insulin secretion is impaired in CF patients 

regardless of exocrine pancreatic function status. It is well documented that CF patients with 

exocrine pancreatic insufficiency have greater degrees of insulin deficiency as judged by 

glucose tolerance and insulin responses to an OGTT. This insulin deficiency places them at 

risk for poor outcomes. However, it seems that CF patients with pancreatic sufficiency may 

also be at risk for complications related to insulin deficiency. All CF patients should 

complete glucose screening with illness and annual OGTT regardless of pancreatic status. 

Additionally, interventions to offset insulin deficiency may markedly improve health 

outcomes in patients with CF.
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ABBREVIATIONS

AGM Abnormal glucose metabolism

ANOVA Analysis of variance

ANCOVA Analysis of covariance

AUC Area under the curve

BMI Body mass index

CCHMC Cincinnati Children’s Medical Hospital Center

CF Cystic fibrosis

CFRD Cystic fibrosis-related diabetes

CFTR Cystic fibrosis transmembrane conductance regulator

DM Diabetes mellitus

FEV1 Forced expiratory volume in 1 second

GLU Glucose

HgbA1C Hemoglobin A1C

IAPP islet amyloid polypeptide

IFG Impaired fasting glucose

IGT Impaired glucose tolerance with normal fasting glucose

INS Insulin

LSM Least-square means

NGT Normal glucose tolerance

OGTT Oral glucose tolerance test

PI Exocrine Pancreatic insufficient

PS Exocrine Pancreatic sufficient

REF Reference group
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Highlights

• Insulin secretion is impaired in CF patients regardless of pancreatic exocrine 

function status.

• Insulin secretion deficiency correlates with poor nutritional status in CF 

patients.

• Pancreatic sufficient CF patients may be at risk for complications related to 

insulin deficiency.

• All CF patients should complete glucose screening with illness and annual 

OGTT.
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Figure 1. 
Insulinogenic index results in patients with CF-PS, CF-PI-NGT, CF-PI-AGM, and reference 

group during OGTT. Tests for differences between group means were performed in an 

ANOVA model. Reference group compared to CF-PS and CF-PI- † p<0.05, †† p<0.001. 

CF-PS group compared to reference and CF-PI groups- ** p<0.001
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Figure 2. 
Scatter plots of insulin AUCIns by BMI z-score in all CF patients, with line of best fit. In 

ANCOVA models of AUCIns, BMi z-score was significant and positive predictor of 

parameters of insulin secretion (p=0.0017).
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TABLE 1

The genetic mutations of the CF-PS group. Fecal Elastase reported as microgram/gram of stool.

Mutation #1 Mutation #2 Fecal
Elastase

1 DELTA-F508 R553X 461

2 P5L A349V 500

3 DELTA-F508 3272-26 A to G 500

4 1898+1G->A 3272-26 A to G 436

5 DELTA-F508 NOT IDENTIFIED 500

6 DELTA-F508 Multiple: R668C & G576A 500

7 DELTA-F508 G85E 246
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TABLE 2

Demographic and clinical parameters for the group of lean, healthy adolescents (reference) compared to the 

CF-PS, CF-PI-NGT, and CF-PI-AGM groups. Means ± standard deviations for continuous variables. Chi-

square test for association was used for sex; Wilcoxon nonparametric test was used for continuous variables.

CF-PS CF-PI-NGT CF-PI-AGM Reference

No. of Subjects 7 96 43 12

Male 57% 51% 56% 25%

Age (years) 12.6±5.2 † 12.7±4.5 † 15.5±4.2 † 19.8±1

Weight (kg) 43.4±15.1† 41.9±16.2 49.4±13.5 66±10.5

BMI 19.2±3.0 18.5±3.1 † 19.1±2.9 † 21.7±2.5

BMI z-score 0.2±1.2 −0.1±0.8 −0.4±1.2 −0.1±0.7

Nutritionally at risk
(BMI <50th

percentile)
25% 50% 51% n/a

FEV1% predicted 93.5±14.8 88.5±20.8 73.7±28 n/a

†
Compared to reference group p<0.01
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TABLE 3

Least squares means and 95% confidence intervals based on ANOVA models for CF-PS, CF-PI-NGT, CF-PI-

AGM, and reference groups. Results have been back-transformed to original measurement scale. Comparisons 

for 1-hour glucose and HbgA1C% were made on the original values, using the Wilcoxon nonparametric test, 

and reported as means ± standard deviations. Reference group compared to CF-PS and CF-PI groups

GLUCOSE RESPONSES CF-PS CF-PI-NGT CF-PI-AGM Reference

Fasting Glucose (mg/dL) 80.5
(70.2, 92.3)

83.9
(82.1, 85.9)

93.8
(89.1, 98.8)

88.2
(84.8, 91.8)

AUCGlu (mg/dL) 13554
(11808, 15570)

15768 †, §

(15246, 16308)
21132 ††, **

(20052, 22266)
14309

(13521, 15142)

1-hour glucose (mg/dL) 111.7±37.8 162.2±41.4* 210.8±43.2** 127.9±18.0

HgbA1C % 5.3±0.4 5.7±0.5* 6±0.6* n/a

INSULIN RESPONSES CF-PS CF-PI-NGT CF-PI-AGM Reference

AUCIns (μU/mL) 5505
(4217, 7200)

3220 ††,*

(2910, 3570)
3733 †,*

(3347, 4167)
5338

(4355, 6542)

CF-PS group compared to CF-PI groups

†
p<0.05,

††
p<0.001.

§
p=0.053,

*
p<0.05,

**
p<0.001
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