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Abstract

Objective: We aimed to assess the order of severity of the defects of 3 direct determinants
of glucose regulation—beta-cell function, insulin clearance, and insulin sensitivity—in
patients with cystic fibrosis (CF), categorized according their glucose tolerance status,
including early elevation of mid-level oral glucose tolerance test (OGTT) glucose values
(>140 and <200 mg/dL), referred to as AGT140.

Methods: A total of 232 CF patients aged 10 to 25 years underwent OGTT. Beta-cell
function and insulin clearance were estimated by OGTT mathematical modeling and
OGTT-derived biomarkers of insulin secretion and sensitivity were calculated. The
association between glucometabolic variables and 5 glucose tolerance stages (normal
glucose tolerance [NGT], AGT140, indeterminate glucose tolerance [INDET], impaired
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glucose tolerance [IGT], cystic fibrosis-related diabetes CFRD]) was assessed with a
general linear model.

Results: Beta-cell function and insulin sensitivity progressively worsened across glucose
tolerance stages (P<0.001), with AGT140 patients significantly differing from NGT (all
P<0.01). AGT140 and INDET showed a degree of beta-cell dysfunction similar to IGT
and CFRD, respectively (all P<0.01). Insulin clearance was not significantly associated
with glucose tolerance stages (P=0.162). Each stage of glucose tolerance was uniquely
identified by a specific combination of defects of the direct determinants of glucose
regulation.

Conclusions: In CF patients, each of the 5 glucose tolerance stages shows a unique
pattern of defects of the direct determinants of glucose regulation, with AGT140
patients significantly differing from NGT and being similar to IGT. These findings
suggest that AGT140 should be recognized as a distinct glucose tolerance stage and that
reconsideration of the grade of glucometabolic deterioration across glucose tolerance

stages in CF is warranted.

Key Words: cystic fibrosis, oral glucose tolerance test, glucose metabolism, 3-cell function, insulin sensitivity

Cystic fibrosis-related diabetes (CFRD) is the most
common comorbidity in patients with cystic fibrosis (CF)
(1). The development of this complication is insidious, with
symptoms strongly related to the clinical course of the dis-
ease. The presence of CFRD has, in fact, a relevant negative
impact on respiratory infective exacerbations, pulmonary
function, growth, weight gain and, consequently, on mor-
tality (2, 3). Screening for CFRD through the standard
oral glucose tolerance test (OGTT) is a key component
of the clinical follow-up and current guidelines recom-
mend performing this test annually from 10 years of age
(1), although some authors have also demonstrated the
presence of glucose metabolism alterations in CF patients
under 6 years of age (4, 5). According to fasting and 2-hour
plasma glucose values measured during OGTT, the fol-
lowing stages of glucose metabolism are defined in CFRD,
as for the other more common forms of diabetes: CFRD
with fasting hyperglycemia (CFRD-FH+), CFRD without
fasting hyperglycemia (CFRD-FH-), normal glucose toler-
ance (NGT), impaired fasting glucose (IFG) and impaired
glucose tolerance (IGT).

In addition, in 2010, the updated CFRD guidelines pub-
lished by the American Diabetes Association and the Cystic
Fibrosis Foundation have recognized the importance of
also identifying CF patients with elevation of mid-OGTT
glucose values above 200 mg/dL (>11.1 mmol/L), defined
as affected by indeterminate glucose tolerance (INDET) (6).
This last glucose tolerance class has been introduced after
the recognition of its association with a consistent increased
risk of subsequent develops of CFRD, especially in chil-
dren (4). Moreover, in recent years, growing attention has
been paid to early elevation of mid-OGTT glucose levels,
herein named abnormal glucose tolerance 140 (AGT140),

characterized by mid-OGTT glucose value alterations
(mid-OGTT glucose values 2140 mg/dL [>7.7mmol/L] or
155 mg/dL [>8.6mmol/L]) for their impact on the clinical
course of CF (7-10).

The pathophysiology of CFRD itself is complex and, to
date, the pathophysiologic mechanisms responsible for al-
terations of glucose tolerance in CF patients are not com-
pletely understood. Some studies have measured pancreatic
beta-cell function in CF patients, showing that insulin in-
sufficiency was the predominant defect in these patients,
whereas insulin sensitivity was not compromised in clin-
ically stable patients (11, 12). A comprehensive and deep
understanding of any change in glucose tolerance requires
the simultaneous measurement of at least 3 direct deter-
minants of glucose regulation: beta-cell function, insulin
clearance, and insulin sensitivity (13-15). To date, this
evaluation has not been performed in CF patients.

In addition, the International Society for Pediatric
and Adolescent Diabetes (ISPAD) guidelines identify a
scale of progression in glucometabolic deterioration in
CF patients with intermittent postprandial glucose excur-
sions followed by INDET, then by IGT, and finally by
CFRD (1). The pathophysiologic rational basis of this
ascending order of severity of metabolic defects is un-
clear, because no studies have reported the simultaneous
assessment of 3 direct determinants of glucose regulation
in CF patients according to glucose tolerance status with
inclusion of patients with early mid-OGTT glucose value
alterations (16).

Therefore, in this study we measured 3 direct determinants
of glucose regulation, specifically, beta-cell function (assessed
as 2 components of glucose-stimulated insulin secretion: de-
rivative and proportional control), insulin clearance, and

220z Arenuer 0 Uo Josn ewed Ip eNsISAIUN 38ISO Ad L620¥09/€6. L/¥/90L/910IHE/Wwadl/woo"dno-oiwapese//:sdny woly papeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 4

e1795

insulin sensitivity (14), in a large sample of patients with CE
categorized according to their glucose tolerance status.

The primary goal was to assess the order of severity of
the defects of 3 direct determinants of glucose regulation
across its whole spectrum, with special focus on INDET
and AGT140.

Materials and Methods
Participants

A total of 232 children, adolescents, and young adults with
CF in regular follow-up care at 2 Regional CF Care Centers
(Verona and Napoli) and attending the 2 Regional Centers
for Pediatric Diabetes of the same University Hospitals for
a CFRD screening program between September 2017 and
June 2019, were enrolled in this cross-sectional study.

Inclusion criteria were: age from 10 to 25 years (both
inclusive); confirmed diagnosis of CF, including CFTR mu-
tation analysis with 2 CF-causing mutations and positive
sweat test; and exocrine pancreatic insufficiency, defined
by fecal elastase <200 pg/g feces, adequately treated with
pancreatic enzyme replacement therapy with no gastro-
intestinal symptoms (ie, steatorrhea, abdominal pain,
diarrhea).

Exclusion criteria were: diagnosis of CFRD and/or in-
sulin therapy; clinical history of pulmonary exacerbation
and/or symptoms of acute infection and/or changes in anti-
biotics and/or steroids in the 6 weeks preceding the study
enrollment; therapy with CFRD modulators; severe liver
disease; liver and/or pulmonary transplantation. Informed
consent was obtained from children, adolescents, and their
parents. The protocol was approved by the Institutional
Ethics Committees of the 2 participating Centers (Verona
and Napoli, Italy).

Physical characteristics

At the time of the study enrollment, all study participants
underwent a physical examination with the collection of
anthropometric measurements (height and weight). Body
mass index (BMI) values were standardized calculating
age and gender-specific BMI percentiles using WHO child
growth standards (17). Genetic data about CF related
genotypes were collected from the revision of patients’ clin-
ical charts.

Oral glucose tolerance test

All participants underwent a standard OGTT (1.75 g/kg,
max 75 g) at 8:00 aM, after overnight fasting. Blood sam-
ples for measuring plasma glucose, serum insulin, and

C-peptide concentrations were taken at baseline and at
times +30, +60, +90, and +120 minutes. A prolonged OGTT
was performed in a subgroup of 54 subjects, with sampling
at times of -10, 0, +10, +20, +30, +45, +60, +90, +120,
+150, and +180 minutes. The same mathematical model
(see below) can be applied to both OGTTs; since the latter
provides a richer data set, the model-derived parameters of
beta-cell function are estimated with greater precision.

Plasma glucose, insulin, and C-peptide levels were ana-
lyzed using standard procedures at the central laboratories
of the 2 participating Centers. In particular, plasma glucose
was measured with the glucose oxidase method. Insulin and
C-peptide levels were analyzed by enzyme-immunoassay
(Mercodia AB, Sweden).

Both laboratories belong to the Italian National
Health System and are certified according to International
Standards ISO 9000 (www.is09000.it/), which involves
undergoing semi-annual quality controls and inter-
laboratory comparisons.

According to the current guidelines (1), participants
were classified as having one of the following glucose tol-
erance stages: (i) normal glucose tolerance (NGT: fasting
blood glucose [FPG] <126 mg/dL [<7 mmol/L], 2-hour and
mid-OGTT glucose level <140 mg/dL [<7.7 mmol/L]); (ii)
indeterminate glucose tolerance (INDET: FPG <126 mg/dL
[€7 mmol/L], 2-hour glucose <140 mg/dL [<7.7 mmol/L]
but OGTT glucose >200 mg/dL [>11.1 mmol/L] at any
mid-time between +30 and +90 minutes of the test); (iii)
impaired glucose tolerance (IGT: 2-hour glucose level
>140 [> 7.7 mmol/L] and <200 mg/dL [<11.1 mmol/L]);
(iv) diabetes (CFRD: 2-hour glucose level >200 mg/dL
[ 11.1 mmol/L]), with and without fasting hypergly-
cemia. In addition, patients with mid-OGTT glucose
values 2140 mg/dL (> 7.7 mmol/L) and <200 mg/dL
(<11.1 mmol/L), who otherwise would be left out of the
above classification, were defined as having abnormal glu-
cose tolerance 140 (AGT140). This threshold was chosen
by translating the IGT definition based on 2-hour glycemia
to mid-OGTT values, analogous with the definition of
INDET status based on the cutoff of 200 mg/dL used at
2 hours for CFRD diagnosis.

In addition, the glycated hemoglobin Alc (HbAlc)
value was measured by high-performance liquid chroma-
tography and standardized to the Diabetes Control and
Complications Trial (DCCT) normal range (4.0%-6.0%,
20-42 mmol/mol) in the same day of the OGTT.

Assessment of the Determinants of Glucose
Regulation during the OGTT

Beta-cell function and insulin clearance were reconstructed
by mathematical modeling, as previously described (15),
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with the aid of the SAAM 1.2 software (SAAM Institute,
Seattle, WA) (18).

By this method, beta-cell function is described as the
sum of 2 components:

1) Derivative (or Dynamic) Control (DC): Describes
the sensitivity of beta-cells to the rate of increase of
glucose concentration and it is quantified as the amount
of insulin secreted in response to a rate of increase in
glucose concentration of 1 mmol/liter per minute,
occurring at the beginning of the OGTT and lasting for
1 minute [units: (picomoles x m™? of body surface area)
x (millimoles * liter ' x minute ') '].

2) Proportional (or Static) Control (PC): Describes the
sensitivity of beta-cells to glucose concentration; in
this paper, it is presented as the steady-state stimulus-
response curve relating insulin secretion rate (y-axis;
units: picomoles x minute ' x m” of body surface area) to

glucose concentration (x-axis; units: millimoles x liter .

The derivative/dynamic component and the proportional/
static component of this model account for first-phase
insulin secretion and second-phase insulin secretion, re-
spectively, during intravenous glucose administration, as
previously demonstrated (19, 20).

Insulin clearance was computed according to the fol-
lowing  formula:  [Clearance, = AUC/[AUC + (I, -
I, ) x MRT, ]in which AUC, is the area under the curve
of insulin secretion rate (computed by the model), AUC, is
the area under the curve of insulin concentration, I, is in-
sulin concentration at the end of the OGTT, I, is insulin
concentration at time 0’, MRT, _is the mean residence time
of insulin, which was assumed to be 27 minutes in subjects
with diabetes and 18 minutes in subjects without diabetes,
as previously reported (21).

Insulin sensitivity was assessed by the Oral Glucose
Sensitivity Index (OGIS) (22). We selected OGIS for several
reasons. This index was derived from modeling analysis
of the glucose-insulin relationship, based on established
principles of glucose kinetics and insulin action, and it es-
timates insulin sensitivity as measured during a euglycemic
insulin clamp (ie, the increase in glucose clearance brought
about by an increase in insulin concentration). OGIS was
validated with the euglycemic insulin clamp in both lean
and obese nondiabetic subjects and in subjects with type 2
diabetes, thereby providing a robust prediction of insulin
sensitivity (22). Additional advantages of this index are its
simplicity and the possibility of being widely used for clin-
ical investigation.

Several fasting and OGTT-derived biomarkers of insulin
sensitivity/resistance and of beta-cell function also were
computed:

- Homeostasis model assessment insulin resistance
(HOMA-IR), as a marker of insulin resistance based
on fasting glycemia and insulin: [(Insulin0” (mU/L) x
Glucose0” (mmol/L))/22.5] (23);

- Insulinogenic index (IGI), as a marker of early insulin
bioavailability in response to oral glucose: [insulin30’
(mU/L) - insulin0” (mU/L))/[glucose30” (mg/dL) -
glucose0” (mg/dL)] (24);

- Matsuda index, as a marker of postprandial insulin
sensitivity: 10 000/[(Glucose 0 (mg/dL) x Insulin0’
(mU/L)) x (mean OGTT glucose concentration (mg/dL)) x
(mean OGTT insulin concentration (mU/L))]1/2 (25);

- Oral disposition index (DI), a popular marker of the
adequacy of insulin bioavailability to the prevailing
insulin sensitivity: Matsuda index x IGI (26).

Statistical analysis

Patients’ characteristics are reported as mean = SD, un-
less otherwise specified. The Kolmogorov-Smirnov test
was used to assess normal distribution of variables and
variables with positively skewed distribution were log-
transformed. The chi-squared test for categorical variables
(ie, gender and genotype distribution) was used to test
differences among OGTT categories. Generalized Linear
Models, with or without repeated measures as appropriate,
were run with modeling-derived beta-cell function indices
and OGTT-derived indices as dependent variables and glu-
cose tolerance stages as factors. For each index, the analysis
was run entering as covariates the potential confounders,
such as gender, age, and BMI z-score. Post hoc least square
difference (LSD) analyses were performed to assess pair-
wise differences across categories.

A P value < 0.05 was considered as statistically signifi-
cant. All the analyses were performed using SPSS v.22.0
(SPSS, USA, Chicago IL).

Results

Clinical and metabolic characteristics of study participants
categorized according to glucose tolerance stages are shown
in Table 1. According to the OGTT results, 51 subjects
(22.0%) had NGT, 85 (36.6%) patients had AGT140, 19
(8.2%) had INDET, 49 (21.1%) had IGT, and 28 (12.1%)
had newly diagnosed CFRD. The distribution of the 5 stages
of glucose regulation was similar in the 2 Centers. Glucose,
C-peptide, and insulin values measured during the OGTT
of study participants categorized according to glucose tol-
erance stages are available in the Supplemental material
(27). As expected, the comparison of glucose values meas-
ured at times +30, + 60 and + 90 minutes showed significant
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differences between all glucose tolerance stages, when each
compared with each other (all P < 0.001), whereas at base-
line and at +120 minutes, some stages were superimposable
to each other (baseline glucose values: NGT vs AGT140,
P=0.131; AGT140 vs INDET, P=0.089; INDET vs
IGT, P =0.899; glucose values at +120 minutes: NGT vs
AGT140, P = 0.042; AGT140 vs INDET, P = 0.62).

No significant differences in age, BMI z-score, gender,
and genotypes distribution were found between the 5
subgroups (all P> 0.05). Age was significantly higher
in patients with CFRD compared with NGT patients
(P =0.026), whereas no significant differences were found
comparing age between the other glucose categories sub-
groups (all P > 0.05).

The data for beta-cell function are shown in Fig. 1.

Beta-cell DC was highest in NGT, fell by more than
50% in AGT140 and IGT (P < 0.01 vs NGT), which, how-
ever, were comparable to each other, and by about 85% in
INDET and CFRD (P < 0.01 vs AGT140 and IGT), which
were similar to each other (Fig. 1A).

Beta-cell PC was highest in NGT, fell by about 36%
in AGT140 (P <0.001 vs NGT), by about 55% to 58%
in IGT and INDET (IGT vs AGT140, P < 0.001; INDET
vs AGT140, P =0.004), which were superimposable to
each other (P =0.706). A further decrease of about 77%
was found in CFRD patients, with significant differences
with respect to IGT (P <0.001) and INDET (P < 0.001)
(Fig. 1B).

Insulin sensitivity, as assessed by OGIS, was highest in
NGT, fell by only 9% in AGT140 (P < 0.01 vs NGT), by
about 13% to 15% in IGT and INDET (IGT vs AGT140,
P <0.01; INDET vs AGT140, P =0.101), and by about
20% in CFRD, falling short of statistical significance

(CFRD vs IGT, P = 0.079; CFRD vs INDET, P = 0.091)
(Fig. 2A).

Insulin clearance ranged between the highest value of
1.22 + 0.56 L' min" m™? body surface area [BSA] in NGT
and the lowest figure of 0.99 = 0.28 L' min" m™ BSA in
INDET, but on the whole, the changes fell short of statis-
tical significance (P = 0.162) (Fig. 2B).

We qualitatively summarized the above findings by ap-
plying an arbitrary score to the severity of the defects ob-
served in the 5 stages of glucose regulation, as shown in
Table 2. Insulin clearance, apparently, played no major role.
Both beta-cell DC and insulin sensitivity displayed 2 layers
of defect, whereas beta-cell PC showed 3 layers of defects.
Importantly, each class of glucose regulation was uniquely
identified by the combination of the defects it displays.
Furthermore, beta-cell data were necessary and sufficient
to identify each of the 5 stages of glucose regulation.

The fasting- and the OGTT-derived surrogate indexes
of insulin secretion and action failed to reproduce this
picture of graded functional defects, demonstrating less
pathophysiologic discriminant power for the 5 categories
of glucose regulation (27).

Discussion

In this study, 3 direct determinants of glucose regulation,
ie, beta-cell function, insulin clearance, and insulin sensi-
tivity, were assessed simultaneously for the first time by
model-based analyses of the C-peptide, insulin, and glu-
cose curves during the OGTT in a large sample of chil-
dren, adolescents, and young adults with CE. None of the
past studies, even those that investigated insulin secretion
components and insulin sensitivity in CF patients through

Table 1. Clinical and Metabolic Characteristics of the Study Subjects Categorized According to Glucose Tolerance Stages

Variables NGT AGT140 INDET IGT CFRD Total
(n=51) (n = 85) (n=19) (n = 49) (n=28) (n=232)
Age, years 18.1+6.9 20.6 +7.5 18.4+5.7 18.7+6.4 21.3+59 19.6 +5.4
Gender (M/F), n (%) 24 (47.1)127 47 (55.3)/38 12(63.2)/7  23(46.9)/26 17(60.7)/11 123 (53)/109
(52.9) (44.7) (36.8) (53.1) (39.3) (47)
AF508 homozygosis n (%) 6 (11.8) 22 (25.9) 7 (36.8) 15 (30.6) 6(21.4) 56 (24.1)
AF508 heterozygosis, n (%) 25 (49.0) 42 (49.4) 9(47.4) 21 (42.9) 16 (57.2) 113 (48.7)
Other mutations, n (%) 20 (39.2) 21 (24.7) 3(15.8) 13 (26.5) 6(21.4) 63 (27.2)
Height (Z-score) -0.50 = 0.98 -0.40 = 0.91 -0.84 +0.86 -0.28 £ 0.88 -0.52£0.74 -0.34+0.91
Weight (Z-score) 0.20 = 0.83 -0.33+£1.08 -0.63 £0.99 -0.65«1.16 -0.73 £0.98 -0.46 = 1.07
BMI, kg x m? 20.3 + 3.8 204 +4.1 20.2+2.8 19.2 + 3.3 20.6 + 3.0 20.2 + 3.7
BMI z-score -0.06 £ 1.16 -0.15 = 1.61 -0.12 £ 0.82 -0.41«1.18 -0.52 £ 1.09 -0.40 = 1.33
HbA1¢c, mmol/mol 38.0+3.7 38.0 £4.01 39.2+3.1 40.2 +4.3 43.0+7.7 40.1+5.5
HbA1lc, % 5.62+0.33 5.60 =£0.36 5.75+£0.29 5.83 +£0.39 6.10 = 0.71 5.81 +0.50

Data are expressed as mean = standard deviation, unless otherwise specified.

Abbreviations: AGT 140, abnormal glucose tolerance 140; BMI, body mass index; CFRD, cystic fibrosis—related diabetes; INDET, indeterminate glucose tolerance;

IGT, impaired glucose tolerance; NGT, normal glucose tolerance.
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Figure 1. Derivative (a) and Proportional control (b) according to glucose tolerance stages. Proportional control is represented through insulin
secretion rate values at growing glucose concentrations. The P values refer to the results of post hoc least square difference (LSD) analyses per-
formed to assess pairwise differences between pairs of glucose tolerance classes. Abbreviations: AGT140, abnormal glucose tolerance 140; BSA,
body surface area; CFRD, cystic fibrosis-related diabetes; INDET, indeterminate glucose tolerance; IGT, impaired glucose tolerance; NGT, normal

glucose tolerance.

OGTT-derived indices and mathematical models (11, 12,
28-30), reconstructed these 3 components at the same
time. In addition, for the sake of comparison with many
earlier studies, we also report several surrogate indexes of
insulin secretion and sensitivity.

Earlier studies reported that the primary glucometabolic
impairment in CF involve insulin bioavailability, which is
delayed and characterized by an attenuated peak compared
with the healthy population, whereas insulin sensitivity
were shown not to be compromised in clinically stable CF
patients. Insulin clearance was not assessed, leaving un-
answered the question whether any clearance-based com-
pensation is at work in CF patients. Furthermore, complete
data in each class of glucose tolerance (ie, NGT, INDET,

IGT, and CFRD) are missing and it is unknown whether
there is a specific pattern of defects for each class (16). In
addition, an emerging class of impaired glucose regula-
tion, ie, AGT140, was introduced recently in CF patients
and it is unclear whether it is characterized by distinct
pathophysiologic bases.

Thus, to the best of our knowledge, our study is the
first attempt to answer the question whether the 5 recog-
nized stages of glucose regulation in CF patients (NGT,
AGT140, INDET, IGT, and CFRD) each display a specific
combination of presence or absence of defects in the 3
direct determinants of glucose homeostasis assessed in the
present study.

We report several novel results.
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Figure 2. Insulin sensitivity (glucose clearance during a euglycemic insulin clamp) (a), as predicted by OGIS, and Insulin Clearance (b) during the
OGTT across the 5 stages of glucose tolerance in patients with cystic fibrosis. The P values refer to the results of post hoc least square difference
(LSD) analyses performed to assess pairwise differences between pairs of glucose tolerance classes.

First, even patients with early elevation of mid-OGTT
glucose, defined as AGT140, have significantly worse DC
and PC of beta-cell function and lower insulin sensitivity
compared with NGT patients. Current guidelines do not
call attention to these early abnormal glucose tolerance
stages defined by mid-OGTT glucose values between
140 mg/dL (7.8 mmol/L) and 200 mg/dL (11.1 mmol/L).
Thus, patients with this glycemic profile are usually con-
sidered to have normal glucose tolerance, but they show
already detectable pathophysiologic alterations of glucose
regulation.

Second, IGT patients, when compared with the AGT140
group, display a further decline in the PC of beta-cell func-
tion and in insulin sensitivity. The latter finding was not re-
ported previously and, at variance with the current dogma,

highlights the role played by insulin resistance in the early
phases of the deterioration of glucose homeostasis in CF
patients.

Third, INDET patients, in spite of being able to achieve
lower than 140 mg/dL glucose concentration at 120 minutes
in the OGTT, display identical defects as the IGT patients, but
for DC of beta-cell function, which actually is worse than in
IGT. As in other studies, the percentage of INDET patients
was small, but the number of patients reported in this paper is
greater than in previous studies, lending credence to our find-
ings. Thus, INDET might be a condition of highest vulner-
ability to a further decline toward CFRD. Analogous to similar
conditions, considering the small number of INDET patients
usually reported, one might speculate that they belong to the
subgroup of patients with particularly rapid evolution toward

220z Asenuer g1 uo Jesn eulied Ip eysioAun 391SO Aq L620709/€6. L/7/90 1L /8191e/wadl/wod dnoolwsepede//:sdiy woly pspeojumoq



e1800

The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 4

Table 2. Arbitrary Scores of the Severity of the Defects of
the 3 Direct Determinants of Glucose Regulation in NGT,
AGT140, IGT, INDET, and CFRD Patients With Cystic Fibrosis

Defect severity

Beta-cell function Insulin Insulin
sensitivity  clearance
Derivative ~ Proportional
control control
NGT 0
AGT140 + 0
IGT + ++ ++ 0
INDET ++ ++ ++ 0
CFRD ++ +4+ ++ 0

Abbreviations: AGT140, abnormal glucose tolerance 140; CFRD, cystic fi-
brosis—related diabetes; INDET, indeterminate glucose tolerance; IGT, im-
paired glucose tolerance; NGT, normal glucose tolerance.

diabetes mellitus. Further, prospective studies are needed to
clarify this point.

Fourth, CFRD when compared with IGT and INDET, is
hallmarked by a further decline in PC of beta-cell function.
This additional defect appears to be the one heralding the
onset of diabetic glucose intolerance. This result, although
obtained via OGTT and not via the hyperglycemic clamp,
is very similar to what has been previously reported in
obese children/adolescents, in whom the decline in the PC
of beta-cell function during the hyperglycemic clamp, but
not the DC of beta-cell function nor insulin sensitivity, was
the trait that differentiated children with type 2 diabetes
from those with impaired glucose tolerance (31).

Fifth, insulin clearance seems to play a minor, if any, role
in the pathophysiology of the alterations of glucose regula-
tion in CF (Fig. 2). In spite of significantly graded increases
in insulin resistance with worsening of glucose tolerance,
this was not accompanied by statistically significant de-
creases in insulin clearance. Thus, this potentially relevant
mechanism of compensation apparently is not at play in CF
patients with glucose intolerance and might add to the de-
terioration in glucose homeostasis. Candidate mechanisms
for the scant compensation of insulin resistance by insulin
clearance in CF patients are unknown.

To date, only 2 cross-sectional studies evaluated pedi-
atric patients with CF with design and aim similar to our
study (12, 16). Battezzati et al studied 165 patients with
CE, 15% of whom had glucose intolerance and 9% had
diabetes, with tools similar to those employed in the pre-
sent paper. They found that both the parameters of beta-
cell function and insulin sensitivity showed a decline across
the spectrum of glucose tolerance. However, in their ana-
lysis they divided the patients by quartiles of mean glu-
cose during the OGTT, and no information eventually is

provided about the recognized stages of glucose regulation
in CF. No data of insulin clearance are provided. Thus, their
analysis does not address the pathophysiological bases of
the stages of glucose intolerance/diabetes in CF (12).

Nyrjesy et al performed mixed-meal tolerance tests and
intravenous glucose-potentiation arginine tests in 42 CF
patients to measure postprandial glucose tolerance and
beta-cell secretory capacity. They documented a graded fall
in the parameters of beta-cell function across a spectrum
of conditions, which included NGT, IGT, and CFRD (16).
However, they studied neither AGT140 nor INDET pa-
tients, but patients with a peak glucose >155,mg/dL, a class
of glucose intolerance translated from the non-CF adult
subject to children. Thus, this study provided no direct data
of beta-cell function in AGT140 and/or INDET patients,
and it reported no data regarding insulin sensitivity and/
or insulin clearance. Thus, also in this case the applicability
to the recognized stages of glucose intolerance is question-
able. In spite of these limitations, this was one of the first
evidence of a significant alteration of beta-cell function in
patients with CF with early mid-OGTT glucose alterations.

Our results suggest that the definition of an additional
class of glucose regulation based only on early elevation of
mid-OGTT glucose values is nowadays necessary, as previ-
ously done in 2010 with the definition of INDET glucose
tolerance status. In addition to the relevance for glucose
metabolism, 2 previous studies support our contention by
documenting the association between early elevation of
mid-OGTT glucose values and worse clinical course of CFE.
One cross-sectional study demonstrated that in pediatric
CF patients, higher early glucose peak was significantly as-
sociated with a decline in both body weight and pulmonary
function indices in the year preceding the OGTT (7). One
5-year retrospective cohort study focused on high vs low
1-hour plasma glucose (the threshold being 160 mg/dL)
and reported a 4-fold higher risk of CFRD in the patients
with high 1-hour glucose (9).

Our study also included the evaluation of OGTT-derived
surrogate indices of insulin secretion and insulin sensitivity
easily computed in clinical practice. Overall, they are un-
able to reconstruct the exact architecture of the severity
of the defects in beta-cell function and insulin sensitivity
herein reported. Furthermore, on the basis of our results
(Table 2), the classification itself in the 5 stages of glucose
intolerance can be used as a surrogate index to infer the se-
verity of defects in beta-cell function and insulin sensitivity
of CF patients.

This study has some limitations: (i) it was conducted
in subjects with European ancestry, thus the results
cannot necessarily be extended to CF children and youths
with other ethnic backgrounds; (II) the cross-sectional
design may not enable assessment of causality between
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variables rather than just associations; (iii) no vector
plots of insulin bioavailability per glucose stimulus vs
insulin sensitivity nor the inverse relationship between
insulin clearance and insulin concentration were investi-
gated, thereby leaving unexplored these in-depth aspects
of the direct determinants of glucose regulation; (iv) each
patient was evaluated during a period of stable clinical
condition, but limited data regarding the severity of CF
and the pharmacologic—in particular steroid—therapy
were collected, thereby leaving unexplored the potential
impact of these factors on the determinants of glucose
regulation.

In summary, when all 3 direct determinants of glucose
regulation investigated in this study are assessed in CF pa-
tients, each of the 5 stages of glucose dysregulation shows
a distinct, unique pattern of defects and, therefore, unique
pathophysiology. In particular, the patients with 1-hour glu-
cose values between 140 and 199 mg/dL (AGT140) have a
significant impairment of beta-cell function and insulin
sensitivity when compared with NGT patients. Although
defects in insulin sensitivity are present and play a role in
the glucose dysregulation of CF patients, the alterations in
beta-cell function are sufficient to discriminate the 5 stages
of glucose tolerance from each other, thereby implying a
major causative role played by beta-cell dysfunction.

Our results suggest reconsideration of the grades in the
ladder of glucometabolic deterioration of CF patients. The
ISPAD guidelines define IGT as a worse class of glucose in-
tolerance than INDET, identifying a progression that starts
from the intermittent postprandial glucose and ends with
CFRD. However, neither pathophysiologic nor longitu-
dinal data support this contention. Our study, the first to
thoroughly and simultaneously investigate 3 direct patho-
physiologic determinants of glucose regulation, places IGT
in an intermediate position between AGT140 and INDET,
and highlights the role played by insulin resistance in the
glucometabolic alterations of CF patients. In addition, our
findings support the relevance of diagnosing AGT140 in
clinical practice as a new class of glucose intolerance in
order to improve the stratification of metabolic risk in CF
patients.

Prospective studies are required to further corroborate
our findings and to evaluate their implications for specific
outcomes related to CF clinical course, such as nutritional
status, lung function, and CF exacerbations, and to as-
sess the possible benefits of new therapeutic interventions
targeting early glucose abnormalities such as AGT140.

Acknowledgments

We kindly thank the patients and their families who participated
in the study. We thank the dedicated staff of the 2 Regional CF
Care Centers and the 2 Regional Centers for Pediatric Diabetes

of the University Hospital of Verona and Napoli for their support
during the clinical study. A special acknowledgment to Dr. Ciro
D’Orazio.

Financial Support: This study was supported by grants
(FURMAF2019) from the University of Verona to C.M., from Lega
Italiana Fibrosi Cistica (LIFC) of Veneto Region, Italy to M.C., and
by PRIN 2015373Z39_004 from MIUR and FIL grant from Univer-
sity of Parma to R.C.B.

Author Contributions: C.P., S.V., C.Z., and E.M. researched
and analyzed data and wrote the manuscript. A.T., M.T., A.E,, and
V.R. researched data and discussed the manuscript. M.L.B. car-
ried out mathematical modeling of the data. R.C.B. developed
the mathematical models, supervised mathematical modeling,
edited the manuscript, and provided substantial contribution to
the overall manuscript. M.C. edited the manuscript and provided
substantial contribution to the overall discussion. C.M. designed
the study, researched data, co-wrote, and edited the manuscript.
C.M. is the guarantor of this work and, as such, had full access to
all the data in the study and takes responsibility for the integrity
and the accuracy of the data analysis.

Additional Information

Correspondence: Claudio Maffeis, MD, Pediatric Diabetes and
Metabolic Disorders Unit, Regional Center for Pediatric Diabetes,
University Hospital of Verona, Piazzale Stefani 1, 37126 Verona,
Italy. Email: claudio.maffeis@univr.it.

Disclosure Summary: The author reports no conflicts of interest
in this work.

Data Availability: The datasets generated and analyzed during the
current study are available from the corresponding author on rea-
sonable request.

References

1. Moran A, Pillay K, Becker D, Granados A, Hameed S, Acerini CL.
ISPAD Clinical Practice Consensus Guidelines 2018: manage-
ment of cystic fibrosis-related diabetes in children and adoles-
cents. Pediatr Diabetes. 2018;19(Suppl 27):64-74.

2. Rosenecker J, Hofler R, Steinkamp G, et al. Diabetes mellitus in pa-
tients with cystic fibrosis: the impact of diabetes mellitus on pulmonary
function and clinical outcome. Eur | Med Res. 2001;6(8):345-350.

3. Chamnan P, Shine BS, Haworth CS, Bilton D, Adler Al Diabetes
as a determinant of mortality in cystic fibrosis. Diabetes Care.
2010;33(2):311-316.

4. Ode KL, Frohnert B, Laguna T, et al. Oral glucose toler-
ance testing in children with cystic fibrosis. Pediatr Diabetes.
2010;11(7):487-492.

5. Mozzillo E, Raia V, Fattorusso V, et al. Glucose derangements in
very young children with cystic fibrosis and pancreatic insuffi-
ciency. Diabetes Care. 2012;35(11):€78.

6. Moran A, Brunzell C, Cohen RC, et al.; CFRD Guidelines
Committee. 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(12):2697-2708.

7. Hameed S, Morton JR, Jaffé A, et al. Early glucose abnormal-
ities in cystic fibrosis are preceded by poor weight gain. Diabetes
Care. 2010;33(2):221-226.

220z Arenuer 0 Uo Josn ewed Ip eNsISAIUN 38ISO Ad L620¥09/€6. L/¥/90L/910IHE/Wwadl/woo"dno-oiwapese//:sdny woly papeojumoq


mailto:claudio.maffeis@univr.it?subject=

1802

The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Brodsky ], Dougherty S, Makani R, Rubenstein RC, Kelly A.
Elevation of 1-hour plasma glucose during oral glucose toler-
ance testing is associated with worse pulmonary function in
cystic fibrosis. Diabetes Care. 2011;34(2):292-295.

Sheikh S, Putt ME, Forde KA, Rubenstein RC, Kelly A. Elevation
of one hour plasma glucose during oral glucose tolerance testing.
Pediatr Pulmonol. 2015;50(10):963-969.

Franzese A, Mozzillo E, Fattorusso V, Raia V, Valerio G.
Screening of glucose metabolism derangements in pediatric
cystic fibrosis patients: how, when, why. Acta Diabetol.
2015;52(4):633-638.

Mohan K, Miller H, Dyce P, et al. Mechanisms of
glucose intolerance in fibrosis. Diabet Med.
2009;26(6):582-588.

Battezzati A, Mari A, Zazzeron L, et al. Identification of insulin

cystic

secretory defects and insulin resistance during oral glucose toler-
ance test in a cohort of cystic fibrosis patients. Eur | Endocrinol.
2011;165(1):69-76.

Bergman RN, Piccinini F, Kabir M, Kolka CM, Ader M. Hypothesis:
role of reduced hepatic insulin clearance in the pathogenesis of type 2
diabetes. Diabetes. 2019;68(9):1709-1716.

Bonadonna RC, Boselli L, Dei Cas A, Trombetta M. Methods
to assess in vivo insulin sensitivity and insulin secretion.
In: Bonora E, DeFronzo R eds. Diabetes Epidemiology,
Genetics, Pathogenesis, Diagnosis, Prevention, and Treatment.
Endocrinology. Springer; 2018:317-368.

Grancini V, Trombetta M, Lunati ME, et al. Central role of the
f-cell in driving regression of diabetes after liver transplantation
in cirrhotic patients. | Hepatol. 2019;70(5):954-962.

Nyirjesy SC, Sheikh S, Hadjiliadis D, et al. 3-Cell secretory de-
fects are present in pancreatic insufficient cystic fibrosis with
1-hour oral glucose tolerance test glucose >155 mg/dL. Pediatr
Diabetes. 2018;19(7):1173-1182.

WHO Multicentre Growth Reference Study Group. WHO Child
Growth Standards based on length/height, weight and age. Acta
Paediatr Suppl. 2006;450:76-85.

Barrett PH, Bell BM, Cobelli C, et al. SAAM II: Simulation,
Analysis, and Modeling Software for tracer and pharmacokin-
etic studies. Metabolism. 1998;47(4):484-492.

Cobelli C, Toffolo GM, Dalla Man C, et al. Assessment of beta-
cell function in humans, simultaneously with insulin sensitivity
and hepatic extraction, from intravenous and oral glucose tests.
Am | Physiol Endocrinol Metab. 2007;293(1):E1-E15.

Weiss R, Caprio S, Trombetta M, Taksali SE, Tamborlane WYV,
Bonadonna R. Beta-cell function across the spectrum of glucose
tolerance in obese youth. Diabetes. 2005;54(6):1735-1743.

21.

22.

23.

24.

2S.

26.

27.

28.

29.

30.

31.

Navalesi R, Pilo A, Ferrannini E. Kinetic analysis of plasma
insulin disappearance in nonketotic diabetic patients and in
normal subjects. A tracer study with 125I-insulin. | Clin Invest.
1978;61(1):197-208.

Mari A, Pacini G, Murphy E, Ludvik B, Nolan JJ. A model-based
method for assessing insulin sensitivity from the oral glucose tol-
erance test. Diabetes Care. 2001;24(3):539-548.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA,
Treacher DF, Turner RC. Homeostasis model assessment: in-
sulin resistance and beta-cell function from fasting plasma
glucose and insulin concentrations in man. Diabetologia.
1985;28(7):412-419.

Phillips DI, Clark PM, Hales CN, Osmond C. Understanding
oral glucose tolerance: comparison of glucose or insulin meas-
urements during the oral glucose tolerance test with specific
measurements of insulin resistance and insulin secretion. Diabet
Med. 1994;11(3):286-292.

Matsuda M, DeFronzo RA. Insulin sensitivity indices
obtained from oral glucose tolerance testing: com-
parison with the euglycemic insulin clamp. Diabetes Care.
1999;22(9):1462-1470.

Yeckel CW, Weiss R, Dziura J, et al. Validation of insulin sen-
sitivity indices from oral glucose tolerance test parameters
in obese children and adolescents. | Clin Endocrinol Metab.
2004;89(3):1096-1101.

Maffeis C. Manuscript Glucose tolerance classes in Cystic
Fibrosis are identified by a unique pattern of defects of Beta-cell
function-Extended Data Sets and Supplemental Materials.docx.
figshare. Posted December 7, 2020. https://doi.org/10.6084/
m9.figshare.13341419.v2

Yung B, Noormohamed FH, Kemp M, Hooper J, Lant AF,
Hodson ME. Cystic fibrosis-related diabetes: the role of periph-
eral insulin resistance and beta-cell dysfunction. Diabet Med.
2002;19(3):221-226.

Elder DA, Wooldridge JL, Dolan M, D’Alessio D. Glucose tol-
erance, insulin secretion and insulin sensitivity in children and
adolescents with cystic fibrosis and no prior history of diabetes.
J Pediatr. 2007;151:653-658.

Sheikh S, Gudipaty L, De Leon DD, et al. Reduced p-cell se-
cretory capacity in pancreatic-insufficient, but not pancreatic-
sufficient, cystic fibrosis despite normal glucose tolerance.
Diabetes. 2017;66(1):134-144.

Giannini C, Weiss R, Cali A, et al. Evidence for early defects
in insulin sensitivity and secretion before the onset of glucose
dysregulation in obese youths: a longitudinal study. Diabetes.
2012;61(3):606-614.

220z Arenuer 0 Uo Josn ewed Ip eNsISAIUN 38ISO Ad L620¥09/€6. L/¥/90L/910IHE/Wwadl/woo"dno-oiwapese//:sdny woly papeojumoq


https://doi.org/10.6084/m9.figshare.13341419.v2
https://doi.org/10.6084/m9.figshare.13341419.v2

