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Abstract

Background/Aims: The prevalence of impaired glucose tol-
erance (IGT) is rising among obese adolescents in parallel
with epidemic obesity. In some cases, IGT reverts to normal
glucose tolerance (NGT) by the end of puberty. The aims of
the present study were to investigate metabolic factors de-
termining changes over time of glucose at 120 min (Glu120)
following an oral glucose tolerance test (OGTT), and to verify
whether preserved B-cell glucose sensitivity (BCGS) protects
against persistent IGT. Methods: We performed a cohort
study of 153 severely obese children and adolescents evalu-
ated with a 5-point OGTT at baseline and at follow-up with
measurements of glucose, insulin, and C-peptide to estimate
several empirical parameters of insulin sensitivity (includ-
ing oral glucose insulin sensitivity [OGIS] and OGTT-derived
glucose effectiveness) and secretion. Results: At follow-up
(range 0.9-4.8 year), 113 (73.9%) patients remained with
NGT, 9 (5.9%) had IGT, and 28 (18.3%) had reverted to NGT;
3 NGT patients had developed IGT. In multivariable models,

change in log.(BCGS) was inversely associated with time-re-
lated change in log.(Glu120), with (model 2) and without
(model 1) correction for the change in log.(OGIS). Model 2
was more strongly associated with change in log.(Glu120).
Conclusions: Changes in BCGS and insulin sensitivity were
inversely associated with changes in Glu120 at follow-up,
contributing a likely explanation for the reversal of IGT to
NGT. © 2017 S. Karger AG, Basel

Introduction

Since the late 1960s, the prevalence of metabolic ab-
normalities, including impaired glucose tolerance (IGT),
has been growing exponentially in parallel with epidemic
obesity [1]. Early onset of severe obesity seems to facilitate
the occurrence of IGT in youth and to accelerate the pro-
gression to overt type 2 diabetes (T2D).

IGT affects 20-30% of young morbidly obese Ameri-
cans [2] while the prevalence of T2D was 0.46 per 1,000
accordingto thelatest SEARCH investigationina 1.8-mil-
lion population [3]. In a large sample of children and ad-
olescents representative of the Italian population [4], IGT
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was found in 1.6% of overweight subjects, while the prev-
alence rose to 11% in a population of moderately and se-
verely obese young patients enrolled in 8 secondary health
care centers across Italy [5].

With regard to the IGT status, the variability of glucose
tolerance testing is such that regression from IGT to nor-
mal glucose tolerance (NGT) is an equally likely occur-
rence as the reverse process, making the category of IGT
a “diagnostic ragbag” even in adults [6]. This diagnostic
ragbag might be more spacious in obese adolescents, who
are prone to present transient IGT owing to the pubertal
transition that exacerbates insulin resistance (IR) [4, 7].
The defective B-cell function relative to IR would be the
major determinant of the persisting IGT status and the
development of overt T2D [8], along with further weight
gain and no improvement of insulin sensitivity [9]. De-
fects in insulin secretion and action can be diagnosed
even in obese adolescents with NGT, i.e. with a plasma
glucose at 120 min (Glu120) between 120 and 139 mg/dL
following the oral glucose tolerance test (OGTT). Such
defective capacity is indistinguishable from what is seen
in adolescents with a Glu120 >140 mg/dL [10, 11].

The natural history of IGT and T2D in youth has been
deeply investigated in US obese adolescents [12], while
very little information on the pathogenesis of IGT has
been provided in obese Europeans, in whom IGT is not
as prevalent as in their US peers. Furthermore, the reverse
process, i.e. factors that determine normalization of IGT,
has been much less studied in patients of this age class.

The RISC study [13] found that 1 in 4 young European
adults (23% of the population) passes from the upper
boundary of NGT to the diagnostic range of IGT and vice
versa during a 3-year follow-up. Importantly, these
healthy individuals showed reduced B-cell glucose sensi-
tivity (BCGS) independent of age and body mass index
(BMI).

BCGS is one of the 3 components, together with -cell
rate sensitivity (BCRS) and potentiation factor, derived
from the decomposition of the dynamic response of the 3
cells to glucose [14]. The 3 components result in the total
insulin output following the OGTT. PCGS reflects the
sensitivity of the {3 cells to perceive the glucose stimulus,
and this ability seems to be intrinsically linked to genetic
inheritance rather than to BML. In contrast, BCRS may be
influenced by extrinsic factors such as hormones and me-
tabolites [15].

The aim of the present study was to verify whether in
a cohort of obese Italian adolescents, preserved PCGS
(i.e., the ability of the B cells to compensate for reduced
insulin sensitivity over time) predicted glucose tolerance
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at follow-up. In other terms, we aimed to study whether
a reduced PCGS relative to IR identifies a vulnerable cat-
egory of patients who are prone to develop IGT and are
unable to revert to NGT.

Methods

Patients and Study Design

We reviewed all electronic charts of a cohort of patients con-
secutively referred for obesity and admitted to the Department of
Endocrinology of the Bambino Gest Children’s Hospital between
January and June 2011. At that time, all patients were offered to
participate in a standard lifestyle intervention program. Partici-
pants were given diet and exercise instruction by the Obesity Clin-
ic’s dietitian. Sedentary activities were discouraged, and activities
the child enjoyed were encouraged. Each subject was given an in-
structional handout and a goal sheet which was mailed to the par-
ticipant’s family pediatrician. Patients and parents were supplied
with educational materials.

We selected patients with a baseline diagnosis of overweight or
obesity according to age and gender BMI international standards
[16]: baseline age >4 years and <16 years, absence of underlying
chronic diseases, Italian origin (all 4 grandparents of Italian de-
scent), and no use of medication affecting glucose metabolism, in-
cluding metformin, at enrollment.

Patients were recontacted and clinical and laboratory reevalu-
ation was offered to all patients aged <18 years who had not been
involved in any other lifestyle program, movement plan, or re-
search project within the past 6 months, and to patients who had
not undergone bariatric surgery in the meantime.

All procedures performed in the study were in accordance with
the ethical standards of the Ethics Committee of Bambino Gesu
Children’s Hospital, which approved the study, and with the 1964
Helsinki Declaration and its later amendments. Written informed
consent was obtained from the parents before any testing proce-
dure.

Anthropometrics and Body Composition

After a 12-h overnight fast, all subjects were admitted to the
clinic for a 1-day inpatient visit. Height was measured without
shoes to the nearest 0.1 cm using a wall-mounted stadiometer, and
weight was measured in underwear to the nearest 0.1 kg using a
medical balance beam scale. Physical maturation was assessed by
expert endocrinologists (C.B., D.F., and M.C.), who staged puber-
ty according to Marshall and Tanner [17]. Subjects were classified
into Tanner stages based on breast development in girls and geni-
talia development in boys. Subjects with Tanner stage I and stages
from II to V were defined as children and adolescents, respec-
tively.

At the baseline visit, children’s body composition was mea-
sured by dual-energy X-ray absorptiometry using Hologic QDR
Delphi (Hologic Inc., Bedford, MA, USA).

Oral Glucose Tolerance Test

Two baseline fasting blood samples were taken via antecubital
vein catheter, and then each individual was subjected to a 2-h
OGTT (1.75 g of glucose solution per kg of body weight to a max-
imum of 75 g). At follow-up, in patients under metformin treat-
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Fig. 1. Flowchart of the study. IGT, im- stable NGT

3 9 28
IGT progressors stable IGT IGT regressors

paired glucose tolerance; NGT, normal
glucose tolerance.

ment the medication was discontinued 1 week before the OGTT.
A standardized 3-day diet was prescribed before the test. Impaired
fasting glucose and IGT were defined in accordance with the
guidelines of the American Diabetes Association [18].

Assays

Serum insulin levels were measured by a chemiluminescentim-
munoassay method on an ADVIA Centaur® analyzer (Kyowa Me-
dex Co., Tokyo, Japan) with a commercial kit (ADVIA Centaur®
IRI). The lower and upper detection limits were 0.5 and 300 pIU/
mL (3-1,800 pmol/L), respectively. The intra- and interassay coef-
ficient of variation (CV) range were 3.3-4.6 and 2.6-5.9%, respec-
tively. Quantitative determinations of blood glucose were mea-
sured by an enzymatic method on a Roche® automated clinical
chemistry analyzer (Hitachi 904; Roche Diagnostics, Mannheim,
Germany). Glucose was assayed by a commercial kit (Glucose
GOD-PAP, Roche®). The measurement range was 2-450 mg/dL
(0.11-25 mmol/L); the intra- and interassay coefficient of varia-
tion were 0.9 and 1.8%, respectively.

Estimation of Insulin Sensitivity

Insulin sensitivity and IR were assessed through several indices.
IR at fasting was assessed through homeostatic model assessment
of insulin resistance [19]; insulin sensitivity at fasting and during
the OGTT was assessed by the quantitative insulin sensitivity
check index [20] and by oral glucose insulin sensitivity (OGIS)
[21], metabolic clearance rate [22], and the insulin sensitivity index
[23], respectively. Glucose effectiveness was computed as de-
scribed elsewhere [24].

Estimation of Beta-Cell Function

Beta-cell function was assessed by several empirical parame-
ters. We first calculated the insulinogenic index, as 30-min minus
fasting insulin, normalized to the same difference in glucose; we
then computed some insulinogenic-like indices: simple 30-min in-
sulin to glucose ratio (Ins30/Glu30), insulin to glucose area under
the curve (AUC) ratio (AUC Ins/AUC Glu), and suprabasal insu-
lin to glucose AUC ratio (A[AUC Ins/AUC Glu]). Similar param-
eters were computed by using C-peptide instead of insulin. Fur-
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thermore, we calculated the C-peptide-based shape index, which
has been found to be another parameter of B-cell function [25].

Beta-cell function was also assessed from the OGTT using a
well-validated model that describes the relationship between insu-
lin secretion and glucose concentration [14]. The model expresses
insulin secretion (in pmol x min x m?) as the sum of 2 compo-
nents. The first represents the dependence of insulin secretion on
absolute glucose concentration at any time point during the OGTT
through a dose-response function relating the 2 variables. The
mean slope of dose response over the observed glucose range is
denoted as PCGS. The dose response is modulated by a potentia-
tion factor, which accounts for higher insulin secretion in the de-
scending phase of the OGTT hyperglycemia than in the ascending
phase at the same glucose concentration. The potentiation factor
is a positive function of time and is constrained to average unity
during the glucose tolerance test. The second insulin secretion
component represents the dependence of insulin secretion on the
rate of change in glucose concentration. This component is de-
scribed by a parameter, denoted as rate sensitivity, which is related
to early insulin release. Insulin secretion rates were calculated from
the model every 5 min. The integral of insulin secretion during the
2-h OGTT was denoted as total insulin output. The model param-
eters were estimated from glucose and C-peptide concentrations
by regularized least squares.

Statistical Analysis

Most variables had nongaussian distributions, and all are re-
ported as median and standard error. Multivariable random-effect
linear regression models were used to evaluate the time-related
changes in Glu120 and their association with the changes in CGS,
OGIS, and total insulin output controlling for the change in BMI
and for baseline age or baseline pubertal status. In such models,
time was treated as continuous (years); Glul20, BCGS, OGIS,
OGTT-derived glucose effectiveness, and total insulin output were
log.-transformed to reduce skewness, and each child was modeled
as random effect. All outcome-predictors relationships were linear
as detected also by using fractional polynomials. Collinearity
among predictors was excluded using the Belsey-Kuh-Welsh test.
The Akaike information criterion and the Bayesian information
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Table 1. Baseline anthropometrics and insulin metabolism parameters of the studied population

Whole sample ~ NGT Stable IGT IGT regressors IGT progressors p

(n=150) (n=113) (n=9) (n=28) (n=3)
Age, years 11.45+0.21 11.16+0.23 12.92+0.45 12.92+0.45 8.3£1.5 0.003
BMI z-score, SDS 2.29+0.03 2.30+0.03 2.24+0.06 2.24%0.06 2.6+0.13 0.2
Fat mass, kg 27.9+8.3 27.3+9.1 30+4.4 31.4+2.2 29+5.8 0.3
Fasting plasma glucose, mg/dL 80+0.7 79+0.7 87£1.6 82.5+2.2 82+1.3 0.01
Glu120, mg/dL 108+2 103+1.8 152+6.6 153+3.44 108+11 0.05
Fasting insulin, pmol/L 94+6.31 81+7.59 123+14.5 118.8+13.62 103.8+25.8 <0.0001
Ins120, pmol/L 496.8+40.8 382.5+32.8 876+136.29 1,123+131 413460 <0.0001
Fasting C-peptide, pmol/L 2.02+0.09 1.97+0.10 1.55+0.40 2.12+0.12 2.4+0.8 0.001
C-pep120, pmol/L 8.55+0.34 7,845+0.29 9.3%£1.77 9.51+0.62 9.943.2 0.04
HOMA-IR 3.12+0.23 2.55+0.27 4.14+0.52 3.97+0.51 3.5+0.9 0.002
QUICKI 0.24+0.00 0.25+0.00 0.22+0.01 0.22+0.01 0.23+0.1 <0.0001
OGIS, mL/min/m? 437.73+8.09 455.62+7.90 354.78+17.89  325.71+14.33 381.8+51 <0.0001
MCR, mg/kg/min 6.06+0.28 6.88+0.22 2.60+0.94 1.67+0.86 5.2+0.8 0.001
ISIcomp, umol/kg/pM 3.22+0.33 3.91+0.42 2.18+0.14 2.03+0.18 2.7+0.7 0.002
OGE, mg/dL/min 3.2+2 3.3+2.6 2.6+2 2.7%£2.5 3.9+6 0.9
Insulinogenic index, pmol/pmol ~ 172.12£18.07 166.25+15.44 91.23+38.25  187.25+79.2 236.6+56.7 0.37
Ins30/Glu30 70.65+5.22 62.87+5.86 57.63+17.63 101.51+14.46 130+28 0.1
C-pep30/Glu30 324.21+12.79 332.75+14.02 218.27+17.44  324.21+£39.57 393+67 0.2
AUC C-pep/AUC Glu 69.52+4.62 60.23+5.19 88.59+12.88 84.59+12.66 87.3%15 0.01
A(AUC Ins/AUC Glu) 181.95+26.45 180.95+34.84 212.14+27.15 181.95+33.14 221.7+£30.14 0.09
AUC C-pep/AUC Glu 371.45+11.53 370.49+12.57 312.89+25.10  377.47+34.93 464.4+71 0.1
A(AUC C-pep/AUC Glu) 877.44+241.36  922.68+307.06  565.86+45.13 688.96+94.92 1,105+111 0.51
Basal insulin output, pmol/min/m?  99.00+4.28 94.524+4.53 116.8+11.7 122.79+11.64 108.84+36 0.1
BCGS, pmol/min/m?/mm 129.94+8.13 138.11+9.6 102.77+11.73 104.93+9.13 208.6+27 0.05
BCRS, pmol/m?/mM 1,705+193 1,698+192 644.57+159.7 2,043+679 415+547 0.6
PFR1 1.17£0.08 1.18+0.09 1.17£0.19 1.17£0.12 1.5+0.2 0.9
Total insulin output, nmol/m? 54.94+1.88 52.7+1.74 59.44+4.86 67.19+5.58 56.9+21.3 <0.0001
WHOSH_CP 0.004+0.0001 0.004£0.0002 0.002+0.0002  0.004+0.0007  0.003+0.002 0.4
DI 39.4+1 37.7%1.2 32.040+2.7 45.842.2 43.3+5.5 0.1

Data are expressed as median and standard error. AUC, area under the curve; BCGS, B-cell glucose sensitivity; BCRS, p-cell rate sen-
sitivity; BMI, body mass index; C-pep, C-peptide; C-pep30, C-peptide at 30 min; C-pep120, C-peptide at 120 min; DI, disposition index;
Glu, glucose; Glu30, glucose at 30 min; Glu120, glucose at 120 min; HOMA-IR, homeostatic model assessment of insulin resistance;
IGT, impaired glucose tolerance; Ins30, insulin at 30 min; Ins120, insulin at 120 min; ISIcomp, insulin sensitivity index composite; MCR,
metabolic clearance rate; NGT, normal glucose tolerance; OGE, oral glucose tolerance test-derived glucose effectiveness; OGIS, oral
glucose insulin sensitivity; PFR1, potentiation 2 h-basal ratio; QUICKI, quantitative insulin sensitivity check index; WHOSH_CP, whole

shape of C-peptide.

criterion were used to evaluate relative model fit [26]. Statistical
significance was set at p < 0.05. Statistical analyses were performed
using available software (STATA 12.1; StataCorp LP).

Results

A total of 153 obese patients out of 350 (82 males,
53.6%) were reevaluated (Fig. 1). The follow-up time
ranged from 0.9 to 4.8 years, with a median of 2.0 years.
At follow-up, 113 (73.9%) patients remained with NGT
and 9 (5.9%) had IGT (stable IGT); 28 patients (18.3%)
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had reverted to NGT (IGT regressors), and 3 patients
(2.0%) had progressed from NGT to IGT (NGT progres-
sors). While the change in BMI z-score over time was not
statistically different among groups of glucose tolerance,
there was a difference between stable IGT and IGT pro-
gressors in ABMI (-1.3 + 0.84 vs. 3.3 + 2.7) and Abody
weight (2.0 + 3.23 vs. 23.6 + 10 kg), owing to the signifi-
cant increase in body weight of the 3 NGT patients who
progressed to IGT. The patients’ baseline measurements
are given in Table 1.

By comparing groups based on glucose tolerance at
follow-up, IGT patients, either stable or regressors,
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Table 2. Changes in glucose at 120 min between the baseline and follow-up visits

M1 M2 M3 M4 M5 M6 M7 M8 M9
Ing120
Time -0.04 -0.04 -0.06* -0.05*% -0.05 -0.05 -0.05 -0.05 -0.05
(1-year increase) [-0.10, 0.01] [-0.09, 0.00] [-0.11, -0.00] [-0.10, -0.00] [-0.12,0.01] [-0.11,0.01] [-0.11,0.01] [-0.11,0.01] [-0.11,0.01]
BMI 0.04 -0.00 -0.01 -0.02 0.02 0.02 0.03 0.02 0.04
(1-SDS increase)  [-0.02, 0.10] [-0.06, 0.05] [-0.08, 0.05] [-0.08,0.04]  [-0.05,0.08] [-0.04,0.08]  [-0.04,0.10]  [-0.04,0.08] [-0.04, 0.11]
Prepubertal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
[0.00, 0.00] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00]
Early pubertal 0.07 0.01 0.04 0.02 0.07 0.09 0.09 0.09 0.09
[-0.05, 0.19] [-0.09, 0.10] [-0.08, 0.16] [-0.09, 0.13] [-0.05, 0.20] [-0.04, 0.21] [-0.04,0.21] [-0.04,0.21] [-0.04, 0.23]
Late pubertal 0.07 0.02 0.02 0.01 0.05 0.06 0.07 0.06 0.08
[-0.04, 0.17] [-0.07, 0.10] [-0.08, 0.13] [-0.08,0.11] [-0.06, 0.17] [-0.04,0.17] [-0.04, 0.18] [-0.04,0.17] [-0.05, 0.21]
Log.(BCGS) ~0.12%* —0.13%%*
(1-unit increase) [-0.20, -0.03] [-0.21, -0.05]
Log.(OGIS) ~0.49%% ~0.36**
(1-unit increase) [-0.67, -0.30] [-0.60, -0.11]
Log,(total insulin 0.23%** 0.11
output) [0.11,0.34] [-0.02, 0.24]
(1-unit increase)
Log,(total 0.14
secretionxOGIS) [-0.00, 0.29]
(1-unit increase)
Log.(IGIXISI) -0.05* -0.05*
(1-unit increase) [-0.10, -0.01] [-0.10, -0.01]
Log.(OGE) 0.01
(1-unit increase) [-0.05, 0.08]
Constant 2.35%** 5.47%F* 0.92%** 3.62%** 0.34 1.93%** 1.82%** 1.93%** 1.75%**
[1.92,2.78] [4.27, 6.67] [0.43, 1.40] [1.74, 5.50] [-1.17, 1.86] [1.71,2.15] [1.62,2.02] (1.71,2.15] [1.35,2.15]
Insl_1_1
Constant —2.40%** -3.70 —2.26%** ~2.56%** —2.14%** —2.27%¥* —2.23%** —2.27%%* —2.21%%*
[-3.06,-1.73]  [-10.52,3.12]  [-2.73,-1.78]  [-3.36,-1.77]  [-2.58,-1.70]  [-2.80,-1.74] [-2.74,-1.72]  [-2.80, -1.74] [-2.72, -1.71]
Insig_e
Constant —1.77%** —1.78%** —-1.86%** —1.83%** —1.83%** —1.80%** —1.78%** —1.80%** —1.78%**
[-1.98,-1.57]  [-1.98-158]  [-2.06-1.66]  [-2.03,-1.63]  [-2.03,-1.63]  [-1.99,-1.60]  [-1.98,-1.58]  [-1.99,-1.60] [-1.98,-1.58]
Observations 100 100 100 100 100 100 100 100 100
AIC -32 -53 -40 -45 -29 -31 -26 -31 -26
BIC -12 -29 -19 =22 -8 -10 -5 -10 -5

Values are regression coefficients and 95% confidence intervals (in brackets) obtained from multivariable random-effect linear regression. All predictors except for baseline age are
time-varying covariates. The logarithm of the disposition index [Log.(DI)] was calculated as OGIS x total insulin output. See text for details. AIC, Akaike information criterion; BCGS,
B-cell glucose sensitivity; BIC, Bayesian information criterion; BMI, body mass index; IGI, insulinogenic index; ISI, insulin sensitivity index; OGE, oral glucose tolerance test-derived
glucose effectiveness; OGIS, oral glucose insulin sensitivity. * p < 0.05, ** p < 0.01, *** p < 0.001.

showed significant differences as compared to NGT obese
patients in the indices of IR/insulin sensitivity and insulin
secretion. However, we were unable to find parameters
predicting stability of IGT versus reversal to NGT.
Because of the limited sample size of the IGT sub-
groups, we used multivariable models to evaluate the
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time-related change in Glul20 in the whole sample in-
stead of models predicting risk categories; the parameters
are given in Table 2. All models showed no change or a
decrease in log.(Glu120) during the follow-up period.
The change in BMI was not associated with the change
in log.(Glu120) in any model. Baseline age was positively
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Median

Fig. 2. Median values of total insulin output, oral glucose insulin
sensitivity (OGIS), PCGS (B-cell glucose sensitivity), and body
mass index (BMI) z-score at follow-up in patients with normal
glucose tolerance (NGT), patients with stable impaired glucose tol-
erance (IGT), IGT regressors, and IGT progressors.

associated with log.(Glu120) only in model 1, i.e. when
the change in log.(BCGS) was used as a predictor. The
change in log.(BCGS) was inversely associated with the
change in log.(Glul20), with (model 2) and without
(model 1) correction for the change in log.(OGIS). The
change in log.(total insulin output) was positively associ-
ated with the change in log.(Glu120) (model 3), but this
association disappeared when the change in log.(OGIS)
was taken into account (model 4). A comparison of
models 1-4 using both the Akaike information crite-
rion and the Bayesian information criterion showed
that the model more strongly associated with the change
in log.(Glul20) was model 2, i.e. the model including
log.(BCGS) and log.(OGIS). Figure 2 shows median fol-
low-up values of OGIS, total insulin output, and CGS in
the groups. Interestingly, IGT regressors had values of
BCGS not different from patients with NGT, while insulin
sensitivity was reduced and total insulin output increased.

Discussion
Our study documents abnormalities in 3-cell function

and insulin sensitivity in obese children and adolescents
at risk for impaired glucose homeostasis [2, 7, 10, 11, 27-
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29]. While there was a marked distinction in terms of in-
sulin sensitivity and p-cell function at baseline (Table 1)
between NGT patients and both classes of obese adoles-
cents with IGT, the differences between stable IGT pa-
tients and regressors were quite subtle and probably not
clinically significant.

However, stable IGT patients and regressors showed a
different capacity of the { cells, as estimated by changes in
BCGS, to adapt to variations in insulin sensitivity. A rela-
tively greater capacity of the {3 cells (change in BCGS over
time) to adapt to changes in insulin sensitivity and, to a
minor extent, reduced variations in insulin sensitivity were
associated with reduced changes in the concentrations of
Glu120 at follow-up in the whole cohort. The majority of
obese adolescents with IGT (3 out of 4) in our cohort had
reverted to NGT at follow-up. The baseline IGT status was
not confirmed by a second test, and great intraindividual
biological variability in glucose tolerance has been expect-
ed [30], so we cannot be sure that all our IGT patients were
really at increased risk. Nevertheless, the risk of glucose
intolerance is continuous along the spectrum of Glu120,
and it is worth noting that the glucose intolerance status
not necessary progresses to overt diabetes in adolescents,
as already observed in healthy adults [13]. Young patients
facing metabolic periods of increased IR (such as puberty
or acute illness) might pass from NGT to IGT and vice
versa, and their glucose tolerance may go up and down
several times in their lifetime before they develop T2D.

Age, total insulin output alone or in combination with
OGIS as an estimate of the oral glucose disposition index,
and BMI (Table 2) did not predict Glu120.

The prevalence of IGT in our sample was much higher
than that in other cohorts, even of severely obese patients
[5]. The Adiposity Patients Verlaufsbeobachtung registry
found 5.51% of 1,008 patients presenting with IGT. In
that series, BMI correlated very modestly with Glu120
(r = 0.04, p < 0.001), and 70.6% of children with initial
IGT converted to NGT. The improvement in OGTT re-
sults was associated with, but not dependent on, a reduc-
tion in BMI z-score [30].

In the Yale cohort, Weiss et al. [7] observed a lower
rate of IGT reversal; 45.5% of obese IGT adolescents re-
verted to NGT, 30.3% remained with IGT, and 32% pro-
gressed to diabetes over a period of 21 months. This oc-
curred probably owing to significant increase in body
weight and worsening of the associated IR and was ob-
served mostly among African-American youth. The Yale
cohortincluded cases older than the patients in our series,
and this might have contributed to the different rate of
IGT reversal.
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In our series, there was no increase in body weight or
worsening of IR. This may have influenced the rate of IGT
reversal, but noteworthily allowed us to track the “spon-
taneous” (in the sense that the lifestyle intervention was
not such intensive to produce a significant reduction in
body weight) course of the glycemic status over time in
obese adolescents with a relatively defective BCGS. The
lack of significant changes in patients’ BMI and IR during
the follow-up period is one of the major strength of this
observation. Patients in our cohort were recalled after a
median time of 2 years. It has been estimated that, in gen-
eral, more than 50% of patients drop out of treatment af-
ter 12 months even in “virtuous” tertiary health care cen-
ters [31]. Hence, it is very unlikely that IGT reversal was
the effect of any lifestyle intervention, since our patients
were not intensively followed up and treated during this
time frame. Furthermore, we did not observe any differ-
ence over time in BMI z-score among groups of glucose
tolerance.

BCGS is intrinsic to the  cells. Indeed, it appears to be
genetically determined [15] and not influenced by body
weight. In keeping with this notion, the multivariable
models demonstrated no significant effect of basal body
weight on Glu120 at follow-up. BCGS independently pre-
dicted Glu120 at follow-up, and IGT regressors had PCGS
values comparable to those of obese NGT patients, being
in this way able to compensate for the reduced insulin
sensitivity by increased total insulin output (Fig. 2). The
concept that BCGS is the driving force and primary defect
in the natural history toward IGT and T2D that results in
areduced total insulin output is not novel. It was first ex-
plored in the Yale Pathophysiology of T2D in Obese
Youth Study [11, 27, 29]. BCGS was found to progres-
sively decrease, whereas insulin secretion classically ex-
hibited an inverted U shape in the spectrum from glucose
tolerance to intolerance [11]. The evolution of B-cell per-
formance was longitudinally followed up in a group of
obese adolescents with OGTTs repeated serially over a
period of about 3 years. The adolescents who progressed
to IGT had lower PCGS at baseline than nonprogressors
[27]. A very recent study [28] investigating -cell perfor-
mance using the Mari model [14] found that youth with
IGT or T2D have a reduced incretin effect compared with
their NGT peers without any reduction in GLP-1 and
GIP concentrations. Interestingly, the authors speculated
that the diminished incretin effect is due to the defective
BCGS [28].

The limited sample size of the cohort and particularly
of the IGT groups as well as the time of the follow-up
evaluation are major drawbacks of the study. The use of
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accurate methodologies to assess B-cell function, i.e. the
C-peptide deconvolution method to estimate the total in-
sulin output independently of the hepatic insulin clear-
ance [24, 32] and the Mari model to decompose the dy-
namic response of the B cells [15], is its major strength.

In conclusion, we found that changes in BCGS predict
changes in glucose tolerance over time in obese adoles-
cents. The evaluation and monitoring over time of PCGS
relative to changes in IR may be useful to identify obese
adolescents who are at risk of developing persistent IGT
in the long run. Indeed, at follow-up stable IGT patients
had the lowest BCGS (Fig. 2). With regard to the evidence
that some IGT patients revert to NGT, our data do not
support the idea that they are metabolically healthier than
stable IGT peers, since the BCGS between the 2 groups
did not differ significantly. Conversely, they may be a
class at increased metabolic risk which deserves monitor-
ing and intervention to prevent overt diabetes. Weight
gain and worsening of IR may promote the worsening of
glucose homeostasis leading to glucose intolerance and to
diabetes.
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