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OBJECTIVE

The shape of the glucose response curve during an oral glucose tolerance test
(OGTT), monophasic versus biphasic, identifies physiologically distinct groups
of individuals with differences in insulin secretion and sensitivity. We aimed to
verify the value of the OGTT-glucose response curve againstmore sensitive clamp-
measured biomarkers of type 2 diabetes risk, and to examine incretin/pancreatic
hormones and free fatty acid associations in these curve phenotypes in obese
adolescents without diabetes.

RESEARCH DESIGN AND METHODS

A total of 277 obese adolescents without diabetes completed a 2-h OGTT and were
categorized to either amonophasic or a biphasic group. Body composition, abdominal
adipose tissue, OGTT-based metabolic parameters, and incretin/pancreatic hor-
mone levelswere examined. A subset of 106participants had bothhyperinsulinemic-
euglycemic and hyperglycemic clamps to measure in vivo insulin sensitivity, insulin
secretion, and b-cell function relative to insulin sensitivity.

RESULTS

Despite similar fasting and 2-h glucose and insulin concentrations, the monophasic
group had significantly higher glucose, insulin, C-peptide, and free fatty acid OGTT
areas under the curve compared with the biphasic group, with no differences in
levels of glucagon, total glucagon-like peptide 1, glucose-dependent insulinotropic
polypeptide, and pancreatic polypeptide. Furthermore, the monophasic group had
significantly lower in vivo hepatic and peripheral insulin sensitivity, lack of com-
pensatory first and second phase insulin secretion, and impaired b-cell function
relative to insulin sensitivity.

CONCLUSIONS

In obese youth without diabetes, the risk imparted by the monophasic glucose
curve compared with biphasic glucose curve, independent of fasting and 2-h
glucose and insulin concentrations, is reflected in lower insulin sensitivity and
poorer b-cell function, which are two major pathophysiological biomarkers of
type 2 diabetes in youth.
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Fasting and 2-h glucose concentrations
during an oral glucose tolerance test
(OGTT) are used either to diagnose
type 2 diabetes or to capture the height-
ened risk for future type 2 diabetes (i.e.,
prediabetes) (1). However, there is a grow-
ing interest in finding novel biomarkers
and/or models that can identify early
metabolic risk abnormalities (2,3). One
such marker is the shape of the glucose
response curve during an OGTT, either
monophasic or biphasic, which is pro-
posed to harbor metabolic information
not captured by the level of glycemia
alone (4) and is a potential predictor
for type 2 diabetes in adults (5).
Youth prediabetes and type 2 diabetes

have emerged as major consequences of
the obesity epidemic imposing a serious
public health burden (6,7). Considering
that insulin resistance, impaired b-cell
function, and impaired incretin effect
constitute the pathophysiological mecha-
nisms of youth prediabetes and type 2
diabetes (8–10), there is increasing inter-
est in identifying simple biomarkers that
can detect impairment in b-cell function
heralding type 2 diabetes. Among these
are the fasting (11), 1-h (12), and 2-h glu-
cose concentrations during an OGTT,
which signal b-cell failure, measured by
the clamp-derived disposition index (DI),
and presage progression to type 2 diabe-
tes (8,13). Additionally, however, recent
cross-sectional studies (14–16) demon-
strated that the shape of the OGTT-
glucose response curve can differentiate
type 2 diabetes risk in Latino and white
adolescents without diabetes. Youth
with a monophasic glucose response
curve manifest an increased risk for
type 2 diabetes markers measured by
OGTT-derived surrogate indices of insulin
sensitivity (IS) and b-cell function. How-
ever, because the shape of the glucose
response curve was drawn by plotting
the time-course change of glucose con-
centrations during an OGTT, it is likely
to be correlated with the various OGTT-
derived surrogate estimates of IS and in-
sulin secretion. Furthermore, it remains
unknown whether incretin hormones,
through augmenting insulin secretion
and regulating the rate of gastric empty-
ing, might play a role in the shape of the
OGTT-glucose response curve. Last, it has
not been investigated whether there
might be a relationship between free fatty
acid (FFA) concentrations during the
OGTT and the glucose response curve

despite the well-known lipotoxic phe-
nomenon of elevated FFAs in impairing
IS and insulin secretion.

Therefore, the purposes of this study
in obese adolescents without diabetes
were as follows: 1) to verify the utility
of the OGTT-glucose response curve,
monophasic versus biphasic, against
more sensitive clamp-measured bio-
markers of type 2 diabetes; 2) to examine
whether there are differences in incretin
and pancreatic hormone responses be-
tween monophasic and biphasic OGTT-
glucose response curves; and 3) to assess
whether there are differences in FFA con-
centration, a marker of lipotoxicity, be-
tween monophasic and biphasic groups.

RESEARCH DESIGN AND METHODS

Participants
A total of 287 obese adolescents without
diabetes (138 African American [AA],
140 American white [AW], and 9 biracial;
age 10 to,20 years old; BMI$85th per-
centile for age and sex; Tanner stages
II–V), who participated in our National
Institutes of Health–funded K24 grant
of Childhood Insulin Resistance (9–13,
17–20) from January 2004 through
October 2012, were examined. Of
them, data from 277 subjects (134 AA,
134 AW, and 9 biracial) were used in the
present analysis, whereas 10 subjects
were excluded because their glucose
responses over the 2-h OGTT could not
be classified as either monophasic or bi-
phasic. There were 208 subjects with
normal glucose tolerance (NGT) and
69 subjects with prediabetes (15 with
impaired fasting glucose [IFG], 44 with
impaired glucose tolerance [IGT], and
10 with combined glucose intolerance).
Participants were recruited through
newspaper advertisements, flyers posted
on the medical campus, city bus routes,
and the outpatient clinics in the Weight
Management and Wellness Center and
the Division of Pediatric Endocrinology.
The study was approved by the institu-
tional review board of the University of
Pittsburgh, and written informed paren-
tal consent and child assent were ob-
tained from all participants before any
research procedures were conducted, in
accordance with the ethical guidelines of
Children’s Hospital of Pittsburgh.

Procedures
All procedures were performed at the Pe-
diatric Clinical and Translational Research

Center of Children’s Hospital of Pittsburgh.
All participants gaveamedical history, and
underwent a physical examination, and
hematologic and biochemical tests.
Height and weight were assessed to the
nearest 0.1 cm and 0.1 kg, respectively,
and were used to calculate BMI. Pubertal
development was assessed using Tanner
criteria (21). Body composition was eval-
uated with DEXA by the measurement of
total body fat mass, fat-free mass, and
percentage of body fat. Abdominal total
adipose tissue (TAT), subcutaneous adi-
pose tissue (SAT), and visceral adipose
tissue (VAT)were assessed by either com-
puted tomography (CT) orMRI at the L4–5
intervertebral space (10,22). The switch
from CT toMRI was imposed by the study
section during the competitive grant re-
newal process. Note that Klopfenstein
et al. (23) demonstrated strong correla-
tion (r = 0.89–0.95) and good agreement
(i.e., very small average difference) be-
tween CT and MRI for the measurement
of abdominal adipose tissue.

Metabolic Studies
After 10–12 h of overnight fasting, partic-
ipants underwent a 2-h OGTT (1.75 g/kg,
maximum 75 g) (19,24). Blood samples
were obtained at215, 0, 30, 60, 90, and
120 min for the measurement of glu-
cose, insulin, C-peptide, glucagon, total
glucagon-like peptide 1 (GLP-1), glucose-
dependent insulinotropic polypeptide
(GIP), pancreatic polypeptide (PP), and
FFA. Fasting blood samples were ob-
tained for determination of the lipid pro-
file, and levels of HbA1c and adiponectin.

Of the total 277 participants, a subset
of 106 participants (70 with NGT and
36 with prediabetes [7 with IFG, 24 with
IGT, and 5 with combined glucose intol-
erance]) were admitted twice within a
1-to 4-week period to the Pediatric
Clinical and Translational Research Cen-
ter for a hyperinsulinemic-euglycemic
clamp to assess in vivo IS, and a hyper-
glycemic clamp to assess insulin secre-
tion, which were performed in random
order and synchronized with the OGTT
(19,25–27). Each clamp evaluation was
performed after a 10- to 12-h overnight
fast. Fasting hepatic glucose production
was measured before the start of the
hyperinsulinemic-euglycemic clamp, with
a primed (2.2 mmol/kg) constant infusion
of [6,6-2H2] glucose at 0.22 mmol/kg/min
for a total of 2 h, as described previously
(19,25–27). After the 2-h baseline isotope
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infusion period, in vivo ISwas evaluated dur-
ing a 3-h hyperinsulinemic (80mU/m2/min)-
euglycemic clamp (19,25–27). First- and
second-phase insulin secretion was as-
sessed during a 2-h hyperglycemic
(225 mg/dL) clamp, as described before
(19,25–27). Theplasmaglucose concentra-
tion was increased rapidly to 225 mg/dL
by a bolus infusion of dextrose and was
maintained at that level by a variable
rate infusion of 20% dextrose for 2 h,
with frequent measurement of glucose
and insulin concentrations.

Biochemical Measurements
During the 2-h OGTT, blood was col-
lected in chilled aprotinin/EDTA tubes
for insulin, C-peptide, and glucagon mea-
surements. Dipeptidyl peptidase-4 inhib-
itor (10 mL; catalog #DPP4; Millipore,
St. Charles, MO) was added before sam-
pling to the aprotinin/EDTA tubes to pre-
vent the enzymatic degradation of total
GLP-1, GIP, and FFA. Blood samples were
immediately separated in a refrigerated
centrifuge. Plasma samples were divided
into aliquots and stored at 2808C until
analysis. Consistent assay protocols were
used for biochemical measurements over
the study period. Plasma glucose level
was determined by the glucose oxidase
method using a glucose analyzer (Yellow
Springs Instrument Co., Yellow Springs,
OH), and insulin, C-peptide, and gluca-
gon levels were determined by a com-
mercially available radioimmunoassay
(Milllipore), as previously reported (24).
Total GLP-1 was measured on a micro-
plate reader (BioTek,Winooski, VT) using
a multispecies total GLP-1 ELISA kit (cat-
alog #EZGLP1T-36 K; Millipore). GIP and
PP were measured on the 200 IS System
(Luminex, Austin, TX) using a two-plex
human gut hormone MILLIPLEX Kit
(catalog #HGT-68K-02; Millipore), as
described before (10). FFA was deter-
mined using enzymatic colorimetric
methods with a (nonesterified fatty acids)
NEFA-HR Test Kit (Wako, Osaka, Japan).
Adiponectin was measured using a com-
mercially available radioimmunoassay kit
(LINCO Research Inc., St Charles, MO).
HbA1c level was measured by high-
performance liquid chromatography
(Tosoh Medics).

Calculations
Glucose response curve phenotype
(i.e., monophasic or biphasic) was defined
based on plotting glucose concentrations

during the 2-h OGTT. A monophasic re-
sponse curve was determined by a grad-
ual increase in glucose concentrations
until a peak was reached followed by
a subsequent decrease in glucose of
$4.5 mg/dL (4,14). A biphasic response
curve was defined by a second rise in glu-
cose concentrations of $4.5 mg/dL after
the decline in glucose (4,14). An unclassi-
fied response curvewas determinedwhen
the glucose concentrations after glucose
ingestion continuously increased until
120 min.

The OGTT area under the curve (AUC)
for glucose, insulin, C-peptide, glucagon,
total GLP-1, GIP, PP, and FFA was calcu-
lated with the use of the trapezoidal
method. IS was estimated by the HOMA-
IS. Early-phase insulin (i.e., insulinogenic
index) and C-peptide secretion during
the OGTT were calculated as Δ insulin
(or C-peptide) (0–30 min)/Δ glucose
(0–30 min), as previously described
(18). The oral DI (oDI), which represents
b-cell function relative to IS, was calculated
as the product of HOMA-IS3 insulinogenic
index (18).

Fasting hepatic glucose production
was calculated during the last 30 min
of the 2-h isotope infusion (230 to 0 min)
according to steady-state tracer dilution
equations (25,27). Hepatic IS was calcu-
lated as the inverse of the product of
hepatic glucose production and fasting
plasma insulin concentration (27,28).
The insulin-stimulated glucose disposal
rate was calculated to be equal to the
rate of exogenous glucose infusion during
the final 30 min of the hyperinsulinemic-
euglycemic clamp. Peripheral IS was cal-
culated by dividing the glucose disposal
rate by the steady-state clamp insulin con-
centration multiplied by 100 (25). During
the hyperglycemic clamp, first- and second-
phase insulin concentrations were calcu-
lated as described previously (25,27).
b-Cell function relative to IS (i.e., the
DI), was calculated as the product of IS,
measured by the hyperinsulinemic-
euglycemic clamp, and first-phase insulin
secretion measured during the hypergly-
cemic clamp (25,27).

Statistical Analysis
Independent-samples t tests and x2 anal-
yses were used to compare the two glu-
cose response curve groups (monophasic
vs. biphasic). ANCOVA was used to com-
pare phenotypes after adjusting for the
potential confounding effects (age, Tanner

stage, race, sex, glycemic status, BMI, and
fat mass) on phenotypes based on each
analytical model. Data that did not meet
the assumptions for normality were log10
transformed; untransformed data are
presented for ease of interpretation.
Data were analyzed using the PASW ver-
sion 22.0 statistical software package and
were presented as the mean 6 SEM, un-
less otherwise specified, with significance
set at P# 0.05.

RESULTS

Classification Based on Glucose
Response Curve
Based on the glucose response curve, 163
participants were classified asmonophasic
and114were categorized asbiphasic. Ten
participants exhibiting a gradual increase
in plasma glucose levels after glucose
ingestion without a corresponding fall
(i.e., unclassified) were excluded from
the present analysis. Figure 1A–E displays
the mean glucose curve (Fig. 1A), and the
corresponding mean insulin (Fig. 1B),
C-peptide (Fig. 1C), FFA (Fig. 1D), and glu-
cagon (Fig. 1E) curves in each of the
monophasic and biphasic groups.

Physical and Metabolic
Characteristics of the Total OGTT
Cohort (n = 277) With Monophasic
Versus Biphasic Response Curve
Physical and metabolic characteristics
of all participants categorized into
monophasic versus biphasic groups are
presented in Table 1. The two groups
were not different in age, race, sex, Tan-
ner stage, and glycemic status (NGT vs.
prediabetes). The monophasic group
had higher BMI and total body fat
mass, and lower adiponectin concentra-
tions, with no differences in BMI percen-
tile, percentage body fat, and abdominal
adiposity. There were no differences in
HbA1c and fasting lipid levels (Table 1).

Despite similar fasting and 2-h glucose
and insulin concentrations between the
two groups (Fig. 1A and B), participants
with a monophasic response curve ex-
hibited higher glucose, insulin, C-peptide,
and FFA AUCs (Table 1). No differences
in total GLP-1, GIP, and PP AUCs were
found, with a tendency for higher gluca-
gon levels in the monophasic group. The
monophasic group had significantly
lower HOMA-IS and oDI compared with
the biphasic group. All significant differ-
ences were independent of BMI, fat
mass, and race (Table 1).
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When the OGTT-glucose response
curve was analyzed within each sex,
both boys and girls with a monophasic
versus a biphasic response had signifi-
cantly lower oDI (boys 0.52 6 0.04
vs. 0.76 6 0.06; girls 0.67 6 0.08 vs.
0.81 6 0.08), higher glucose AUC (boys
15,829.3 6 218.6 vs. 15,055.4 6 262.4;
girls 15,907.6 6 223.1 vs. 14,194.3 6
224.3 mg/dL/h), and higher FFA AUC
(boys 20.2 6 1.6 vs. 15.7 6 1.0; girls
19.9 6 0.8 vs. 15.3 6 0.7 mmol/L/h) (all
P, 0.05). Further, girls with a monopha-
sic response had significantly lower adi-
ponectin levels (6.63 6 0.35 vs. 8.79 6
0.56 mg/mL) and HOMA-IS (0.19 6 0.02
vs. 0.25 6 0.02), and higher insulin
AUC (23,951.9 6 1,480.4 vs. 17,966.6 6
1,473.6 mU/mL/h) and C-pept ide
AUC (1,259.0 6 41.1 vs. 1,110.7 6
70.9 ng/mL/h) (all P , 0.05) before and
after adjusting for BMI and fat mass.

Clamp-Measured In Vivo IS, Insulin
Secretion, and b-Cell Function
Relative to IS in Monophasic Versus
Biphasic Curve Groups
Ofthe106participantswhohadsynchronized
and complete OGTT, hyperinsulinemic-
euglycemic clamp, and hyperglycemic
clamp data, 66 were classified into the
monophasic group and 40 into the bi-
phasic group. Subgroup analyses for
physical and metabolic characteristics,
and OGTT-based parameters were similar

to that of the total cohort analyses,
with the exception of the younger age
in the monophasic group (Table 2). Af-
ter adjusting for age, Tanner stage, race,
sex, and glycemic status, participants
with a monophasic glucose response
curve exhibited significantly higher glu-
cose, insulin, and FFA AUC, and lower adi-
ponectin concentrations, HOMA-IS, and
oDI (Table 2).

When the monophasic and biphasic
groups were compared with respect to
clamp-based parameters after control-
ling for age, Tanner stage, race, sex,
and glycemic status (Fig. 2), participants
with a monophasic glucose response
had significantly lower hepatic and pe-
ripheral IS. b-cell function relative to IS
(i.e., DI) was significantly lower in the
monophasic group compared with the
biphasic group (Fig. 2C), with lack of com-
pensation of first- and second-phase in-
sulin secretion (first phase 240.4 6 25.8
vs. 228.0 6 23.4 mU/mL; second phase
296.4 6 22.7 vs. 284.6 6 31.6 mU/mL,
all P . 0.05). The best-fit hyperbolic re-
lationship between IS and first-phase in-
sulin secretion shows a shift to the left
toward the origin in themonophasic com-
pared with the biphasic groups (Fig. 2D).

CONCLUSIONS

The present investigation reveals that
adolescents with a monophasic versus a

biphasic glucose response curve during
an OGTT, despite having similar fasting
and 2-h glucose and insulin concentra-
tions, manifest heightened risk for
type 2 diabetes characterized by the fol-
lowing: 1) lower in vivo hepatic and pe-
ripheral IS; 2) impaired b-cell function
relative to IS; 3) lower adiponectin con-
centrations; and 4) higher FFA concentra-
tions during the OGTT despite higher
prevailing insulinemia.

Studies in adults established the con-
cept of the OGTT-glucose response curve
(i.e., monophasic vs. biphasic) and subse-
quently supported that the shape of the
monophasic response represents an in-
creased risk for type 2 diabetes through
cross-sectional studies (4,29–31). The
findings from these cross-sectional stud-
ies were further confirmed longitudinally,
showing that over a 7- to 8-year follow-up
period the conversion rate to type 2 di-
abetes in prediabetic adults with amono-
phasic glucose response was nearly
double those with a biphasic glucose re-
sponse (5). However, there is a trickle of
cross-sectional studies describing the
shape of the OGTT-glucose response
curve in youth. Kim et al. (14) showed
that during a 2-h OGTT Latino youth
without diabetes with a biphasic glu-
cose response compared with those
with a monophasic glucose response
have a lower OGTT glucose AUC, a

Figure 1—Glucose (A), insulin (B), C-peptide (C), FFA (D), and glucagon (E) response curves during a 2-h OGTT in monophasic (filled circles and solid
lines) and biphasic (open triangles and dashed lines) groups. *P , 0.05; **P , 0.01; ***P , 0.001.
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higher Matsuda index, a higher insulino-
genic index, and better oDI, all of which
are surrogate indices estimated from the
OGTT. Another study in white obese ad-
olescents demonstrated that the shape of
the monophasic glucose response com-
paredwith themore complex shapes rep-
resented a high risk for type 2 diabetes in
terms of altered OGTT-derived surrogate
estimates of glucose homeostasis (15).
Another study (16) divided obese girls,
based on a nonstandard threshold of
2 mg/dL instead of the accepted 4.5 mg/dL,
into the following four types of OGTT-
glucose response curves: monophasic,
biphasic, triphasic, and unclassified. Con-
sistent with previous findings, the mono-
phasic glucose response category showed
abnormalities in OGTT-basedmetabolic pa-
rameters, including lower insulinogenic

index and oDI compared with the groups
of biphasic and triphasic glucose re-
sponses. Despite consistent observa-
tions in youth, a common limitation is
that the main outcome measures were
based on the results of an OGTT, which is
also the same test from which the glu-
cose response pattern is plotted, hence
allowing for autocorrelation and bias us-
ing the same parameters of glucose and
insulin from a single test.

In the present investigation, we not
only support the previous findings of
monophasic versus biphasic glucose re-
sponse, but expand the study to verify
the utility of the OGTT-glucose response
curve against in vivo evaluation of IS and
b-cell function. In the subset of 106
obese adolescents without diabetes
who completed all three tests (the

OGTT, the hyperinsulinemic-euglycemic
clamp, and the hyperglycemic clamp), we
demonstrated that adolescents with a
monophasic glucose response curve had
lower hepatic and peripheral IS with
inadequate compensation in first- and
second-phase insulin secretion when
compared with those with a biphasic re-
sponse, despite having similar fasting and
2-h glucose and insulin concentrations.
This altered balance between insulin ac-
tion and secretion led participants with a
monophasic glucose response to have
lower b-cell function relative to IS (i.e.,
DI), which is considered the strongest
metabolic predictor for the development
of future type 2 diabetes (32). Thus, the
risk imparted by the monophasic glucose
response curve during an OGTT, indepen-
dent of fasting and 2-h glucose and

Table 1—Physical and metabolic characteristics of 277 participants with monophasic versus biphasic OGTT-glucose response
curve

Variables
Monophasic group

(n = 163)
Biphasic group

(n = 114) P value

Physical characteristics
Age (years) 14.7 6 0.1 15.0 6 0.2 NS
Race (AA/AW/biracial) 72 (44)/85 (52)/6 (4) 62 (54)/49 (43)/3 (3) NS
Sex (male/female) 60 (37)/103 (63) 41 (36)/73 (64) NS
Tanner stage (II/III/IV/V), n 4/23/20/116 3/8/16/87 NS
BMI (kg/m2) 36.0 6 0.6 34.1 6 0.6 0.035
BMI percentile 97.9 6 0.2 97.5 6 0.3 NS
Total body fat mass (kg) 43.2 6 1.1 39.7 6 1.2 0.037
Body fat (%) 43.6 6 0.6 42.3 6 0.7 NS
VAT (cm2) 67.9 6 2.9 64.6 6 3.3 NS
SAT (cm2) 508.4 6 17.4 476.5 6 19.6 NS
TAT (cm2) 576.4 6 19.3 539.1 6 21.3 NS

Metabolic characteristics
Glycemic status (NGT/prediabetes) 122 (75)/41 (25) 86 (75)/28 (25) NS
HbA1c (%) 5.47 6 0.05 5.41 6 0.06 NS
Adiponectin (mg/mL) 7.03 6 0.29 8.36 6 0.45 0.015*#¶
Cholesterol (mg/dL) 150.9 6 2.5 153.0 6 3.0 NS
Triglyceride (mg/dL) 102.9 6 4.8 92.9 6 4.4 NS
HDL (mg/dL) 48.7 6 2.0 49.0 6 2.2 NS
LDL (mg/dL) 83.6 6 2.4 87.3 6 2.9 NS
VLDL (mg/dL) 20.3 6 0.9 18.6 6 0.9 NS

OGTT-based parameters
Glucose AUC (mg z dL21 z h21) 15,878.8 6 161.9 14,504.0 6 175.5 ,0.0001*#¶
Insulin AUC (mU z mL21 z h21) 22,248.7 6 1,085.2 17,727.4 6 1,111.0 0.002*#¶
C-peptide AUC (ng z mL21 z h21) 1,173.2 6 32.7 1,055.1 6 50.6 0.005*#¶
FFA AUC (mmol z L21 z h21) 20.0 6 0.7 15.4 6 0.6 ,0.0001*#¶
Glucagon AUC (pg z mL21 z h21) 6,664.1 6 191.3 6,227.0 6 230.7 0.078
Total GLP-1 AUC (pmol z L21 z h21) 1,725.0 6 103.4 1,672.7 6 96.0 NS
GIP AUC (pg z mL21 z h21) 21,386.8 6 745.9 20,952.0 6 693.7 NS
PP AUC (pg z mL21 z h21) 6,672.6 6 445.7 6,436.8 6 550.6 NS
HOMA-IS 0.20 6 0.01 0.25 6 0.02 0.003*#¶
Early-phase insulin secretion 3.7 6 0.2 4.4 6 0.4 NS
Early-phase C-peptide secretion 0.14 6 0.01 0.17 6 0.01 0.008*#¶
oDI (HOMA-IS 3 insulinogenic index) 0.61 6 0.05 0.79 6 0.05 0.001*#¶

Values are reported as the mean6 SEM or n (%), unless otherwise indicated. Prediabetes, IFG and/or IGT. VAT, SAT, and TAT data were available on
229 patients (130 vs. 99). Glucagon is missing in 3 participants (2 in monophasic group and 1 biphasic group). Total n for total GLP-1 is 221 (126 vs.
95), for GIP and PP is 230 (133 vs. 97), for FFA is 250 (148 vs. 102), and for adiponectin is 246 (145 vs. 101). *P, 0.05 after adjusting for BMI. #P, 0.05
after adjusting for fat mass in addition to BMI. ¶P , 0.05 after adjusting for race in addition to BMI and fat mass.
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insulin concentrations, is mirrored in lower
in vivo IS and impaired b-cell function, two
major pathophysiological biomarkers of the
heightened risk of type 2 diabetes in
youth. Furthermore, when the data set
was restricted to only those participants
with NGT, youth with a monophasic re-
sponse had significantly lower HOMA-IS
and oDI (in the total cohort), and lower
hepatic IS and higher glucose, insulin, and
FFA AUCs (in the NGT subset that com-
pleted both clamps) compared with those
with a biphasic response (data not shown).
Of the total cohort in the current study,

59% of obese adolescents were classified
as having a monophasic glucose response,
whereas 41%were categorized as having
a biphasic response. Previous studies
reported that the shape of the monopha-
sic response is the dominant phenotype,

with prevalence ranging (after excluding
the unclassified group) from 57% to 84%
in adults (4,5,29–31) and from 35% to
69% in youth (14–16). Based on our pre-
sent study and other pediatric studies
(15) showing, in general, higher biphasic
response curve rates than those in adults,
together with publications concerning
adults, that a biphasic response is associ-
atedwith younger age comparedwith the
monophasic response (4), it could be pos-
tulated that the aging processmay have a
negative impact on the glucose response
curve. Although there were no differ-
ences in sex, ethnicity (AA vs. AW), and
glycemic status (NGT vs. prediabetes) be-
tween the two glucose curve groups, we
further scrutinized our analyses concern-
ing the possibility of race-specific dispar-
ities in type 2 diabetes risk in youth (6).

Our data showed that even after adjust-
ing for these variables the OGTT-glucose
response curve continued todiscern a risk
for type 2 diabetes.

Our data showed that adolescents
with a monophasic response curve com-
pared with a biphasic response curve
had a higher FFA AUC despite having a
higher insulin AUC, which is suggestive
of defective regulation of lipolysis by
insulin or insulin resistance of lipid me-
tabolism (33). This is in line with the
lower in vivo IS of glucose metabolism
and lower adiponectin concentrations in
the monophasic versus the biphasic
group. Adiponectin, being an antidia-
betic and antiatherogenic marker with
low levels associated with obesity-
related metabolic disorders in youth (34)
and adults (35), might be a biomarker

Table 2—Physical and metabolic characteristics of 106 participants who had synchronized OGTT and hyperinsulinemia-
euglycemic, and hyperglycemic clamps, with monophasic versus biphasic OGTT-glucose response curve

Variables
Monophasic group

(n = 66)
Biphasic group

(n = 40) P value Adjusted P value*

Physical characteristics
Age (years) 14.8 6 0.2 15.7 6 0.3 0.014
Race (AA/AW/biracial) 26 (39)/36 (55)/4 (6) 16 (40)/21 (53)/3 (7) NS
Sex (male/female) 31 (47)/35 (53) 19 (47)/21 (53) NS
Tanner stage (III/IV/V) 9 (14)/7 (10)/50 (76) 3 (7)/5 (13)/32 (80) NS
BMI (kg/m2) 36.1 6 0.8 35.0 6 0.9 NS NS
BMI percentile 97.8 6 0.3 97.4 6 0.5 NS
Total body fat mass (kg) 43.4 6 1.5 42.0 6 1.9 NS NS
Body fat (%) 43.2 6 0.7 43.8 6 1.0 NS NS
VAT (cm2) 72.4 6 3.3 68.3 6 5.0 NS NS
SAT (cm2) 528.0 6 23.4 518.2 6 29.0 NS NS
TAT (cm2) 600.4 6 25.3 580.7 6 29.9 NS NS

Metabolic characteristics
Glycemic status (NGT/prediabetes) 46 (70)/20 (30) 24 (60)/16 (40) NS
HbA1c (%) 5.41 6 0.06 5.36 6 0.07 NS NS
Adiponectin (mg/mL) 6.21 6 0.34 7.02 6 0.47 NS 0.036
Cholesterol (mg/dL) 149.8 6 4.0 157.9 6 5.1 NS NS
Triglyceride (mg/dL) 118.3 6 7.9 109.5 6 9.1 NS NS
HDL (mg/dL) 38.8 6 1.2 40.3 6 1.2 NS NS
LDL (mg/dL) 87.6 6 3.7 95.8 6 4.4 NS NS
VLDL (mg/dL) 22.6 6 1.3 21.9 6 1.8 NS NS

OGTT-based parameters
Glucose AUC (mg z dL21 z h21) 16,157.5 6 257.7 14,952.6 6 323.0 0.005 ,0.001
Insulin AUC (mU z mL21 z h21) 24,477.1 6 1,935.7 17,089.2 6 1,397.9 0.010 0.004
C-peptide AUC (ng z mL21 z h21) 1,173.6 6 51.7 1,025.3 6 60.0 NS NS
FFA AUC (mmol z L21 z h21) 19.3 6 0.9 17.0 6 0.9 0.076 0.018
Glucagon AUC (pg z mL21 z h21) 6,251.9 6 333.7 6,487.3 6 375.1 NS NS
Total GLP-1 AUC (pmol z L21 z h21) 1,445.9 6 113.2 1,706.0 6 143.0 NS NS
GIP AUC (pg z mL21 z h21) 22,039.7 6 1,015.1 22,427.3 6 1,167.5 NS NS
PP AUC (pg z mL21 z h21) 7,759.5 6 751.2 5,559.9 6 496.2 0.081 NS
HOMA-IS 0.18 6 0.01 0.25 6 0.03 0.040 0.026
Early-phase insulin secretion 3.93 6 0.35 3.89 6 0.42 NS NS
Early-phase C-peptide secretion 0.13 6 0.01 0.15 6 0.02 NS NS
oDI (HOMA-IS 3 insulinogenic index) 0.57 6 0.05 0.72 6 0.08 0.080 0.014

Values are reported as themean6 SEM or n (%), unless otherwise indicated. VAT, SAT, and TAT data were available on 100 patients (61 vs. 39). Total
n for glucagon is 104 (65 vs. 39), for total GLP-1 is 105 (65 vs. 40), for GIP is 104 (64 vs. 40), for PP is 103 (65 vs. 38), for FFA is 106 (66 vs. 40),
and for adiponectin is 92 (57 vs. 35). *Difference after adjusting for age, Tanner stage, race, sex, and glycemic status.
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of a monophasic glucose response curve.
With respect to the elevated FFA concen-
trations, it is tempting to hypothesize that
the lower b-cell function in the mono-
phasic group, whether derived from the
OGTT results or measured during the
clamp, might be consequent to lipotox-
icity. We previously demonstrated (36)
that in otherwise healthy, even normal-
weight children, short periods of;5 h of
exposure to elevated FFA concentrations
results in a significant decline in b-cell
function relative to IS that is consistent
with an acute lipotoxic effect. Results were
similar in overweight/obese adolescents

(37). Thus, we postulate that youth with a
monophasic OGTT-glucose response curve
manifestworseb-cell function secondary to
lipotoxicity consequent to an inherent insu-
lin resistance that involves both the glucose
and lipid metabolism and manifested in
lower adiponectin levels.

Further, we attempted for the first
time to examine whether the different
glucose response curves are driven by
differences in incretin concentrations
and pancreatic hormones. Our data did
not show differences in total GLP-1, GIP,
and PP responses during the OGTT be-
tween the monophasic and the biphasic

groups. However, a tendency for ;7%
higher glucagon in themonophasic group
compared with the biphasic group was
observed. It could be postulated that
the inadequate suppression of the gluca-
gon secretion may contribute to the
monophasic response through the failure
of a rapid fall in hepatic glucose produc-
tion after the oral glucose load (38). Ad-
ditionally, it remains unresolved whether
the incretin effect might be different
between the two groups despite similar
incretin concentrations.

The strengths of the present investiga-
tion include the following: 1) a first-time

Figure 2—In vivo hepatic IS (A), peripheral IS (B), b-cell function relative to IS (DI) (C), and the hyperbolic relationship between IS and first-phase
insulin secretion (D) in the monophasic group (filled circles and solid line) vs. the biphasic group (open triangles and dashed line). Hyperbolic curve
is the nonlinear fitted regression line derived from the individual data points of the monophasic (R2 = 0.314, P, 0.001) vs. the biphasic (R2 = 0.199,
P = 0.004) groups. Adjusted P value is for the difference after adjusting for age, Tanner stage, race, sex, and glycemic status.
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comparison of theOGTT-glucose response
curve phenotypes to clamp-measured
in vivo IS, insulin secretion, andb-cell func-
tion relative to IS; 2) the comprehensive
assessment of pancreatic and incretin
hormones in relation to the glucose re-
sponse curve, which to our knowledge
has not been reported previously in
adults or adolescents; and 3) the bal-
anced representation of white and black
youth. Potential perceived limitations
would be that we have no data on OGTT
glycerol turnover, which could shed light
on the mechanisms responsible for
the observed relationship between FFA-
glucose response curve through altered
lipolysis. In addition, the OGTT-glucose
response curve shape was determined
by the results of a single OGTT, which
may have limited reproducibility in youth
(39). A recent study in adults (40) exam-
ined the reproducibility of the various
OGTT-based biomarkers of type 2 diabe-
tes risk, including the shape of the OGTT-
glucose response curve, and found poor
reproducibility. Our preliminary analysis
of the previous data set (n = 51), in which
participants underwent repeated OGTTs
(39), shows 57% agreement on the shape
classification (i.e., monophasic vs. bi-
phasic) between twoOGTTs (unpublished
data). Further investigations of whether
consistent patterns or shapes of the
OGTT-glucose response curves can be ob-
served in an OGTT duplicates in obese
youth might shed light on whether the
underlying pathophysiological mecha-
nisms fluctuate or not. Most importantly,
however, prospective longitudinal studies
are needed to investigate the predictive
value of the shape of the OGTT-glucose
response curve with respect to progres-
sion to prediabetes or type 2 diabetes in
obese youth. Further, it remains impera-
tive to perform intervention/prevention
trials in obese youth to examine whether
any lifestyle or pharmacological ap-
proaches could shift the OGTT-glucose re-
sponse curve frommonophasic to biphasic.
In summary, the current study veri-

fied the shape of the OGTT-glucose re-
sponse curve against more sensitive
clamp measures of type 2 diabetes risk
in AA and AW obese adolescents. Our
data reveal that themonophasic glucose
response curve portends all of the risk
biomarkers of youth type 2 diabetes, in-
cluding poor b-cell function relative to
IS, insulin resistance, low adiponectin
concentrations, and altered glucose

and FFA metabolism, which cannot be
captured by the level of glycemia alone.

Acknowledgments. The authors thank all of
the children who participated in this study and
their parents, without whom science would
not advance; Nancy Guerra for her assistance;
Resa Stauffer for her laboratory expertise; and
the nursing staff of the Pediatric Clinical
and Translational Research Center for their out-
standing care of the participants and their meti-
culous attention to the research.
Funding. This study was supported by National
Institute of Child Health and Human Develop-
ment grants K24-HD01357 and R01-HD27503
to S.A., National Center for Advancing Trans-
lational Sciences Clinical and Translational Sci-
ence Award UL1TR000005, and National Center
for Research Resources grant RR024153 to the
General Clinical Research Center.
Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
AuthorContributions. J.Y.K. and S.A. designed
the study, analyzed the data, and wrote the
manuscript. S.F.M., A.N., S.L., H.T., T.H., K.S.H.,
and F.B. collected the data and reviewed the man-
uscript. All authors approved the manuscript in its
final version. S.A. 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 of the
data and the accuracy of the data analysis.
Prior Presentation. Parts of this study were
presented in abstract form at the 76th Scientific
Sessions of the American Diabetes Association,
New Orleans, LA, 10–14 June 2016.

References
1. American Diabetes Association. Diagnosis
and classification of diabetes mellitus. Diabetes
Care 2014;37(Suppl. 1):S81–S90
2. Stern MP, Williams K, Haffner SM. Identifica-
tion of persons at high risk for type 2 diabetes
mellitus: do we need the oral glucose tolerance
test? Ann Intern Med 2002;136:575–581
3. Reinehr T, Wabitsch M, Kleber M, de Sousa
G, Denzer C, Toschke AM. Parental diabetes,
pubertal stage, and extreme obesity are the
main risk factors for prediabetes in children
and adolescents: a simple risk score to identify
children at risk for prediabetes. Pediatr Diabe-
tes 2009;10:395–400
4. Tschritter O, Fritsche A, Shirkavand F,
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