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OBJECTIVEdIn adults, the shape of the glucose response during an oral glucose tolerance test
(OGTT) prospectively and independently predicts type 2 diabetes. However, no reports have
described the utility of this indicator in younger populations. The purpose of this study was to
compare type 2 diabetes risk factors in Latino adolescents characterized by either a monophasic
or biphasic glucose response during an OGTT.

RESEARCH DESIGN ANDMETHODSdA total of 156 nondiabetic Latino adolescents
completed a 2-h OGTT. Monophasic and biphasic groups were compared for the following type
2 diabetes risk factors: fasting and 2-h glucose, HbA1c, glucose area under the curve (AUC),
insulin sensitivity (Matsuda index), insulin secretion (insulinogenic index), and b-cell function
as measured by the disposition index (insulin sensitivity 3 insulin secretion).

RESULTSdOf the participants, 107 youth were categorized as monophasic and 49 were bi-
phasic. Compared with the monophasic group, participants with a biphasic response exhibited
lower HbA1c (5.46 0.3 vs. 5.66 0.3%, P, 0.01) and lower glucose AUC (14,2056 2,382 vs.
16,2306 2,537 mg z dL21 z h21, P, 0.001) with higher insulin sensitivity (5.46 3.2 vs. 4.66
3.4, P # 0.05), higher insulin secretion (2.1 6 1.3 vs. 1.8 6 1.3, P = 0.05), and better b-cell
function (10.36 7.8 vs. 6.06 3.6, P, 0.001). Differences persisted after adjusting for age, sex,
and BMI.

CONCLUSIONSdThese data suggest that the glycemic response to an OGTT may differen-
tiate risk for type 2 diabetes in youth. This responsemay be an earlymarker of type 2 diabetes risk
among high-risk youth.
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In parallel with the current pediatric
obesity epidemic, type 2 diabetes has
emerged as a critical health concern

among obese adolescents (1,2). Although
type 1 diabetes is more prevalent in the
pediatric population, data from the
SEARCH for Diabetes in Youth Study
highlight a disproportionate distribution
of type 2 diabetes among certain subpo-
pulations of adolescents (3). It is notable
that for Hispanic females aged 15–19
years, the incidence of type 2 diabetes ex-
ceeds that of type 1 diabetes (4).

An important issue for the medical
and research communities is to identify
Latino youth at increased risk for pre-
mature type 2 diabetes so that appropriate
prevention strategies may be initiated. In

1997, the Expert Committee on the Di-
agnosis and Classification of Diabetes
Mellitus (5) introduced impaired fasting
glucose and impaired glucose tolerance
(IGT) as intermediate stages in the natural
history of type 2 diabetes. In adults, pre-
diabetes precedes frank type 2 diabetes by
5–10 years (6,7); however, similar data
are limited in younger populations. Weiss
et al. (8) have noted that obese youth with
IGT decompensate to frank type 2 diabe-
tes over a mean follow-up of 20 months.
These data support the potential for a
rapid progression to overt type 2 diabetes
in youth, which may be exacerbated by
pubertal insulin resistance (9,10). In con-
trast, Goran et al. (11) have shown that
obese Latino youth may vacillate between

normal glucose tolerance (NGT) and IGT
over time. Therefore, in addition to pre-
diabetes, other markers of type 2 diabetes
risk may be necessary.

Several recent studies in adults use
the shape of the glucose curve during an
oral glucose tolerance test (OGTT) to iden-
tify metabolic dysregulation and the poten-
tial risk for future type 2 diabetes (12–17).
Using a simple shape index, individuals
with a monophasic response (inverted U
shape) during an OGTT exhibit greater
insulin resistance and decreased b-cell
function compared with individuals
with a biphasic response (a second rise
of plasma glucose after first decline). A re-
cent prospective study demonstrates that
independent of fasting and/or postchal-
lenge glucose concentrations, individuals
with a monophasic response developed
type 2 diabetes at a higher rate than those
with a biphasic response (15). To our
knowledge, whether the shape of the glu-
cose response curve is associatedwith type
2 diabetes risk in younger populations has
not been determined. Therefore, the pur-
pose of this study was to compare diabetes
risk factors in Latino youth characterized
by either a monophasic or biphasic glu-
cose response during a 2-h OGTT.

RESEARCH DESIGN AND
METHODSdData from 156 nondia-
betic Latino adolescents (aged 12–21
years) who participated in a community-
based diabetes registry were used in the
present analysis. Participants arrived at
the Arizona State University Clinical Re-
search Unit after an overnight fast. An-
thropometric measurements included
height, weight and BMI, waist and hip
circumference, and seated blood pres-
sure. A blood sample (;20mL) was taken
under fasting conditions to measure
HbA1c and lipid profile, including total
cholesterol, triglyceride, HDL, LDL, and
VLDL. All laboratory tests were per-
formed by a Clinical Laboratory Improve-
ment Amendments–certified commercial
laboratory (Sonora Quest Laboratories,
Phoenix, AZ).

OGTT
Participants underwent a 2-h OGTT fol-
lowing a 10-h overnight fast. Subjects in-
gested a solution containing 75 g dextrose
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(1.75 g/kg), and venous blood samples
were obtained at 0, 30, 60, 90, and 120
min for determination of plasma glucose
and insulin concentrations. Plasma glu-
cose was measured by the glucose oxidase
method using a YSI 2300 STAT plus (YSI,
Inc., Yellow Springs, OH), and insulin was
measured in duplicate by ELISA (ALPCO
Diagnostics, Windham, NH).

Classification of response curve
Glucose response phenotype (i.e., mono-
phasic or biphasic) was classified according
to previous studies (13–16), with a glucose
threshold of 4.5 mg/dL as described by
Tschritter et al. (13) to minimize fluctua-
tions in glucose concentrations that may be
caused by the method of glucose analysis
rather than physiological reasons. A mono-
phasic response was characterized by a
gradual rise in plasma glucose concentra-
tions until a peak was reached followed
by a subsequent decrease until 120 min.
A biphasic response was characterized
by a gradual rise in glucose, followed by a
$4.5 mg/dL fall, with a second rise of glu-
cose of at least 4.5 mg/dL at a subsequent
time point. Participants who exhibited a
gradual increase in plasma glucose after
glucose ingestion without a corresponding
fall were deemed “unclassified” (n = 2) and
were excluded for the present analysis (13).

Variables and calculation
Type 2 diabetes risk factors included
fasting plasma glucose and insulin, 2-h
plasma glucose and insulin, HbA1c, and
glucose and insulin area under the curve
(AUC). Total AUC for plasma glucose and
insulin during the OGTT were calculated
by the trapezoidal method using 30-min

sampling time points (18). In addition to
these indicators, insulin action was esti-
mated by the homeostasis model assess-
ment (HOMA) for insulin resistance
(HOMA-IR) (19) and the whole-body
insulin sensitivity index of Matsuda and
DeFronzo (20), and insulin secretion was
estimated by the insulinogenic index cal-
culated using fasting and 30-min insulin
and glucose concentrations (21). b-Cell
function was estimated by the disposition
index as the product of insulin action
Matsuda index (20) and insulin secretion
insulinogenic index (21).

Statistical analysis
Independent sample t tests and x2 anal-
yses were used to compare characteristics
between glucose phenotypes. Two-way
repeated-measures ANOVA was used to
assess differences in the glucose and in-
sulin levels at each time point during the
OGTT. Analysis of covariance was used to
compare phenotypes after adjusting for
the potential confounding effects of age,
sex, and BMI on type 2 diabetes risk fac-
tors. Data that did not meet the assump-
tions for normality (glucose values at 30
and 90 min and insulin values at each
time point from the OGTT, HbA1c, and
all indices for insulin sensitivity, secre-
tion, and b-cell function) were log10
transformed; untransformed data are pre-
sented for ease of interpretation. Data
were analyzed using PASW 18.0 statisti-
cal software package with significance set
at P # 0.05.

RESULTSdDescriptive characteristics of
participants are presented in Table 1. No
differences in sex, BMI categories (lean vs.

overweight vs. obese), or glycemic sta-
tus (NGT vs. prediabetes) were noted be-
tween glucose phenotypes. In addition, no
significant differences were noted for age,
anthropometrics (BMI and waist and hip
circumference), lipids, or blood pressure.

Two-way repeated-measures ANOVA
for plasma glucose concentrations during
the OGTT demonstrated significant ef-
fects for group and time aswell as group3
time interaction, indicating differences
between groups over the course of the
OGTT (all P , 0.0001). Glucose and in-
sulin concentrations for each OGTT time
point are presented in Fig. 1. Within each
glucose phenotype, all time points across
the OGTT (i.e., 0, 30, 60, 90, and 120)
were significantly different from each
other (P , 0.0001). The monophasic
group exhibited significantly higher
blood glucose levels at 30, 60, and 90
min compared with the biphasic group,
while no differences were noted for either
fasting or 2-h glucose concentrations be-
tween groups. In terms of insulin re-
sponse during the OGTT, there were
significant effects for time (P , 0.0001)
but not for group. The monophasic group
had significantly higher insulin values
at 60 and 90 min compared with the
biphasic group.

Measures of glycemia are presented in
Table 2. Participants with a monophasic
response exhibited slightly but signifi-
cantly higher HbA1c than biphasic partic-
ipants, and these differences remained
significant after adjusting for sex, BMI,
and age. Glucose AUC in the monophasic
group was 14.3% higher than in the bi-
phasic group, and these differences were in-
dependent of sex, age, or BMI (Table 2).

Table 1dDescriptive characteristics of participants by phenotype

Variables Monophasic (n = 107) Biphasic (n = 49) Total (n = 156) P

Sex (male/female), n (%) 50 (47)/57 (53) 22 (45)/27 (55) 72 (46)/84 (54) 0.83
Lean/overweight/obese, n (%) 56 (53)/24 (23)/26 (24) 26 (53)/12 (25)/11 (22) 82 (53)/36 (23)/37 (24) 0.95
NGT/prediabetes (IFG and/or IGT), n (%) 86 (80)/21 (20) 36 (73)/13 (27) 122 (78)/34 (22) 0.33
Age (years) 15.86 6 2.74 16.37 6 2.74 16.02 6 2.74 0.28
BMI (kg/m2) 26.43 6 7.21 25.31 6 5.84 26.08 6 6.81 0.39
Waist circumference (cm) 89.57 6 18.57 86.42 6 14.32 88.58 6 17.35 0.34
Hip circumference (cm) 103.30 6 14.40 101.21 6 11.86 102.64 6 13.65 0.40
Systolic blood pressure (mmHg) 114.29 6 11.63 115.42 6 12.44 114.65 6 11.86 0.59
Diastolic blood pressure (mmHg) 70.06 6 8.11 70.80 6 11.03 70.29 6 9.10 0.38
TRG (mg/dL) 99.69 6 53.20 98.78 6 51.15 99.40 6 52.40 0.90
HDL (mg/dL) 43.19 6 10.10 44.22 6 7.77 43.51 6 9.42 0.30
LDL (mg/dL) 86.71 6 22.92 80.55 6 25.16 84.78 6 23.74 0.11
VLDL (mg/dL) 16.70 6 8.88 16.59 6 8.50 16.67 6 8.74 0.96
Total cholesterol (mg/dL) 152.33 6 64.80 141.20 6 30.57 148.83 6 56.46 0.13

Data are mean 6 SD unless otherwise indicated. IFG, impaired fasting glucose; TRG, triglyceride.
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Insulin measures are presented in
Table 2. No significant differences between
groups were noted for insulin AUC or
HOMA-IR. However, insulin sensitivity as
measured by the Matsuda index and insu-
lin secretion as measured by the insulino-
genic index were both significantly higher
in youth exhibiting the biphasic phenotype.
b-Cell function asmeasured by the dispo-
sition index was 42% higher in the
biphasic group, and this difference re-
mained significant after adjusting for covar-
iates. Figure 2 displays the hyperbolic

relationship between insulin sensitivity
and insulin secretion for each group using
the product of the Matsuda index and in-
sulinogenic index. The best-fit line derived
fromthe individualpoints of themonophasic
group is shifted toward the origin (down and
to the left) comparedwith the biphasic group
(Fig. 2).

CONCLUSIONSdIn the current study,
we demonstrated that the shape of the
plasma glucose response during an OGTT
differentiates diabetes risk factors in Latino

adolescents. Participants with a biphasic
response exhibited lower glucose AUC and
HbA1c, higher whole-body insulin sensitiv-
ity (Matsuda index) and insulin secretion,
and better b-cell function compared with
individuals with a monophasic response.
These data extend previous studies in
adults and suggest that the glucose re-
sponse curve may be an early indicator of
type 2 diabetes risk in adolescents.

Studies in adults have established that
the shape of the glucose curve is related to
both type 2 diabetes risk factors (12–
14,16,17) and the development of type 2
diabetes (15). Tschritter et al. (13) stud-
ied glucose curves from 551 nondiabetic
Caucasian adults and found that the bi-
phasic response was associated with
lower BMI, younger age, and higher in-
sulin sensitivity and disposition index.
The authors also reported that females
and individuals with NGT were more
likely to be characterized by a biphasic
response. These findings were confirmed
and expanded upon by Tura et al. (17)
who used glucose excursions during 3-h
OGTTs from nearly 600 Austrian women
screened for gestational diabetes. The au-
thors noted that a 3-h OGTT captured
even greater variations in glucose re-
sponse, with some individuals exhibiting
up to five phases. Greater complexity of
the glucose curve (i.e., increasing num-
ber of phases) was associated with a
healthier metabolic profile as indicated
by higher insulin sensitivity and b-cell
function as well as a lower prevalence
of prediabetes and type 2 diabetes. These
cross-sectional studies were confirmed
prospectively where prediabetic adults
with a monophasic glucose response dur-
ing an OGTT exhibited nearly double the
risk of developing type 2 diabetes during a
7- to 8-year follow-up compared with pre-
diabetic subjects with a biphasic response
(15). These studies suggest that the bi-
phasic phenotype is associated with lower
risk of type 2 diabetes potentially as a re-
sult of higher insulin sensitivity and better
b-cell function.

In adults, insulin resistance and insulin
secretory dysfunction are independently
and interactively related to type 2 diabetes
risk (22–24). Specifically, the inability of
the b-cell to compensate for insulin resis-
tance is a primary determinant of type 2
diabetes (22,25). Compared with what
is known in adults, the natural history
of type 2 diabetes in youth is less well
understood. Recent studies support
b-cell dysfunction as a key feature of
type 2 diabetes in adolescents (26,27).

Figure 1dGlucose (A) and insulin (B) response curves during OGTT in monophasic (white
circle and dashed line) and biphasic (black circle and solid line) groups. *P, 0.05, **P, 0.01,
***P , 0.001.
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Not only does b-cell dysfunction contrib-
ute to type 2 diabetes in adolescents but it
alsowas recently noted that Latino children
and adolescents with prediabetes exhibit
significantly lower b-cell function com-
pared with their normoglycemic peers
(28,29). These data suggest that b-cell dys-
function contributes to prediabetes and
type 2 diabetes in children and adolescents.

Taken together, our results extend
findings on glucose response patterns in
adults and type 2 diabetes pathophysi-
ology in adults and youth to suggest that
a monophasic glucose response may be
associated with an increased risk for
type 2 diabetes. This seemingly increased
risk is evidenced by a lower disposition
index that is due to significantly lower
insulin sensitivity and secretion. When
the disposition index of each group is
plotted on the same graph (Fig. 2), the
best-fit line representing the disposition
index for themonophasic group is shifted

closer to the origin (i.e., down and to the
left) compared with that for the biphasic
group. This shift is a hallmark feature of
type 2 diabetes and is considered one of
the earliest indicators of b-cell dysfunc-
tion (25). It is important to note that the
lower disposition index among the mono-
phasic group was independent of BMI
and, therefore, may confer additional
type 2 diabetes risk beyond that of obesity.
Furthermore, despite the lower disposition
index observed in the monophasic group,
neither the levels of fasting and 2-h glucose
nor the percentage of prediabetic subjects
were significantly different between groups.
When the dataset was restricted to only
those participants with NGT, the disposi-
tion index in the monophasic group re-
mained significantly lower than that of
the biphasic group (P# 0.05).Collectively,
these findings suggest that the shape of the
glucose response curve may be a very early
marker of glucose dysregulation and type 2

diabetes risk and is detectable even before
traditional indicators of hyperglycemia
(30). Whether the shape of the glucose
curve is similarly predictive of the develop-
ment of type 2 diabetes as traditional dia-
betes risk factors is an important question
that should be addressed in future studies.

The physiological mechanisms re-
sponsible for the various glucose response
curves are poorly understood. Although
we found lower b-cell function (lower in-
sulin sensitivity and secretion) in the
monophasic group, we do not know
whether this represents a cause or an ef-
fect of the phenotype or whether there are
common biologic or genetic pathways
linking these phenotypic characteristics.
It may be that higher insulin sensitivity
and secretion contribute to the biphasic
response through more efficient and
faster glucose clearance compared with
the monophasic response. It is also possi-
ble that the timing of the insulin response
may contribute to differences in the shape
of the glucose response curve. Therefore,
we divided individuals into either early
(30-min) or late ($60-min) responders
based on the timing of peak insulin con-
centrations. The biphasic group exhibited
a higher percentage of “early responders”
compared with the monophasic group
(57 vs. 32%; P, 0.01); however, including
insulin timing as a covariate in the final
models did not change the results (data
not shown). In addition, it is possible that
an early return of plasma glucose concen-
trations toward baseline may stimulate a
subtle counterregulatory response (14,16),
leading to a second rise in plasma glucose
at 60 or 90 min. Another possible explana-
tion may be prolonged or delayed gastric
emptying among monophasic individuals.
Previous studies suggest that delayed gastric
emptying is more common among adults
with type 2 diabetes comparedwith control
subjects, and prolonged gastric emptying is
positively correlated with plasma glucose

Table 2dMeasures of insulin and glucose homeostasis and b-cell function

Variable Monophasic (n = 107) Biphasic (n = 49) P
Adjusted P

by sex and BMI
Adjusted P by

sex, BMI, and age

HbA1c (%) 5.55 6 0.30 5.41 6 0.27 0.01 0.01 0.01
Glucose AUC (mg z dL21 z h21) 16,229.73 6 2,537.15 14,205.31 6 2,382.49 , 0.001 , 0.001 , 0.001
Insulin AUC (mU z mL21 z h21) 11,113.33 6 7,280.40 9,026.45 6 5,528.69 0.12 0.16 0.18
HOMA-IR 2.59 6 2.08 2.03 6 1.24 0.13 0.17 0.20
Matsuda index 4.59 6 3.38 5.43 6 3.18 0.04 0.04 0.05
Insulinogenic index 1.75 6 1.32 2.10 6 1.32 0.05 0.03 0.02
Disposition index 6.03 6 3.59 10.28 6 7.80 , 0.001 , 0.001 , 0.001
Data are mean 6 SD. Insulin data were not available on 19 of the 156 participants (monophasic vs. biphasic: 93 vs. 44).

Figure 2dHyperbolic relationship between insulin sensitivity and insulin secretion in mono-
phasic (white circle and dashed line) and biphasic (black circle and solid line) groups.
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concentration (31). Among nondiabetic in-
dividuals, the incretin response following
an oral glucose challenge is directly related
to the rate of gastric emptying, which is in-
versely associated with postchallenge glu-
cose and insulin concentrations (32).
Taken together, it is possible that differ-
ences in gastric emptying as well as altera-
tions in the incretin response may be
associated with a monophasic glucose re-
sponse and, ultimately, increases in type 2
diabetes risk with this phenotype.

To our knowledge, this is the first
study to examine the shape of the glucose
response curve in relation to type 2 di-
abetes risk among the pediatric popula-
tion. We focused on Latino adolescents
because this group represents a vulnerable
population at increased risk for developing
type 2 diabetes. We used defined glucose
thresholds based on objective criteria to
identify when and if more than one glucose
peak was achieved. Very few researchers
have published specific glucose thresholds
for identifying differences between time
points, and we believe using rigid criteria
(i.e., a minimum of 4.5 mg/dL glucose ex-
cursion between a peak and a subsequent
trough) rather than simply characterizing
glucose curves through observation will
minimize misclassification. When we ana-
lyzed our data using a previously published
relative threshold of $2% difference be-
tween consecutive glucose time points
(17), the overall results and interpretations
were not affected. Despite these strengths,
we acknowledge potential limitations in
our data that should be considered.

First, we based our phenotype on the
response to a singleOGTT,whichmayhave
limited reproducibility in youth. Libman
et al. (33) demonstrated poor reproduc-
ibility of the OGTT in overweight youth
in terms of identifying hyperglycemia.
Whether the shape of the glucose response
is an inherent and, hence, reproducible
biological process warrants further exam-
ination before using this assessment in
longitudinal studies. In addition, our clas-
sification of glucose phenotypewas derived
from the 2-h OGTT. By using a longer
OGTT (i.e., 3-h OGTT) and/or more fre-
quent sampling intervals (i.e., every 10
min) it is possible to capture more sophis-
ticated curve types that will provide greater
informationon type 2 diabetes risk (16,17).
Second, family history of diabetes, expo-
sure to gestational diabetes in utero, and
pubertal stage were not available for our
analysis. It is well established that family
history of diabetes is a strong risk factor
for type 2 diabetes in both adults and youth

(34–36), and exposure to gestational dia-
betes in utero is a hypothesized risk factor
for type 2 diabetes in youth (37). In addi-
tion, cross-sectional and longitudinal stud-
ies show that puberty is associated with
insulin resistance, which may further con-
tribute to type 2 diabetes risk (10,38,39).
Although we did not assess pubertal status
in the current study, we did attempt to
minimize the confounding effects by ad-
justing for age. Nonetheless, age is not an
ideal surrogate for pubertal stage, and we
further acknowledge the relatively wide
spectrum of age in our heterogeneous sam-
ple that should be addressed in future stud-
ies. Third, the utility of HbA1c as a potential
type 2 diabetes risk factor in youth has not
been well established (40). It is also not
clear whether this result is of clinical signif-
icance because differences were subtle.
Lastly, the cross-sectional nature of our
study precludes the ability to draw causal
inferences about the shape of the glucose
curve and type 2 diabetes risk. Given that
type 2 diabetes is a progressive, chronic
disease and typically presents in adulthood,
examiningmarkers thatmay identify risk in
younger cohorts can offer temporal insight
into the pathophysiological mechanisms of
diabetes. It is interesting to note that pre-
vious studies suggest that adults with a
biphasic response are characterized by
younger age compared with those with a
monophasic response (12,13). In our co-
hort,.31% of the participants exhibited a
biphasic response, which is higher than
the percentages typically observed in adult
cohorts (12–17).

In summary, the pattern of plasma
glucose response during an OGTT may
provide an early marker of type 2 diabetes
risk in youth. We have demonstrated that
participants with a biphasic response have
significantly better b-cell function second-
ary to higher insulin sensitivity and sec-
retion as well as lower glucose AUC and
HbA1c. Moreover, our data suggest that
the shape of the glucose curve may differ-
entiate type 2 diabetes risk independent of
obesity and before dysregulation of fasting
or 2-h glucose. Longitudinal studies to
investigate whether glucose response phe-
notypes prospectively predict the devel-
opment of type 2 diabetes in younger
populations are warranted.
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