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OBJECTIVE

Obese youth without diabetes with monophasic oral glucose tolerance test (OGTT)
glucose response curves have lower insulin sensitivity and impairedb-cell function
comparedwith thosewithbiphasic curves. TheOGTTglucose responsecurvehasnot
been studied in youth-onset type 2 diabetes. Here we test the hypothesis that the
OGTT glucose response curve at randomization in youth in the TODAY (Treatment
Options for Type 2 Diabetes in Adolescents and Youth) study forecasts heightened
glycemic failure rates and accelerated decline in b-cell function.

RESEARCH DESIGN AND METHODS

OGTTs (n = 662) performed at randomization were categorized as monophasic,
biphasic, or incessant increase. Demographics, insulin sensitivity (1/fasting insulin),
C-peptide index (4C30/4G30), andb-cell function relative to insulin sensitivity (oral
disposition index [oDI]) were compared among the three groups.

RESULTS

At randomization, 21.7% had incessant increase, 68.6% monophasic, and 9.7%
biphasic glucose response curves. The incessant increase group had similar insulin
sensitivity but significantly lower C-peptide index and lower oDI, despite similar
diabetes duration, compared with the other two groups. Glycemic failure rates were
higher in the incessant increase group (58.3%) versus the monophasic group (42.3%)
versus the biphasic group (39.1%) (P < 0.0001). The 6-month decline in C-peptide
index (32.8% vs. 18.1% vs. 13.2%) and oDI (32.2% vs. 11.6% vs. 9.1%)was greatest in
incessant increase versus monophasic and biphasic with no difference in insulin
sensitivity.

CONCLUSIONS

In the TODAY study cohort, an incessant increase in the OGTT glucose response
curve at randomization reflects reduced b-cell function and foretells increased
glycemic failure rateswith accelerated deterioration inb-cell function independent
of diabetes duration and treatment assignment compared with monophasic and
biphasic curves. The shapeof theOGTTglucose response curve could be ametabolic
biomarker prognosticating the response to therapy in youth with type 2 diabetes.
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Studies in adults and youth show that
the shape of the glucose response curve
during an oral glucose tolerance test
(OGTT) identifies physiologically distinct
groups of individuals with abnormali-
ties in insulin secretion and insulin sen-
sitivity. Subjects with a monophasic
OGTT glucose response curve (i.e., a
gradual increase in glucose concentra-
tions between 30 and 90min until a peak
is reached followed by a subsequent
decrease in glucose of $4.5 mg/dL)
(1,2) have lower insulin sensitivity and
decreasedb-cell function comparedwith
subjects with a biphasic OGTT glucose
response curve (i.e., a second rise of
glucose concentration of $4.5 mg/dL
after the first decline in glucose) (1,2).
Moreover, adults with monophasic
OGTT have an increased risk of future
impaired fasting glucose (IFG) (3) and
type 2 diabetes (4). A small percentage of
individuals with an OGTT glucose re-
sponse curve that does not fit either
are designated as “unclassified.” This
latter category is rare in pediatrics, rang-
ing from 1% to 12% depending on the
study (2,5,6). In adults, this category, in
which plasma glucose concentration
continues to increase after 60 min and
remains elevated at 120 min, identifies
individuals with impaired glucose toler-
ance (IGT) (7), deficient insulin secretion,
and muscle insulin resistance (7).
Data from 287 obese adolescents

without diabetes demonstrate that 56.8%
have a monophasic OGTT glucose re-
sponse curve, 39.7% have a biphasic glu-
cose response curve, and 3.5% have a
gradual continuous rise or an incessant
increase. Thosewith amonophasic curve
compared with the biphasic curve have
significantly lower in vivo insulin sensi-
tivity and impaired b-cell function rela-
tive to insulin sensitivity, measured by
the hyperinsulinemic-euglycemic and
the hyperglycemic clamps, respectively
(8). Because there are no studies of the
OGTT glucose response curve in youth
with type 2 diabetes and only one in
Japanese adults (9), the proportion of the
different glucose curve patterns, how
they relate to the pathophysiological al-
terations of type 2 diabetes, and how
they might be associated with the re-
sponse to treatment are unknown.
The purpose of the current analysis

of the TODAY (Treatment Options for
Type 2 Diabetes in Adolescents and
Youth) study data was to test the

hypothesis that the shape of the OGTT
glucose response curve at randomization
1) reflects b-cell function, 2) predicts
glycemic failure, and 3) portends de-
terioration in b-cell function in youth
with type 2 diabetes. The specific objec-
tives were as follows: 1) to examine insulin
sensitivity and b-cell function relative to
insulin sensitivity according to the OGTT
glucose response curve at randomiza-
tion; 2) to investigate the relationship
of the OGTT glucose response curve at
randomization to glycemic failure rates
and the rate of decline in b-cell function
over time; and 3) to assess the change in
the OGTT glucose response curve pat-
terns after 6 months of randomization
in each of the three TODAY study treat-
ment arms (metformin alone, metfor-
min plus rosiglitazone, and metformin
plus intensive lifestyle) to determine
whether any one treatment is better
than the other in lessening the patho-
physiological derangements that are
characteristic of the OGTT glucose re-
sponse curve pattern.

RESEARCH DESIGN AND METHODS

A detailed description of the TODAY pro-
tocol (clinical trial reg. no. NCT00081328,
www.ClinicalTrials.gov) and the primary
outcome results have been published
(10–12). Briefly, eligible participants in
the TODAY study were 10 to ,18 years
old, had had diabetes (defined by Amer-
ican Diabetes Association criteria) for
,2 years (median duration 8 months),
were overweight or obese (BMI $85th
and$95th percentile, respectively), and
were islet cell antibody negative and
C-peptide positive. After screening,
eligible participants entered a 2- to
6-month run-in period to wean from
nonstudy diabetes medications includ-
ing insulin, to tolerate metformin up to
a dose of 1,000 mg twice daily but not
,1,000 mg/day, to attain an HbA1c level
of ,8.0% (64 mmol/mol) for at least
2 months while receiving metformin
alone, and to demonstrate adherence
to study medications and visit atten-
dance (11,12). After the run-in phase,
699 youths were randomly assigned to
receive metformin monotherapy, met-
formin plus rosiglitazone, or metformin
plus lifestyle intervention (10,12). Demo-
graphic, anthropometric, and metabolic
data were collected at randomization
(11). HbA1c level was measured at

screening, randomization, and at every
study visit thereafter. Glycemic failure
was defined as a sustained elevation in
HbA1c of $8% ($64 mmol/mol) over a
6-month period or the inability to wean
from temporary insulin therapy within 3
months of acute metabolic decompen-
sation (10). OGTTs were performed
after a 10- to 14-h overnight fast at
randomization, 6 months, 24 months,
and annually thereafter. OGTT blood
samples were obtained at 0, 30, 60,
90, and 120 min for measurement of glu-
cose, insulin, and C-peptide levels (13).

Assays and Calculations
All assays, including for HbA1c (high-
performance liquid chromatography),
C-peptide (two-site immunoenzymatic
assay), and insulin (double-antibody ra-
dioimmunoassay) were performed at
the TODAY study central laboratory
(Northwest Lipid Research Laboratory,
University of Washington, Seattle, WA)
as previously described (12,13).

Surrogate markers of insulin sensitiv-
ity, b-cell function, and oral disposition
index (oDI), a measure of b-cell function
relative to insulin sensitivity, were cal-
culated (13–16). Briefly, insulin sensitiv-
ity was calculated as 1/fasting insulin
(1/IF) (13–15), C-peptide index (4C30/
4G30) as the ratio of the incremental
C-peptide and glucose responses over
the first 30 min of the OGTT (13,14), and
oDI as the product of insulin sensitivity
multiplied by the C-peptide index (1/IF3
4C30/4G30) (13,14,16). As previously
reported (14), we used the C-peptide
index as a measure of insulin secretion
(4C30/4G30) because some participants
had received insulin prior to screening/
enrollment in the TODAY study, which
could potentially result in circulating
insulin antibodies interfering with the
insulin assay. In addition, differences
in insulin clearance in different racial/
ethnic groups could confound the cir-
culating insulin data (14).

Classification of OGTT Glucose
Response Curve
The shape of the OGTT glucose response
curve of each TODAY study participant
was classified at baseline (randomiza-
tion) into three categories (1,2,8). A
monophasic curve was defined as a grad-
ual increase in blood glucose between
30 and 90 min until a peak was reached
followed by a subsequent decline of
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$4.5 mg/dL. A biphasic curve was de-
fined as a rise of blood glucose to a peak
followed by a fall (as in the monophasic
curve), but then followedbya second rise
of $4.5 mg/dL. An incessant increase
curve was defined as a continuing gradual
increase inbloodglucoseduring the2hof
the OGTT without a fall of $4.5 mg/dL.
These definitions were also applied to
classify month 6 OGTT curves.

Statistical Methods
Subjects included in this article (n = 662)
are those who had undergone an OGTT
at baseline. Their baseline demographic
and metabolic characteristics were
similar to those described for the entire
randomized TODAY study cohort (n =
699). Outliers, suspected nonfasting val-
ues, and values for C-peptide index of
#0 were set to missing for analysis
purposes. Of the 2,383 C-peptide index
values obtained over the 48 months of
follow-up, 61 (2.6%) were #0. Although
mathematically possible, such values
were judged biologically implausible
and were treated as missing values,
similar to our approach in prior TODAY
study publications (13,14). These im-
probable responses were observed in
16 subjects (average of one per subject),
of whom 6 had a response #0 at base-
line necessitating their exclusion from
the longitudinal analyses. Decline of
subjects over time at each time point
because of participant dropout, non-
fasting state, or nonattendance at a
scheduled study visit was as follows:
4% at month 6; 13% at month 24; 24%
at month 36; and 29% at month 48.
There were no differences in baseline
OGTT glucose response curves be-
tween those with available data versus
those without (i.e., with missing data)
at each of the time points (all P values
.0.05).
Data are presented as the mean and SD

or percentage. Variables with a skewed
distribution were log transformed as
appropriate. At baseline, quantitative
and categorical characteristics were
compared between OGTT glucose re-
sponse curve groups using F tests and
x2 tests, respectively. If the overall test
was significant, pairwise comparisons
were performed. Baseline differences
in the metabolic parameters were as-
sessed before and after adjustment for
baseline age, sex, race-ethnicity, andwaist
circumference.

Comparison of glycemic failure rates
by OGTT glucose response curve pattern
were analyzed using survival curvemeth-
odology with log-rank tests. At baseline,
all TODAY study youth were free of
glycemic failure and not receiving insu-
lin per study protocol. Survival curves
were run separately for each group and
plotted by baseline OGTT glucose re-
sponse curve as well as by month 6
OGTT glucose response curves. Figures
based on month 6 OGTT glucose re-
sponse curves excluded participants
who failed to maintain glycemic control
in the first 6 months of the study (i.e.,
they had already reached the study end
point; n = 136) or who were lost to
follow-up early and did not have an
OGTT at that visit (n = 2). Log-rank tests
were used to compare OGTT glucose
response curve groups before and after
adjustment for treatment assignment.

Longitudinal data for insulin sensitiv-
ity, insulin secretion, and b-cell function,
out to and including month 48, after
which the group numbers were too small
for meaningful statistical analysis, were
analyzed using generalized linear mixed
models to estimate the mean levels of
each of the parameters over repeated
time points within glucose curve groups
(SAS PROC MIXED). Models examining
differences in OGTT glucose response
curve groups in insulin sensitivity, insulin
secretion, and b-cell function over time
were adjusted for time (TODAY study visit
month 0–48), treatment group, base-
line age, baseline BMI (and separately
replacing baseline BMI for change from
baseline), and diabetes duration, and
included a term of the interaction of
time with group. The models assumed
an unstructured covariance structure as
it resulted in a better model fit (smallest
Akaike information criterion value). Be-
cause of the skewness of the data, lon-
gitudinal analyses were performed on
log-transformed values. Data shown in
the figures are model-adjusted geomet-
ric means 6 SE asymmetric limits (ob-
tained as the exp [mean6 SE] of the log
values). Longitudinal analyses performed
on the log values allowed model-derived
estimates to be presented in terms of the
percentage of change over time. The
mean percentage of change from base-
line to 6 months was computed, and
the average rate of change from 6 to
48 months was estimated from linear
contrast of the model-estimated means

over time (13). Analyses were performed
using SAS for Windows (version 9.4; SAS
Institute Inc., Cary, NC). All analyseswere
considered exploratory, with statistical
significance defined as P values of,0.05
and no adjustment for multiple testing.

RESULTS

Demographic and Metabolic
Characteristics
At randomization, 21.7% of the TODAY
study cohort had OGTTs categorized as
incessant increase, 68.6% as monopha-
sic, and 9.7% as biphasic (Table 1). Sex,
race/ethnicity, duration of diagnosed di-
abetes, BMI, and BMI z scores were
similar among the three OGTT glucose
response curve groups. Age, Tanner
stage, and waist circumference were
significantly different among the three
groups (Table 1). HbA1c, fasting glucose,
and 2-h glucose levels were significantly
different and higher in the incessant
increase group, but fasting insulin and
insulin sensitivity were not different
among the three groups (Table 1).
C-peptide index was lower in the inces-
sant increase group, whereas oDI was
higher in the biphasic group relative to
the other groups (Table 1). After adjust-
ing for baseline age, sex, race/ethnicity,
and waist circumference, C-peptide in-
dex and oDI were significantly different
in all three group pairwise comparisons
(Table 1). When baseline OGTT glucose
response curve categories were analyzed
in each treatment group, metformin
monotherapy, therapy with metformin
plus rosiglitazone, and therapy with
metformin plus intensive lifestyle in-
tervention, there was no difference in
curve type according to treatment group
(Supplementary Table 1).

Glycemic Failure Rates in the
Three OGTT Glucose Response
Curve Groups
Glycemic failure rates according to base-
line OGTT glucose response curves were
significantly (P , 0.0001) different
among the three groups, highest in
the incessant increase group (58.3%),
intermediate in the monophasic group
(42.3%), and lowest in the biphasic group
(39.1%) (Fig. 1A). These differences re-
mained significant after adjustment for
treatment group (adjusted log-rank P =
0.0036). Similar results were observed
when glycemic failure rates were based
on the shape of the month 6 OGTT
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glucose response curve: 52.8% in the
incessant increase group, 36.9% in
the monophasic group, and 34.4% in
the biphasic group (P = 0.001) (Fig.
1B). Previously, we showed that HbA1c
and oDI at randomization were determi-
nants of glycemic failure in the TODAY
study (13). However, adjusting glycemic
failure rates for baseline HbA1c (P =
0.0416), baseline oDI (P = 0.0008), base-
line fasting glucose (P = 0.0020), or base-
line BMI (P = 0.0001) did not change
the significant differences in failure rates
among the three glucose curve groups.
Because there was a significant differ-
ence in BMI change from baseline among
the three groups over time (P = 0.0494),
we replaced baseline BMI with BMI
change from baseline in the model.
This did not change the significant differ-
ences in failure rates (P , 0.0001).
When glycemic failure rates were

analyzed within each treatment arm
(Supplementary Fig. 1A–C), differences
among OGTT glucose response curve
groups were found in the metformin

plus rosiglitazone arm (log-rank P =
0.0082), with glycemic failure rates high-
est in the incessant increase group (52.5%)
and lowest in the biphasic group (30.4%)
(Supplementary Fig. 1B). This was also
the case in the metformin plus intensive
lifestyle arm (P = 0.0101), with glycemic
failure rates highest in the incessant in-
crease group (61.2%) and lowest in the
biphasic group (32.0%) (Supplementary Fig.
1C), but not in the metformin-alone arm
(log-rank P = NS) (Supplementary Fig. 1A).

Temporal Patterns of Insulin
Sensitivity, C-Peptide Index, and
oDI in the Three OGTT Glucose
Response Curve Groups
For the longitudinal analysis of insulin
sensitivity, C-peptide index, and oDI,
only patients with a baseline and follow-
up evaluation of each outcome measure
contributed data to the analyses in Fig. 2.
These longitudinal models present data
over 48 months of follow-up by base-
line OGTT glucose response curve ad-
justed for treatment, baseline age, BMI,

and diabetes duration. Although the tem-
poral patterns of insulin sensitivity were
similar among the three curve groups and
remained stable over the 48months (Fig.
2A), there was progressive decline in
C-peptide index and oDI, which was
significantly different among the three
groups (Fig. 2B and C). Replacing base-
line BMI in the model for BMI change
from baseline did not affect the results.

Table 2 shows the short-term change,
as the mean percentage change from
baseline to 6 months, and the longer-
term change, as the percentage per year
from 6 to 48 months, for insulin sensi-
tivity, C-peptide index, and oDI in each
OGTT glucose response curve group.
There was no difference among the
three glucose curve groups with re-
spect to the short-term or longer-term
change in insulin sensitivity. However, in
the first 6 months the incessant increase
group had a significantly greater decline
in C-peptide index and oDI compared
with the other two groups, with no dif-
ference thereafter (6–48 months).

Table 1—Demographic and metabolic characteristics of TODAY study participants (n = 662) by OGTT glucose response curve
at baseline

Incessant increase
(n = 144; 21.7%)

Monophasic
(n = 454; 68.6%)

Biphasic
(n = 64; 9.7%)

Unadjusted
P value*

Adjusted
P value†

Demographic characteristics
Age at randomization (years) 13.7 6 2.1 14.1 6 2.0 13.5 6 2.2 0.0069ac

Female (%) 71.5 63.9 54.7 NS
Race-ethnicity (%)
Non-Hispanic black 37.4 32.8 39.7 NS
Hispanic 40.3 44.8 41.4
Non-Hispanic white 22.3 22.3 19.0

Pubertal stage (%)
Stages 1–3 16.0 9.0 17.2 0.0112
Stages 4–5 84.0 91.0 82.8

Time since diagnosis (months) 8.0 6 5.7 7.5 6 5.6 9.4 6 6.9 NS
Weight (kg) 88.9 6 23.9 97.6 6 25.6 93.7 6 23.7 0.0012a

BMI (kg/m2) 34.0 6 8.2 35.2 6 7.6 33.7 6 7.2 NS
BMI z score 2.1 6 0.5 2.2 6 0.5 2.2 6 0.4 NS
Waist circumference (cm) 105.3 6 16.1 109.8 6 16.9 106.7 6 15.6 0.0125a

Metabolic characteristics
HbA1c (%) 6.3 6 0.8 6.0 6 0.7 5.8 6 0.7 ,0.0001abc ,0.0001ab

Fasting glucose (mg/dL) 118.8 6 30.4 109.8 6 23.8 105.8 6 22.1 0.0001ab ,0.0001ab

2-h glucose (mg/dL) 252.8 6 64.4 192.1 6 59.1 179.2 6 55.4 ,0.0001ab ,0.0001ab

Fasting insulin (mU/mL)‡ 30.4 6 24.0 30.9 6 20.5 31.0 6 18.6 NS NS
Fasting C-peptide (ng/mL)‡ 3.6 6 1.5 3.9 6 1.6 3.7 6 1.4 0.0179a NS
Insulin sensitivity [1/IF] (mL/mU)‡ 0.053 6 0.041 0.047 6 0.037 0.048 6 0.034 NS NS
C-peptide index [ΔC30/ΔG30]

(ng/mL per mg/dL)‡ 0.065 6 0.073 0.081 6 0.130 0.110 6 0.076 ,0.0001abc ,0.0001abc

oDI [1/IF 3 ΔC30/ΔG30]‡ 0.003 6 0.003 0.003 6 0.007 0.005 6 0.004 0.0007bc 0.0003abc

Continuous data are presented as the mean 6 SD, and categorical data as indicated. NS, P . 0.05. *Unadjusted P values were calculated from
F tests for continuous variables and from x2 tests for categorical variables. †Adjusted P values were calculated from models adjusted for baseline
age, sex, race/ethnicity, and waist circumference. Pairwise comparisons were performed when an overall difference by OGTT glucose response
curve was found; significant comparisons (P, 0.05) between curve groups are indicated as follows: aincessant increase vs. monophasic, bincessant
increase vs. biphasic, and cmonophasic vs. biphasic. Pairwise comparisons for insulin sensitivity, C-peptide index, and oDI were performed after
adjusting for baseline age, sex, race/ethnicity, and waist circumference. ‡Variables were log transformed prior to testing.
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OGTT Glucose Response Curve
Patterns After 6 Months of
Randomization
Six months after randomization, the
percentage of participants in each of
the three curve categories was similar
to baseline (20.3% incessant increase,
68.6% monophasic, and 11.1% bi-
phasic) (Supplementary Table 2). There
was no significant shift from one curve
pattern to another with all three treat-
ment groups combined or in each treat-
ment group separately (Supplementary
Table 3). Participants in the metformin
plus rosiglitazone arm, who had lower
glycemic failure rates than the metfor-
min alone or metformin plus inten-
sive lifestyle arm (10), did not show
higher rates of improvement in the glu-
cose curve pattern from incessant in-
crease to the other two patterns (50.0%)
compared with the metformin alone
(68.0%) or metformin plus intensive life-
style arm (63.4%, P = NS) (Supplementary
Table 3).

CONCLUSIONS

The present investigation of OGTT glu-
cose response curves in the TODAY study
cohort of youth with type 2 diabetes
demonstrates the following: 1) that the
shape of the OGTT glucose response
curve at randomization reflects b-cell
function, which is worse in the incessant

increase group; 2) that glycemic failure
rates were highest in youth with a base-
line incessant increase OGTT glucose
response curve compared with the
monophasic and biphasic groups; 3)
that in the first 6 months, b-cell function
deteriorated fastest in youth with an
incessant increase curve at randomiza-
tion; and 4) that treatment assignment
was not associated with changes, either
favorable or unfavorable, in the OGTT
glucose response curve.

Studies in individuals without diabe-
tes show that the monophasic response
curve is the dominant phenotype, with
prevalence ranging from 57% to 84%
in adults at high risk for diabetes
(1,4,17–19) and from 35% to 69% in
obese youth at risk for type 2 diabetes
(2,5,6,8) or youth at risk for type 1 di-
abetes (20). In the TODAY study, the
most frequent OGTT glucose response
curve was monophasic at 68.6%, with a
high prevalence of the incessant increase
pattern at 21.7%, followed by biphasic at
9.7%. Part of the reason for the higher
incessant increase category is that the
majority of reported studies excluded
curve patterns that did not fit the mono-
phasic or biphasic categories. A limited
study in the Japanese literature of el-
derly adults with diabetes and a fasting
glucose concentration of ,140 mg/dL
reported monophasic prevalence at
66.7%, biphasic prevalence at 13.3%,

and “upward” at 20.0%. In subjects
with a fasting glucose concentration
of.140mg/dL, the prevalence ofmono-
phasic and “upward” was higher, and
none were biphasic, implying that with
deteriorating glycemia the prevalence
of the most favorable curve pattern
declines and the least favorable curve
pattern escalates (9). These data are
consistent with the TODAY study show-
ing higher rates of incessant increase
in youth with diabetes. An analysis of
287 obese youths without diabetes
with normal glucose tolerance, IGT,
and IFG revealed a lower frequency of
incessant increase (3.5%) and a higher
frequency of biphasic curves (39.7%) (8).
However, youths with IGT compared
with normal glucose tolerance had a
higher prevalence of incessant increase
(16% vs. 4%, respectively) (5). This is not
surprising since incessant increase and
monophasic curve patterns reflect more
severe alterations in the pathophysiology
of type 2 diabetes than the biphasic curve
patterns (2,4,5,7,8,17,19). In adults, an
incessant increase OGTT glucose re-
sponse curve is characteristic of individ-
uals with IGT, muscle insulin resistance,
and impaired b-cell function (7). Longi-
tudinal data in adults without diabetes
demonstrate increased risk of future IFG
in individuals with a monophasic curve at
baseline, in those with stable monophasic
morphology over time, and in those

Figure 1—Survival curves and log-rank test results for freedom from glycemic failure in the TODAY study cohort by OGTT glucose response curve
at baseline (A) and at month 6 (B). Data are shown for up to 48 months of follow-up (accounting for 95.7% of glycemic failure). Panel B excludes
participants who failed to maintain glycemic control in the first 6 months of the study (n = 136 or 20.5%) or were lost to follow-up early and did not
undergo an OGTT collected at month 6 (n = 2), resulting in a starting population of 524 youths free of glycemic failure at month 6.
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whose patterns change from biphasic to
monophasic (3). Moreover, in adults with
prediabetes and a monophasic glucose
response, the conversion rate to type 2
diabetes over 7–8 years was nearly double
the rate in those with biphasic response
despite similar fasting and 2-h plasma
glucose concentrations (4).
To our knowledge, this is the first

investigation of the OGTT glucose re-
sponse curve in youth with established
type 2 diabetes. In this TODAY study
cohort, the shape of the OGTT glucose
response curve at baseline mirrored
b-cell function. Those with an inces-
sant increase curve had lower values
for C-peptide index and lower oDI

compared with the monophasic and
biphasic groups. Because the preva-
lence of incessant increase in youths
without diabetes is low, data areavailable
primarily for monophasic and biphasic
groups. Obese youthswith amonophasic
OGTT glucose response curve compared
with the biphasic group had lower in vivo
hepatic and peripheral insulin sensitivity,
lack of compensatory increase in first-
and second-phase insulin secretion, and
impaired disposition index, all measured
by the clamp method (8). Consistent
with this study, the monophasic group in
the TODAY study had worse b-cell func-
tion than the biphasic group, but in con-
trast there was no difference in insulin

sensitivity among the three curve groups.
This is most likely due to the severe insu-
lin resistance in youths with type 2 di-
abetes (21) or to using an estimate of
insulin sensitivity instead of the highly
sensitive clamp method. Studies of La-
tino youths without diabetes (2), Cauca-
sian adolescents (5), and obese girls (6),
using OGTT-derived estimates of insulin
sensitivity and insulin secretion, dem-
onstrate that the monophasic glucose
response curve harbors an amplified
metabolic risk profile for type 2 diabetes
comparedwith biphasic or more complex
shapes. In youths at risk for type 1 di-
abetes, the monophasic curve group
had lower OGTT C-peptide index values

Figure 2—Temporal patterns of insulin sensitivity (A), C-peptide index (B), and C-peptide oDI (C) in the three baseline OGTT glucose response curve
groups. Data are reported as model-adjusted geometric mean6 SE asymmetric limits (obtained as exp [mean6 SE of log values]) over 48 months of
follow-up in the TODAY study, analyzed using log-transformed values.P values refer to the overall effect of baselineOGTTglucose response curve in the
longitudinal models, adjusted for treatment group, baseline age and BMI, and diabetes duration.
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compared with the biphasic group and
a higher cumulative incidence of type 1
diabetes (20).
Considering that the different OGTT

glucose response curves indicate a dif-
ferential risk for b-cell impairment, we
postulated that youths with incessant
increase in OGTT glucose response curve
at randomization would have signifi-
cantly higher glycemic failure rates
with an accelerated decline in b-cell
function. Indeed, this was the case.
Almost 60% of youths with an incessant
increase OGTT glucose response curve at
randomization failed to maintain glyce-
mic control compared with 42.3% in
the monophasic group and 39.1% in
the biphasic group. Moreover, although
temporal patterns in insulin sensitivity
among the three curve groups were not
different and remained stable over the
48 months of the analysis, C-peptide
index and b-cell function declined pre-
cipitously by ;30% in the incessant in-
crease group in the first 6 months
compared with the other groups (Fig.
2 and Table 2). Thereafter, the rate of
decline was not different among the
groups. When the three curve groups
were analyzed in each treatment arm

separately, the failure rate among the
three curve groups did not differ in the
metformin monotherapy arm but did in
the metformin plus rosiglitazone arm and
the metformin plus lifestyle intervention
arm, and it was worse in the incessant
increase arm (Supplementary Fig. 1).One
could speculate that when aweak insulin
sensitizer such as metformin is used, the
shape of the glucose response curve and
its reflection of b-cell function may not
provide any prognostic value for thera-
peutic response. On the other hand,
when a more potent insulin sensitizer,
such as rosiglitazone, is used, the com-
bination of insulin sensitization together
with a less impaired b-cell function, as
reflected in the biphasic and/or mono-
phasic curves, may lead to a better
therapeutic outcome. A potential clinical
advantage of the OGTT glucose response
curve is that it provides additional in-
formation above and beyond other
measures of b-cell function that predict
prognosis, because the differences in
glycemic failure rates among the three
glucose curve groups remained significant
after adjusting for baseline oDI, HbA1c,
fasting glucose, and BMI, as well as BMI
change from baseline.

Longitudinal data in nondiabetic
adults demonstrated that the shape of
the OGTT glucose response curve re-
mained stable over a period of 3 years
(3). Likewise, the shape of the OGTT
glucose response curve in TODAY study
youths remained stable between base-
line and 6 months (Supplementary Table
2). Furthermore, there was no differ-
ence among the three treatment groups
with respect to the shifts in glucose re-
sponse curves either in a favorable or an
unfavorable direction (Supplementary
Table 3).

The strengths of the present investi-
gation include the following: 1) a first-
time examination of the OGTT glucose
response curve in a large cohort of youths
with established and well-characterized
type 2 diabetes; 2) assessment of the
relationship between the glucose re-
sponse curve and alterations in insulin
sensitivity and b-cell function; 3) evalu-
ation of glycemic failure rates related to
OGTT glucose response curves at ran-
domization; and 4) examination of the
rate of decline of b-cell function based on
OGTT glucose response curve pattern at
baseline. Potential limitations are that
the OGTT glucose response curve at each

Table 2—Changes in measures of insulin sensitivity, C-peptide index, and C-peptide oDI from randomization to 6 months
and rates of change among means from 6 months to 4 years based on a longitudinal model adjusted for baseline factors

Factor Incessant increase Monophasic Biphasic

Incessant
increase vs.
monophasic
P value

Incessant
increase vs.
biphasic
P value

Monophasic
vs. biphasic
P value

Insulin sensitivity [1/IF] (mL/mU)
N 144 452 64
Mean % change from 0

to 6 months 2.7 [22.5, 7.9] 6.7 [3.7, 9.7] 6.4 [21.3, 14.2] NS NS NS
Rateof change from6months

to 4 years
(% per year) 214.8 [220.5, 29.1] 210.8 [214.1, 27.5] 215.6 [223.1, 28.2] NS NS NS

C-peptide Index [ΔC30/ΔG30]
(ng/mL per mg/dL)

N 138 450 64
Mean % change from

0 to 6 months 232.8 [237.5,228.1] 218.1 [221.2,215.0] 213.2 [221.8, 24.7] 0.0220 0.0151 NS
Rateof change from6months

to 4 years
(% per year) 235.5 [242.2,228.8] 246.1 [249.2,242.9] 240.5 [248.9,232.2] NS NS NS

oDI [1/IF 3 ΔC30/ΔG30]
N 138 448 64
Mean % change from

0 to 6 months 232.2 [238.3,226.1] 211.6 [215.9, 27.3] 29.1 [220.6, 2.5] 0.0135 0.0148 NS
Rateof change from6months

to 4 years
(% per year) 243.1 [250.4,235.7] 247.8 [251.6,244.0] 247.9 [256.7,239.2] NS NS NS

Data are reported as the percentage change from baseline and mean rates of change (percent per year) [95% CI]. P values from models based
on the log-transformed value adjusted for treatment group, baseline age and BMI, and diabetes duration. NS, P . 0.05.
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time point was determined by a single
OGTT, which may have limited reproduc-
ibility in youth (22). A recent study in adults
found inadequate reproducibility of the
OGTT glucose response curve (23), but
such data do not exist in pediatrics. An
additional weakness is that youths at
screening in the TODAY study were re-
ceiving a variety of treatments that could
have potentially modified their OGTT glu-
cose response curve. Moreover, the stan-
dardized run-in period for metformin
therapy of at least 2 months prior to
randomization may have altered their
OGTT glucose response curve. However,
there was no relationship between HbA1c
level at screening (2–6 months before
randomization) and OGTT glucose re-
sponse curve at randomization (data not
shown). Last, we could only use surro-
gate estimates of insulin sensitivity and
b-cell function because using the clamp
method was not possible in such a large
cohort.
In summary, the current study is the

first to demonstrate that in youths with
established type 2 diabetes, the inces-
sant increase OGTT glucose response
curve reflects reduced b-cell function at
randomization and foretells increased
glycemic failure rates with accelerated
deterioration in b-cell function indepen-
dent of diabetes duration and treatment
assignment compared with monophasic
and biphasic curves. It remains to be
determined 1) whether in youths with
type 2 diabetes, the OGTT glucose re-
sponse curve could serve as a metabolic
biomarker prognosticating response to
therapy and 2) which of the different
metabolic biomarkers, OGTT glucose re-
sponse patterns or time to glucose peak,
elegantly described very recently in adults
without diabetes in the EGIR-RISC (the
European Group for the Study of Insulin
Resistance: Relationship between Insulin
Sensitivity and Cardiovascular Disease
Risk) study (24), could serve as a meta-
bolic biomarker prognosticating response
to therapy.
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