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OBJECTIVE

We examined the glucose response curves (biphasic [BPh], monophasic [MPh],
incessant increase [IIn]) during an oral glucose tolerance test (OGTT) and their
relationship to insulin sensitivity (IS) andb-cell function (bCF) in youth versus adults
with impaired glucose tolerance or recently diagnosed type 2 diabetes.

RESEARCH DESIGN AND METHODS

This was both a cross-sectional and a longitudinal evaluation of participants in the
RISE study randomized to metformin alone for 12 months or glargine for 3 months
followed bymetformin for 9months. At baseline/randomization, OGTTs (85 youth,
353 adults) were categorized as BPh, MPh, or IIn. The relationship of the glucose
response curves to hyperglycemic clamp–measured IS and bCF at baseline and the
change in glucose response curves 12 months after randomization were assessed.

RESULTS

Atrandomization, theprevalenceof theBPhcurvewassignificantlyhigher inyouththan
adults (18.8%vs. 8.2%),withnodifferences inMPhor IIn. ISdidnotdiffer across glucose
responsecurves inyouthoradults.However, irrespectiveofcurvetype,youthhadlower
IS than adults (P< 0.05).bCFwas lowest in IIn versusMPh and BPh in youth and adults
(P< 0.05), yet comparedwith adults, youth had higherbCF in BPh andMPh (P< 0.005)
but not IIn. Atmonth 12, the change in glucose response curves did not differ between
youth and adults, and there was no treatment effect.

CONCLUSIONS

Despite a twofold higher prevalence of the more favorable BPh curve in youth at
randomization, RISE interventions did not result in beneficial changes in glucose
response curves in youth compared with adults. Moreover, the typical b-cell
hypersecretion inyouthwasnotpresent in the IIn curve, emphasizing the severity of
b-cell dysfunction in youth with this least favorable glucose response curve.
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Studies in youth and adults have shown
that the shape of the oral glucose toler-
ance test (OGTT) glucose response curve
identifies physiologically distinct groups
of individuals with abnormalities in in-
sulin secretion and insulin sensitivity (IS)
(1–5). Individualswithamonophasic (MPh)
OGTT have lower IS and decreased b-cell
function (bCF) compared with individu-
alswith abiphasic (BPh)OGTT (1,2,4,5). A
small percentage of individuals have an
upward (3), or monotonous (6), or in-
cessant increase (IIn) (7) in OGTT glucose
concentrations that remain elevated at
120 min, and others have more complex
(6,8) or unclassified shapes (9).
In youth and adults without diabetes,

the MPh curve is the dominant pheno-
type, but its frequency differs between
the two age-groups: 35–69% in youth
(1,2,6,9) and 57–84% in adults (4,8,10–12).
Although these are not head-to-head
comparisons and included a heteroge-
neous group of participants, they do
suggest a potential divergence between
youth and adults in the prevalence and/
or the characteristics of the glucose re-
sponse curves. In the Treatment Op-
tions for Type 2Diabetes in Adolescents
and Youth (TODAY) study of 662 partic-
ipants, the most frequent glucose re-
sponse curve was MPh followed by
IIn, and the least frequent was BPh
(7). The IIn grouphadhigherHbA1c, lower
bCF relative to IS, higher glycemic failure
rates, and greater declines in bCF over
time compared with the MPh and BPh
groups, with no difference in IS (7). Data
in adults with established diabetes are
somewhat limited, showing that theMPh
curve is the most common (3,5,8), with
(3) or without (5,8) an upward curve.
Furthermore, there are no longitudinal
studies of the glucose response curves in
adults with diabetes.
To date, our landmark observations in

the Restoring Insulin Secretion (RISE)
study demonstrated that youth with dys-
glycemia, compared with adults, have
;50% lower IS together with hyperre-
sponsive b-cells across a wide range of IS
(13,14). Furthermore, they had worse
b-cell outcomes compared with adults
in response to similar interventions
(15,16). Against this RISEbackgroundand
the TODAY findings, we hypothesized
that 1) the BPh curve, a more favorable
glucose response curve, will be less fre-
quent in youth than adults and 2) in
response to similar interventions, the

change in glucose response curves will
be to metabolically less favorable curve
types in youth compared with adults.
Therefore, we aimed to examine 1) the
distributionof glucose response curves in
youth compared with adults at baseline/
randomization, 2) the relationship of the
glucose response curves to IS and b-cell
responses derived from the hyperglyce-
mic clamp in youth compared with adults,
and 3) treatment-associated (metformin
for 12 months or glargine for 3 months
followed by metformin for 9 months)
longitudinal changes in glucose response
curves and glycemia in youth compared
with adults.

RESEARCH DESIGN AND METHODS

The detailed description of the RISE pro-
tocol is available online (https://rise.bsc
.gwu.edu/web/rise/collaborators) (17),
with the primary outcome results pub-
lished (15,16,18). Briefly, youth partici-
pants (n5 91) in RISE were 10–19 years
old, with BMI $85th percentile, and
adults (n 5 355) were 20–65 years old
with BMI .25 kg/m2. Both age-groups
had impaired glucose tolerance (IGT) or
recently diagnosed type 2 diabetes on
the basis of a screening 75-g OGTT (17).
For the baseline cross-sectional analysis,
adult participants from both the RISE
Medication Study (n 5 267) and the
RISE Surgery Study (BetaFat) (n 5 88)
were combined, and randomization
OGTTwasused for classifying the glucose
response curves. Data from eight partic-
ipants (six youth and two adults) were
excluded because of invalid/nonfasting
values for theOGTT (n5 4) or because of
missing values at one of the five OGTT
time points (0, 30, 60, 90, or 120 min)
used in the classification of the glucose
response curves (n5 4). Thus, the baseline
cross-sectional analysis included 85 youth
(52 with IGT and 33 with type 2 diabetes)
and353adults (249with IGTand104with
type 2 diabetes). The longitudinal cohort,
frombaseline tomonth 12, included only
participants with valid and nonmissing
data at both baseline and month 12
who were randomized to glargine for
3 months followed by metformin for
9 months (37 youth and 61 adults) or
to metformin alone for 12 months (39
youth and 84 adults). Adults who were
randomized to the other medication inter-
ventions of RISE (liraglutide combinedwith
metforminorplacebo [17,18]),whichwere
not treatments in the youth medication

study (15,16), were not included in this
longitudinal analysis since the aim was to
compare youth with adults with similar
treatments over time.

Procedures
Anthropometric measurements were
performed as described before (14,17).
Followinga10-hovernight fast, a3-h75-g
OGTT was performed at randomization
as described before (14), with blood
samples obtained at 10, 20, 30, 60, 90,
120, 150, and 180 min after glucose
ingestion. Blood samples were immedi-
ately placed on ice before separation and
frozen at 280°C for shipment to the
central biochemistry laboratory at the
University of Washington for measure-
ment of plasma glucose, C-peptide, and
insulin.

A two-step hyperglycemic clamp was
performed after a 10-h overnight fast as
described indetail before (13,17). Briefly,
the steady-state target glucose concen-
tration for thefirst stepwas11.1mmol/L,
achieved with an initial intravenous
bolus of 20% dextrose, followed by a
variable rate infusion of 20% dextrose
that was based on a computerized
algorithm together with bedside blood
glucose monitoring every 5–10 min. Ar-
terialized heated-hand venous blood
samples were obtained before and at
2, 4, 6, 8, 10, 100, 110, and 120 min. For
the second step, the target blood glucose
of .25 mmol/L was achieved using a
second bolus of 20% dextrose with in-
creased rates of the 20% dextrose in-
fusion adjusted on the basis of bedside
blood glucose monitoring every 5 min.
Once the target blood glucose of .25
mmol/L was attained, a bolus of L-arginine
(5 g) was administered over 1 min, with
blood samples drawn at 25, 21, 2, 3, 4,
and 5min relative to the arginine injection
(13,17).

Assays and Calculations
Plasma glucose (hexokinase method Co-
basc501autoanalyzer;Roche), C-peptide
and insulin (two-site immunoenzymatic
assay), and HbA1c (high-performance liq-
uid chromatography) were performed at
the RISE central biochemistry laboratory
(Northwest Lipid Research Laboratory,
University of Washington) as previously
described in detail with their coeffi-
cients of variation (13,14). For plasma
glucose, the interassay coefficient of
variation on quality control samples
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with low, medium, and high concen-
trations was 2.1%, 1.7%, and 1.3%,
respectively.
Calculations for clamp-derived IS (M/

I), acute (0–10min,first phase) C-peptide
response to glucose (ACPRg), steady-
state (second phase) C-peptide (SSCP),
and acute C-peptide response to arginine
at maximal glycemic potentiation (ACPR-
max) were described in detail previously
(13,17). Total area under the curve (AUC)
for glucose, C-peptide, and insulin was
calculated by the trapezoidal method
using five time points (0, 30, 60, 90,
and 120 min) over the 2 h of the OGTT
(2,7).

Classification of OGTT Glucose
Response Curves
At baseline, each participant’s glucose
response curve was classified into one of
three categories using plasma glucose
concentrations over the first 2 h of the
3-h OGTT performed at randomization
(1–4,6,7). An MPh curve, defined as a
gradual increase in glucose concentra-
tions between 30 and 90min until a peak
was reached followed by a subsequent
decline of $0.25 mmol/L; a BPh curve,
defined as a rise of glucose to a peak
followed by a fall (as in the MPh) but
then followed by a second rise of$0.25
mmol/L; and an upward or IIn curve,
defined as a continuous increase in
plasma glucose during the 2 h of the
OGTT (3,6,7).
Studies in youth and adults have

shown that the glucose response curves
reflectdifferentmetabolic phenotypesof
IS and bCF less favorably in the IIn and
MPh curves and more favorably in the
BPh curve (1–4,7). Therefore, for the
longitudinal changes in glucose response
curves, we defined improvement as change
from a less favorable to a more favorable
curve type (i.e., change from IIn to MPh or
BPh and from MPh to BPh) and worsening
as change from a more favorable to a less
favorable curve type (i.e., change from
MPh or BPh to IIn and from BPh to MPh);
no change implies that the curve did not
change from randomization to month
12 after treatment.

Statistical Methods
The x2 test was used to evaluate differ-
ences in the distribution of the glucose
response curves at baseline between
youth and adults overall or within sub-
groups. Separate generalized linear

mixed models were used to evaluate
the effect of age-group (youth vs. adult)
within each curve type (or the effect of
curve typewithin each age-group) on the
mean of each plasma concentration out-
comeover repeated timepoints. Baseline
demographic and metabolic character-
istics were compared between curve
types within each age-group and be-
tween age-groups within each curve
type using the Student t test orWilcoxon
rank sum test for quantitative variables
and the x2 test for categorical variables.
Variables with a skewed distribution
were log-transformed as appropriate.
Pairwise comparisons were performed
when an overall difference by curve type
was found. Separate linear regression
models were used to evaluate the base-
line association between glucose response
curves and clamp-derived measures of IS
and b-cell outcomes. Linear regression
models were also used to evaluate the
relationshipofM/Iwithb-cell responses at
baseline within each curve type. In sepa-
rate models, an interaction for M/I with
age-group was added to examine whether
the relationship differed by age-group. All
models used natural log-transformed M/I
and b-cell response variables owing to the
skewed distribution of these data. Models
were adjusted for sex, race/ethnicity,waist
circumference, and IS (except in the IS
model). For the longitudinal analysis, we
first evaluated differences in the change in
curve types following 12 months of treat-
ment in all youth and adults combined and
between treatment typeswithin each age-
group using x2 tests. We next examined
whether glycemic deterioration at 12
months (i.e., conversion from IGT to
type 2 diabetes) differed by baseline glu-
cose response curves using Fisher exact
test. Finally, we evaluated whether the
changes inHbA1c, IS, andbCFat 12months
differed by baseline glucose response
curves using unadjusted linear regression
models. Analyses were performed using
SAS 9.4 for Windows (SAS Institute, Cary,
NC). All analyses were considered explor-
atory, and statistical significance was de-
fined as P , 0.05.

RESULTS

OGTT Glucose Response Curves in
Youth and Adults at Randomization
At randomization, there was a significant
difference in the distribution of the glu-
cose response curves between youth and
adults (Table 1). Combining MPh and IIn

curve groups, more youth had a BPh
curve compared with adults (x2 P 5
0.007), with no differences in the other
two curve types (Table 1). In youth and
adults, themost frequent curve typewas
MPh; in youth, this was followed, in
descending order, by BPh and IIn, and
in adults, by IIn and BPh (Table 1). When
analyzing the data separately for IGT and
type 2 diabetes within each age-group,
adults with type 2 diabetes had a higher
prevalence of the IIn curve compared
with IGT (P 5 0.001). The trend was
similar in youth between IGT and type 2
diabetes, but not significant, likely be-
cause of small numbers (Table 1).

Figure 1 depicts OGTT plasma glucose
(Fig. 1A), C-peptide (Fig. 1B), and insulin
concentrations (Fig. 1C) in each of the
three different curve types in youth and
adults at randomization, and Table 2
displaysOGTTAUCs for glucose, C-peptide,
and insulin. The OGTT glucose AUC was
higher in youth versus adults with an IIn
curve (P5 0.022), with no differences in
glucose AUC for the other two curves
between the twoage-groups (Table2and
Fig. 1A). The OGTT C-peptide AUC was
higher in youth versus adults with MPh
(P, 0.0001) and BPh (P5 0.028) curves,
and the OGTT insulin AUC was higher in
youth versus adults for all three curve
types (P, 0.0005) (Table 2 and Fig. 1C).

Demographic and Metabolic
Characteristics by Glucose Response
Curves in Youth and Adults
Table 2 presents the demographic and
metabolic characteristics by glucose re-
sponse curves in youth and adults. In
youth, there was no difference in age,
sex, race/ethnicity, Tanner stage,weight,
BMI, HbA1c, fasting and 2-h insulin, and
C-peptide concentrations by curve type.
However, BMI z-scorewas lower in youth
with BPh versus MPh curves, and waist
circumference was lowest in youth with
BPh compared with MPh and IIn curves
(Table 2). Fasting and 2-h glucose con-
centrationswerehighest in youthwith IIn
versus MPh and BPh curves (Table 2). In
adults, there was no difference in age,
sex, race/ethnicity, weight, BMI, waist
circumference, fasting glucose, fasting
and 2-h insulin, and C-peptide concen-
trations by curve type (Table 2). How-
ever, HbA1c was significantly higher in
adults with IIn versus MPh, and 2-h
glucose was higher in adults with IIn
versus MPh and BPh curves.
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Comparisonbetweenyouthandadults
with similar curve types revealed that
among those with the BPh curve, youth
had lower waist circumference and
HbA1c and higher fasting and 2-h insulin
concentrations compared with their
adult counterparts. Among participants
with anMPhcurve, youthhad lowermale
and Non-Hispanic White prevalence and
higher fasting and 2-h C-peptide and
insulin concentrations compared with

adults. Among participants with the IIn
curve, youth had higher fasting and 2-h
glucose and insulin concentrations and
higher fasting C-peptide concentrations
compared with adults (Table 2).

Clamp-Derived IS and b-Cell
Responses by Glucose Response
Curves in Youth and Adults
In youth and adults, M/I adjusted for sex,
race/ethnicity, and waist circumference

did not differ by glucose response curves
(Fig. 2A); however, irrespective of curve
type, IS was significantly lower in youth
versus adults. In youth, hyperglycemic
clamp–measured ACPRg (Fig. 2B), ACPR-
max (Fig. 2C), and SSCP (Fig. 2D), cor-
rected for IS, sex, race/ethnicity, and
waist circumference, were lowest in
the IIn curve group compared with the
groups with MPh and BPh curves (P 5
0.0197, P , 0.0001, and P , 0.0001,

Table 1—OGTT glucose response curves at baseline/randomization in youth and adult RISE participants overall and separately
by IGT and diabetes

Overall Youth Adults

OGTT glucose response
curve

Youth
(n 5 85)

Adults
(n 5 353) P value

IGT
(n 5 52)

Diabetes
(n 5 33) P value

IGT
(n 5 249)

Diabetes
(n 5 104) P value

BPh 16 (18.8) 29 (8.2) 0.022† 13 (25.0) 3 (9.1) 0.120 24 (9.6) 5 (4.8) 0.0004‡

MPh 60 (70.6) 273 (77.3) 35 (67.3) 25 (75.8) 201 (80.7) 72 (69.2)

IIn 9 (10.6) 51 (14.5) 4 (7.7) 5 (15.1) 24 (9.7) 27 (26.0)

Data are n (%). P value from x2 test evaluating differences in OGTT glucose response curves between youth and adults and between IGT and diabetes
withineachage-group.†YouthhavemoreBPhcurves thanadults (P50.007),but thepercentageof theother twocurve typesbetweenyouthandadults
is similar.‡CombiningacrossMPhandBPhcurves, adultswithdiabeteshadmore IIn curves comparedwith adultswith IGT (P50.0001).Data fromeight
participants (six youth and two adults) are not included because of missing or invalid/incomplete data from the OGTT at baseline.

Figure 1—Glucose (A), C-peptide (B), and insulin (C) concentrations by OGTT glucose response curves at randomization in youth (solid lines) and adult
(dashed lines) RISE participants. Data are mean 6 SE (upper or lower bar).
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respectively). In adults, ACPRg (Fig. 2B)
and SSCP (Fig. 2D) were also lowest in the
IIn curve group versus the MPh and BPh
curvegroups (P50.0086andP50.0011,
respectively), and ACPRmax (Fig. 2C) was
lower in thosewith IIn versusMPh curves
(P5 0.0408). However, both ACPRg and
ACPRmax were significantly higher in
youth versus adults with BPh and MPh
curves but not between the two age-
groups with IIn curves (Fig. 2B and C).
SSCP did not differ significantly between
youth and adults for any of the three
curve types (Fig. 2D). Supplementary Fig.
1 shows the inverse relationship between
log-transformedM/I and log-transformed
hyperglycemic clamp–measured b-cell
responses in youth andadults. The slopes
for youth and adults did not differ (all
P.0.05) except for theACPRmax slopes
in the IIn curve category.

Change in Glucose Response Curves,
HbA1c, IS, bCF, and Glycemic
Deterioration at Month 12 After
Randomization in Youth Versus Adults
In the subset of participants randomized
to glargine for 3 months followed by
metformin for 9months or tometformin

alone for 12months, the change in glucose
response curves (defined in the CLASSIFICA-

TION OF OGTT GLUCOSE RESPONSE CURVES section)
after 12months of treatment did not differ
between youth and adults (improvement
14.5% vs. 19.3%, worsening 21.0% vs.
20.0%, no change 64.5% vs. 60.7%). More-
over, there was no association between
treatment type and the change in curve
type in youth and adults (Supplementary
Table 1).

In the longitudinal cohort of youth
(n5 76) and adults (n5 145) combined,
67% (148 of 221) had IGT at screening. Of
theseparticipantswith IGT, 25.0% (n54)
with IIn, 33.3% (n 5 38) with MPh, and
11.1% (n5 2) with BPh glucose response
curves at baseline converted to diabetes
(by OGTT criteria) by month 12 (P5 0.15
by Fisher exact test). The numbers are
too small to test separately in youth and
adults (data not shown). In the longitu-
dinal cohort of youth and adults com-
bined and in each age-group separately,
HbA1c and IS at 12months, and the change
in them from baseline to 12 months, did
not differ by baseline glucose response
curves (Supplementary Table 2). Like-
wise, the change in ACPRg, ACPRmax,

and SSCP from baseline to 12months did
not differ by baseline glucose response
curves. However, 12-month ACPRg, ACPR-
max, and SSCP were significantly different
and coherentwith baseline data, being high-
est inBPhcomparedwithMPhandIIncurves
(Supplementary Table 2).

CONCLUSIONS

The present investigation of glucose re-
sponse curves in the RISE study of youth
and adults with IGT and recently diag-
nosed type 2 diabetes demonstrates
that 1) youth at randomization had a
higher prevalence of the more favorable
BPh curve compared with adults; 2)
while insulin sensitivity did not differ
across glucose response curves in youth
and adults, youth had lower IS than
adults, regardless of curve type; 3) across
the three curve types, clamp-measured
b-cell responses were lowest in the least
favorable, IIn curve in youth and adults;
4) the upregulated b-cell responses in
youth compared with adults was pres-
ent in those with BPh and MPh curves
but not with the IIn curve; 5) following
intervention, the change in glucose re-
sponse curves atmonth 12 did not differ

Figure2—Boxplots forM/I (A) andb-cell responsesACPRg (B), ACPRmax (C), andSSCP (D) byOGTTglucose responsecurves in youthandadults.P values
frommodels evaluating the difference between youth and adults within each OGTT glucose response curve in adjustedmodels for IS (except forM/I),
sex, race/ethnicity, and waist circumference.
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between youth and adults, and there
werenodifferences between the two treat-
ment interventions; and 6) the 12-month
progression from IGT to type 2 diabetes,
and the change in HbA1c, IS, and bCF, did
not differ by baseline glucose response
curves. Previously, in the RISE study,
youth had ;50% lower IS than adults
measured during hyperglycemic clamp
(13) and OGTT (14). Likewise, in another
study, obese youth had;40–50% lower
peripheral and hepatic IS and twofold
higher fasting insulin concentrations
compared with adults of similar percent
body fat (19). Furthermore, the RISE
study showed that across a wide range
of IS, youth had hyperresponsive b-cells
compared with adults, as manifested by
higher C-peptide and insulin concentra-
tions during hyperglycemic clamp and
OGTT (13,14). In another report, primary
insulin hypersecretion, independent of
insulin resistance, was associated with
worse clinical and metabolic phenotypes
in adolescents and adults and predicted
deterioration in glucose control over
time (20). Taken collectively, these ob-
servations imply that youth areworse off
than adults because of their greater in-
sulin resistance and their insulin hyper-
secretion across a wide range of IS.
Therefore, we hypothesized that youth
in the RISE study would manifest less
favorable glucose response curves com-
pared with adults. Contrary to our the-
ory, however, theprevalenceof themore
favorable BPh curve was more common
in youth than adults at randomization.
Adolescentswithout diabetes (1,2,6,9)

exhibit higher rates of the BPh curve com-
paredwith reports inadults (4,8,11,12). It
is possible that this is age driven because
the BPh curve in adults is associated with
younger age compared with the MPh
curve (4,5). This was also the case in the
European Group for the Study of Insulin
Resistance (EGIR) of healthy adults,
where individuals with the most favor-
able glucose response curves were the
youngest (21). The mechanisms respon-
sible for this youth-adult, age-related
divergence in glucose response curves
remain unknown. A potential explana-
tion could be that since the pattern of the
glucose response curve is defined by the
increase and/or decrease in glucose con-
centrations (1,2,4,5,7), the hyperinsuli-
nemiainyouthmightmodulatethisglucose
response to be consistent with a BPh
pattern. As can be seen in Table 2, the

OGTT C-peptide and insulin AUCs were
higher in youth with BPh curves com-
pared with adults, while the OGTT glu-
cose AUC was not different.

Our current observation that the MPh
curve is the dominant curve in youth
(70.6%) and adults (77.3%) is consistent
with prior studies showing a dominant
prevalence ranging from 34 to 69% in
youth (1,2,6,9) and 57 to 87% in adults
(4,5,8,10–12). With respect to the path-
ophysiological components of type 2 di-
abetes, studies in youth (1,2,6,9) and
adults without diabetes (4,5,8,11,12)
show that the MPh glucose response
curve harbors worse metabolic param-
eters, with lower IS and lower bCF, than
the BPh curve or more complex curves.
Furthermore, adults with MPh OGTT
have an increased risk of future impaired
fasting glucose (IFG) (22) and type 2
diabetes (10). Data in adults with estab-
lished diabetes are somewhat limited
and without longitudinal observations.
One study showed that the prevalence of
theMPh curve was the highest, followed
by the prevalence of an upward curve,
followed by the BPh curve (3). In another
study of women with prior gestational
diabetesmellitus, theMPh curvewas the
most common and manifested worse
metabolic parameters (8). In recent ret-
rospectively analyzed OGTT data of adults
with normal glucose tolerance, predia-
betes (IFG, IGT, IFG 1 IGT), and type 2
diabetes, the MPh curve was more fre-
quent in prediabetes and diabetes
and manifested worse bC (5).

With respect to the pathophysiological
components of type 2 diabetes, obese
adolescents without diabetes who had
MPh glucose response curves had lower
hepatic and peripheral IS (hyperinsuline-
mic-euglycemic clamp) with inadequate
compensation in first- and second-phase
insulin secretion (hyperglycemic clamp)
and a lower disposition index compared
with those with BPh curves (2). Other
studies using fasting or OGTT-derived
estimates of IS and insulin secretion
showed similar findings (1,6,9). In the
TODAY study of youth with established
type 2 diabetes, the most frequent glu-
cose response curve was MPh (68.6%),
followed by IIn (21.7%) and BPh (9.7%)
(7). The IIn group had similar IS to the
other two groups but significantly lower
OGTT-derived bCF (7). These data are
consistent with our current data show-
ing that IS did not differ across glucose

response curves in youth and adults. On
the other hand, hyperglycemic clamp–
measured ACPRg and ACPRmax, cor-
rected for IS, declined across the three
curve types from BPh to MPh to IIn in
both youth and adults (Fig. 2B and C).
Moreover, consistent with our prior RISE
data of hyperresponsive b-cells in youth
(13,14), both ACPRg and ACPRmax were
significantly higher in youth versus adults
with BPh andMPh curves (Fig. 2B and C).
This, however, was not the case in those
with the IIn curve, implying that in this
curve type, which is associated with
worst bCF, the youth-adult contrast in
b-cell hyperresponsiveness is no more
evident. A similar pattern is evident in
Supplementary Fig. 1 in which across a
wide range of IS, b-cell responses are
higher in youth versus adults except
within the IIn curve. Further evidence
that the IIn curve is a metabolically
deleterious glucose response curve
comes from longitudinal observations
in TODAY (7). Youth with IIn curves in
TODAY had significantly higher glycemic
failure rates (58.3%) versus the MPh
group (42.3%) versus the BPh group
(39.1%) (7). Moreover, the 6-month de-
cline in bCF was greatest in the IIn group
versus the MPh and BPh groups inde-
pendent of diabetes duration and treat-
ment assignment (7). Contrary to these
results, thepresentRISE studyshows that
the 12-month progression from IGT to
type 2 diabetes, and the change in HbA1c,
IS, and b-cell responses, did not differ by
baseline glucose response curves. These
contrasting findings could be due to
differing patient populations, youth
with type 2 diabetes of longer disease
duration in TODAY versus youth and
adults with recently diagnosed type 2
diabetes and IGT in RISE, and differing
sample sizes.

Following the RISE interventions, the
change in glucose response curves at
12 months did not differ between youth
andadults, and therewerenodifferences
between the two treatment interven-
tions (Supplementary Table 1). This is
consistentwith TODAYdata showing that
6 months after randomization there was
no shift from one curve pattern to an-
other in each treatment group, implying
that no one treatment was better or
worse than the other in improving or
worsening the glucose response curves.
In the EGIR cohort of clinically healthy
adults, the glucose patterns identified at
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the 3-year observational follow-up were
similar to those at baseline (21). This
stability of the glucose response curves
over time, with or without treatment,
could be due to the heritability of the
patterns, as shown in twin studies where
genetic modeling revealed a heritability
estimatebetween45and67% (23). In the
current study, the progression from IGT
to type 2 diabetes, and the change in
HbA1c, IS, and bCF at month 12 after
treatment, did not differ by baseline glu-
cose response curves. However, consis-
tent with the baseline data, ACPRg,
ACPRmax, and SSCP remained low in those
who had IIn glucose response curves at
baseline (Supplementary Table 2). There is
no literature to compare and contrast with
ourfindings because our study is thefirst to
address longitudinal changes in adults with
type 2 diabetes and IGT.
The strengths of the present investi-

gation include 1) a first-time evaluation
of the glucose response curves in adults
with established type 2 diabetes, 2) a
first-time head-to-head comparison of
glucose response curves between youth
and adults against the backdrop that youth
are worse off than adults with respect to
type 2 diabetes (13–15,19,24), 3) an assess-
ment of the relationship between glucose
response curves and IS and bCF measured
by identical hyperglycemic clamps in youth
and adults, and 4) an evaluation of longi-
tudinal changes in glucose response curves
withtwodifferent interventions.Limitations
are that the glucose response curve was
determined by a single OGTT, which may
have limited reproducibility (25,26). A study
in adults found inadequate reproducibility
oftheglucoseresponsecurves(27),butsuch
data do not exist in pediatrics. Another
limitation is the small sample size in youth.
However, contrary toadults, theprevalence
of youth with IGT and type 2 diabetes
continues to be limited, making larger sam-
ple sizes more challenging to obtain.
In summary, youth compared with

adults had a twofold higher prevalence
of the BPh glucose response curves at
randomization in the RISE study.While IS
did not differ across glucose response
curves,bCF declined from BPh toMPh to
IIn curves in youth and adults. The typical
b-cell hypersecretion in youth compared
withadultswas lost in thosewith IInglucose
response curves, emphasizing the severity
ofb-cell dysfunction in youthwith this least
favorable glucose response curve. Finally,
the higher prevalence of the more favorable

BPhcurve in youthat randomizationdidnot
translate to beneficial changes in glucose
response curves after treatment in youth
compared with adults.
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