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OBJECTIVE

To identify predictors of glycemic worsening among youth and adults with impaired glucose tolerance (IGT) or recently diagnosed type 2 diabetes in the Restoring Insulin Secretion (RISE) Study.
RESEARCH DESIGN AND METHODS

A total of 91 youth (10–19 years) were randomized 1:1 to 12 months of metformin (MET) or 3 months of glargine, followed by 9 months of metformin (G-MET),
and 267 adults were randomized to MET, G-MET, liraglutide plus MET (LIRA+MET),
or placebo for 12 months. All participants underwent a baseline hyperglycemic
clamp and a 3-h oral glucose tolerance test (OGTT) at baseline, month 6, month
12, and off treatment at month 15 and month 21. Cox models identiﬁed baseline
predictors of glycemic worsening (HbA1c increase $0.5% from baseline).
RESULTS

Glycemic worsening occurred in 17.8% of youth versus 7.5% of adults at month
12 (P 5 0.008) and in 36% of youth versus 20% of adults at month 21 (P 5 0.002).
In youth, glycemic worsening did not differ by treatment. In adults, month 12 glycemic worsening was less on LIRA+MET versus placebo (hazard ratio 0.21, 95% CI
0.05–0.96, P 5 0.044). In both age-groups, lower baseline clamp-derived b-cell
responses predicted month 12 and month 21 glycemic worsening (P < 0.01). Lower baseline OGTT-derived b-cell responses predicted month 21 worsening (P <
0.05). In youth, higher baseline HbA1c and 2-h glucose predicted month 12 and
month 21 glycemic worsening, and higher fasting glucose predicted month 21
worsening (P < 0.05). In adults, lower clamp- and OGTT-derived insulin sensitivity
predicted month 12 and month 21 worsening (P < 0.05).
CONCLUSIONS

Glycemic worsening was more common among youth than adults with IGT or recently diagnosed type 2 diabetes, predicted by lower baseline b-cell responses in
both groups, hyperglycemia in youth, and insulin resistance in adults.
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youth (10,11). In this analysis, we aimed
to compare glycemic worsening between youth and adult RISE participants
with IGT or recently diagnosed type 2
diabetes and identify baseline characteristics that predict glycemic worsening
in each group, while on treatment
(month 12 [M12]) and 9 months after
treatment withdrawal (month 21,
[M21]).
RESEARCH DESIGN AND METHODS
Study Protocol

The RISE Pediatric and Adult Medication
Studies were two of the three clinical
trials performed as part of the RISE
Consortium, funded by the National Institute of Diabetes and Digestive and
Kidney Diseases (9). Both studies enrolled participants with IGT or recently
diagnosed type 2 diabetes (12). The Pediatric Medication Study was a four-center, randomized, open-label clinical trial
comparing 12-month interventions with
insulin glargine for 3 months, followed
by metformin (MET) for 9 months
(G-MET) versus MET alone (9,10). The
Adult Medication Study was a threecenter, randomized, partially blinded
clinical trial comparing 12-month interventions with 1) G-MET, 2) MET, 3) liraglutide plus MET (LIRA1MET), or 4)
placebo. In the RISE Adult Medication
Study, the placebo versus MET arms
were double blinded. The rationale for
and methods used in RISE were described previously in detail (9–11), and
the study protocols can be found at
https://rise.bsc.gwu.edu/web/rise/
collaborators. Each center’s Institutional Review Board (IRB) approved
the protocol. Written informed consent was obtained from every adult
participant, and parental or participant consent and child assent (when
age-appropriate) were obtained before study procedures, consistent
with the Declaration of Helsinki and
each center’s IRB guidelines.
Participants

A summary of the RISE Pediatric and
Adult Medication Study participants and
their rates of completion of oral glucose
tolerance tests (OGTTs) during study
visits are shown in the Consolidated
Standards of Reporting Trials (CONSORT)
diagram (Supplementary Figs. 1 and 2).
The pediatric study randomized 91

youth aged 10–19 years with BMI
$85th percentile for age and sex but
<50 kg/m2, with IGT (60%) or recently
diagnosed (<6 months’ duration) type 2
diabetes (40%), negative GAD and
islet antigen 2 autoantibodies, and
Tanner stage $2 (using breast development for females and testicular volume
>3 mL for males) (9,10). Youth were
also required to have a fasting glucose
of $90 mg/dL (5 mmol/L) and an OGTT
2-h glucose $140 mg/dL (7.8 mmol/L),
and if they were drug naive, HbA1c
#8.0% (64 mmol/mol). Youth with type
2 diabetes already taking metformin had
to have HbA1c #7.5% (58 mmol/mol) if
on metformin for <3 months or HbA1c
#7.0% (53 mmol/mol) if on metformin
for 3–6 months (9,10). Eligible youth
underwent baseline evaluations, followed
by random 1:1 treatment assignment by
study site, stratiﬁed by a baseline diagnosis of IGT versus type 2 diabetes (9,10).
Eligibility criteria for adults included age
20–65 years and BMI $25 but <50 kg/
m2 ($23 kg/m2 for Asian Americans),
with IGT or drug-naive physician-diagnosed type 2 diabetes <12 months’ duration (9,11). Adults were required to have
a fasting glucose 95–125 mg/dL (5.3–6.9
mmol/L), OGTT 2-h glucose $140
mg/dL (7.8 mmol/L), and HbA1c #7%
(9,11). Eligible adults underwent baseline evaluations, followed by random
1:1:1:1 treatment assignment by study
site, stratiﬁed by a baseline diagnosis
of IGT versus type 2 diabetes (9,11).
Interventions

Complete details of the interventions
were previously published (9–11),
and the study timeline is shown in
Supplementary Fig. 3. Youth and
adult participants in the MET group
both received 500 mg metformin
that was titrated up to 1,000 mg
twice daily over 4 weeks or to the
maximal tolerated dose. The G-MET
group in both youth and adults received 3 months of glargine insulin,
titrated by study staff based on daily
self-monitored fasting blood glucose.
After 3 months, insulin glargine was
stopped, and MET was initiated and
titrated up to 1,000 mg twice daily
(or the maximal tolerated dose) for
the remainder of the 9-month intervention. For the adult LIRA1MET
group, liraglutide was started ﬁrst,
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Type 2 diabetes has become increasingly common in youth and adults as the
prevalence of overweight and obesity
increases. Progressive deterioration of
islet b-cell function in individuals with
prediabetes typically leads to type 2 diabetes (1). The rate of progression to
type 2 diabetes and further loss of
b-cell function once hyperglycemia is
established varies widely among individuals with prediabetes. In an observational longitudinal study of 77,000
adults with prediabetes deﬁned by
HbA1c, a small subset (5.2%) had a very
high risk for development of type 2 diabetes within 2 years, while most
(81.5%) were at lesser risk (2). Similarly,
among obese youth with prediabetes
based on HbA1c, up to 8% developed
type 2 diabetes after 12–22 months of
follow-up (3). In youth with established
type 2 diabetes monitored for a mean
of 3.86 years in the Treatment Options
for type 2 Diabetes in Adolescents and
Youth (TODAY) study, insulin was required after oral treatments failed in
50% of participants, with a median time
to treatment failure of 11.5 months,
whereas other youth in TODAY maintained glycemic control on oral diabetes
medications alone (4). Of note, youth in
TODAY overall had a more rapid deterioration of b-cell function and glycemic
control (4) than that previously reported in adults (5–8); however, no prior studies have directly compared youth
and adults with type 2 diabetes longitudinally in the same study. Identiﬁcation
of factors that predispose to deterioration of b-cell function in youth and
adults is essential to designing interventions to delay or prevent glycemic worsening in each age-group.
The Restoring Insulin Secretion (RISE)
studies examined whether pharmacologic interventions could successfully restore or preserve b-cell function in
youth and adults with impaired glucose
intolerance (IGT) or recently diagnosed
type 2 diabetes (9). As previously reported, none of the interventions resulted in sustained improvements in
b-cell function after medication withdrawal in youth or adults (10,11).
However, there was individual heterogeneity in responses both on and after
withdrawal of therapy, ranging from
normalization to rapid worsening of glycemia requiring study withdrawal; the
latter was especially common among
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Predictors of Glycemic Worsening

Procedures and Calculations

HbA1c was measured at all quarterly visits. A two-step hyperglycemic clamp
with target glucose concentrations of
200 mg/dL (11.1 mmol/L) and >450
mg/dL (>25 mmol/L), the latter paired
with the insulin secretagogue arginine,
was performed at baseline as previously
described to assess pancreatic b-cell
function (9,13–15). The hyperglycemic
clamp simultaneously quantiﬁed insulin sensitivity (M/I) and three b-cell response measures: 1) acute (ﬁrst-phase)

C-peptide and insulin responses to glucose (ACPRg, AIRg), 2) steady-state (second-phase) C-peptide (SSCP), and 3)
acute C-peptide and insulin responses
to arginine at maximal glycemic potentiation (ACPRmax and AIRmax) achieved by
glucose >450 mg/dL (16–19). M/I was
calculated as the mean glucose infusion
rate (M) at 100, 110, and 120 min of
the clamp divided by the corresponding
mean steady-state plasma insulin concentration. ACPRg and AIRg were calculated as the mean incremental response
above baseline for the ﬁrst 10 min after
the glucose bolus. Mean SSCP was calculated at 100, 110, and 120 min
(16–19). ACPRmax and AIRmax were calculated as the mean incremental response above concentrations before
the arginine bolus.
A 3-h 75-g OGTT was performed at
baseline to determine fasting and 2-h
glucose, and fasting and 2-h insulin and
C-peptide concentrations. From these,
1/fasting insulin (I/FI) was calculated to
estimate insulin sensitivity, and OGTTderived b-cell response measures were
computed, including the C-peptide index (CPI, nmol/mmol; DC-peptide30–0/
Dglucose30–0) and insulinogenic index
(IGI, Dinsulin30–0/Dglucose30–0) (14,20).
The hyperglycemic clamp-derived insulin
and C-peptide responses were adjusted
for M/I, and OGTT-derived responses
were adjusted for 1/FI.
Laboratory assessments were performed at the study’s central biochemistry laboratory at the University of
Washington (13,14). Glucose was measured using the glucose hexokinase
method on a Roche c501 autoanalyzer
(Roche Diagnostics, Indianapolis, IN). Cpeptide and insulin were measured by a
two-site immunoenzymometric assay
performed on the Tosoh 2000 autoanalyzer (Tosoh Biosciences, South San
Francisco, CA). Interassay coefﬁcients of
variation on quality control samples
with low, medium, medium-high, and
high concentrations were #2.0% for
glucose, #4.3% for C-peptide, and
#3.5% for insulin. HbA1c was measured
on a Tosoh G8 analyzer, under Level 1
NGSP certiﬁcation. The interassay coefﬁcients of variation, as measured on
quality control samples with low and
high HbA1c levels, were 1.9% and 1.0%,
respectively (9–11).

Statistics

Glycemic worsening was deﬁned as an
absolute increase in HbA1c by $0.5%
from baseline to M12 and from baseline
to M21 (e.g., an increase from a baseline HbA1c of 6.0% to 6.5% or from
baseline of 7.7% to 8.2%, etc.). We additionally examined glycemic worsening
deﬁned as $5% and $10% relative increases from baseline HbA1c to M12
and to M21 (e.g., a 5% relative increase
from a baseline of 6.0% would be 6.3%,
and a 10% relative increase from a
baseline of 6% would be 6.6%). Cox proportional hazards models were used to
identify baseline factors that were associated with time to glycemic worsening.
Baseline characteristics used as predictors included age, sex, race/ethnicity,
BMI, HbA1c, fasting and 2-h OGTT glucose, and measures of b-cell response
and insulin sensitivity from the OGTT
and hyperglycemic clamp. Results from
continuous variables in the Cox models
are presented per 1 SD. Cox models
were adjusted for treatment arm. b-Cell
function measures were further adjusted for insulin sensitivity as assessed
during the procedure, using M/I for
hyperglycemic clamp-derived measures
(ACPRg, AIRg, SSCP, ACPRmax, and
AIRmax) and using 1/FI for OGTT-derived
measures (CPI and IGI). When the analyses regarding b-cell responses were repeated without adjustment for insulin
sensitivity, there was no signiﬁcant impact on the results, so only the data
that were adjusted are presented.
Measures from the hyperglycemic clamp
were log transformed before analyses to
normalize the distributions. Additionally,
progression from IGT to type 2 diabetes
based on American Diabetes Association
criteria for fasting and 2-h glucose concentrations (12) was evaluated at M06,
M12, M15, and M21, and the impact of
pharmacologic interventions on progression from IGT to type 2 diabetes was examined using Cox models.
RESULTS

Baseline demographic and metabolic
characteristics of youth and adults
and the primary outcome of the RISE
studies have been reported (10,11)
and are summarized in Supplementary
Table 1. In brief, youth had a higher
percentage of females, more racial/
ethnic diversity, similar weight, and
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with weekly titration from 0.6 to 1.2
to a ﬁnal dose of 1.8 mg daily as tolerated. After a tolerated liraglutide
dose over the ﬁrst 4 weeks was
established, MET (unblinded) was
added and titrated up to a goal of
1,000 mg twice daily (or the maximal
tolerated dose) for the remainder of
the intervention period (11). The
adult placebo group received tablets
that were identical in appearance to
the metformin tablets and were titrated up in the same manner as the
metformin and continued for 12
months.
The study medication for all participants in the Pediatric and Adult Medication Studies was withdrawn after 12
months of treatment (9–11). Study
measurements in the present analysis
included evaluations at baseline, M3,
M6, M9, and M12 (on treatment) and
M15, M18, and M21 (through 9 months
after medication withdrawal). Measurements included in this analysis were
baseline anthropometric measures, fasting and 2-h OGTT glucose, HbA1c, and
hyperglycemic clamp- and OGTT-derived
measures of b-cell response and insulin
sensitivity, as well as HbA1c at M3, M6,
M9, M12, M15, M18, and M21, and
fasting and 2-h OGTT glucose at M6,
M12, M15, and M21.
If protocol-speciﬁed HbA1c safety
thresholds were exceeded, outcome
measures were promptly performed, if
possible, and the participant was then
withdrawn from the study and referred
for additional clinical diabetes treatment. In addition to the IRB and the investigators, the study was regularly
monitored by an independent National
Institute of Diabetes and Digestive and
Kidney Diseases-appointed Data and
Safety Monitoring Board.
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and Adults

slightly but statistically higher BMI,
and were markedly more insulin resistant than the adults. Furthermore,
the proportion of youth with type 2
diabetes at baseline (40.7%) was higher than adults (26.2%) (P 5 0.0410)
(Supplementary Table 1). However, despite these differences, both groups had
similar baseline HbA1c and fasting and 2-h
glucose concentrations (Supplementary
Table 1).

In youth, treatment group did not affect
glycemic worsening deﬁned by an absolute increase of $0.5% in HbA1c, with
glycemic worsening at M12 and M21
being associated with higher baseline
HbA1c (P 5 0.0241 and P 5 0.008, respectively) and higher baseline 2-h glucose (P 5 0.045 and P 5 0.042,
respectively) (Table 2). Additionally, glycemic worsening at M21 in youth was
associated with higher baseline fasting
glucose (P 5 0.044). In youth, glycemic
worsening at M12 and M21 was also associated with lower baseline ﬁrst-phase
responses assessed by hyperglycemic
clamp-derived ACPRg (P 5 0.006 and
P < 0.001, respectively) and AIRg (P 5
0.014 and P < 0.001, respectively) and
lower baseline second-phase b-cell response by clamp-derived SSCP (P 5
0.004 and P 5 0.001, respectively).
Glycemic worsening at M21 was also
associated with lower baseline maximal
b-cell response by clamp-derived
ACPRmax (P 5 0.015) and AIRmax (P 5
0.007). In youth, lower baseline OGTTderived b-cell responses, including IGI
(P 5 0.017) and CPI P 5 0.006), were
associated with glycemic worsening at
M21, and lower baseline CPI was also
associated with glycemic worsening at
M12 (P 5 0.031).
Unlike youth, in adults, overall treatment group was borderline signiﬁcant
in predicting glycemic worsening deﬁned by an absolute increase of $0.5%
in HbA1c by M12 (P 5 0.089) but not at
M21 (P 5 0.233) (Table 3). However,

Glycemic Worsening

At both M12 and M21, signiﬁcantly
more youth than adults developed glycemic worsening as deﬁned by an absolute increase of $0.5% in HbA1c (M12:
17.8% vs. 7.5%, P 5 0.008; M21 36.7%
vs. 20%, respectively, P 5 0.002) (Table
1, Fig. 1, top panel). Findings were similar even when analyses were restricted
to the interventions common to youth
and adults; i.e., MET and G-MET groups,
both at M12 (P 5 0.011) and M21 (P 5
0.005, data not shown). Additionally, we
evaluated the percentage of youth and
adults who had a $5% relative increase
in HbA1c from baseline to M12 and
M21. Overall, 27.8% of youth and 22%
of adults had a $5% relative increase in
HbA1c at M12 (P 5 0.26), as did 54.4%
of youth and 42% of adults at M21
(P 5 0.041) (Fig. 1, bottom panel). Using a $10% relative increase in HbA1c,
we determined 14.4% of youth and
3.9% adults had such an increase in
HbA1c at M12 (P < 0.001), as did 31.3%
of youth and 14.9% of adults at M21
(P < 0.001) (data not shown).

Glycemic Worsening Based on Progression
From IGT to Type 2 Diabetes

Among youth with IGT at baseline,
15.9% progressed to diabetes by M12
and 25% to diabetes by M21. In youth,
treatment group did not affect progression from IGT to type 2 diabetes at M12
(P 5 0.28) or M21 (P 5 0.40) (Fig. 2A).
Among adults with IGT at baseline,
21.2% progressed to diabetes by M12
and 39.1% by M21. In adults, treatment
was borderline effective in reducing the
progression from IGT to type 2 diabetes

Table 1—Glycemic worsening in youth and adults deﬁned as an absolute increase of 0.5% in HbA1c from baseline to M12 and
M21
M12

M21

No
n

Yes

No

Yes

%

n

%

n

%

n

%

35
39
74

79.5
84.8
82.2

9
7
16

20.5
15.2
17.8*

30
27
57

68.2
58.7
63.3

14
19
33

31.8
41.3
36.7†

64
57
61
54
236

95.5
91.9
96.8
85.7
92.5

3
5
2
9
19

4.5
8.1
3.2
14.3
7.5

53
51
54
46
204

79.1
82.3
85.7
73.0
80.0

14
11
9
17
51

20.9
17.7
14.3
27.0
20.0

Youth
G-MET
MET
Total
Adult
G-MET
MET
LIRA1MET
Placebo
Total

Bold values are statistically signiﬁcant comparing youth to adults. *P = 0.008 youth compared with adults at M12. †P = 0.002 youth compared
with adults at M21.
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treatment with LIRA1MET attenuated
glycemic worsening at M12 compared
with placebo (hazard ratio, 0.21; 95% CI
0.05–0.96, P 5 0.044), although this
beneﬁcial effect was only borderline signiﬁcant at M21 after withdrawal of
LIRA1MET (hazard ratio 0.46, 95% CI
0.20–1.02, P 5 0.057). Unlike youth,
glycemic worsening in adults was not
associated with baseline glycemic measures such as HbA1c and fasting or 2-h
glucose, but M12 and M21 glycemic
worsening was associated with lower
baseline insulin sensitivity by clamp-derived M/I (P 5 0.016 and P 5 0.003,
respectively) and OGTT-derived 1/FI
(P 5 0.010 and P 5 0.029, respectively). In addition, similar to youth, glycemic worsening in adults at M12 and M21
was associated with lower baseline
clamp-derived ﬁrst-phase responses, including ACPRg (P 5 0.010 and P 5 0.011)
and AIRg (P 5 0.001 and P 5 0.007). Like
in youth, a lower baseline IGI on the
OGTT was also associated with glycemic
worsening at M21 in adults (P 5 0.034).
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Figure 1—Change from baseline in glycemia at M12 (on treatment) and M21 (9 months after treatment withdrawal). Top panel: Glycemic worsening based on absolute increase in HbA1c in adults and youth from baseline to M12 (left panel) and M21 (right panel). The vertical lines depict 0.5%
worsening in absolute HbA1c. On the left, there are no signiﬁcant differences between adults and youth at M12. On the right, youth experienced
greater glycemic worsening at M21 (P = 0.041). Bottom panel: Glycemic worsening based on the percentage (relative) increase in HbA1c in adults
and youth from baseline to M12 (left panel) and M21 (right panel). The vertical lines are shown at 5% worsening. Youth experienced greater glycemic worsening when deﬁned as the percentage increase in HbA1c at M12 (P < 0.001) and at M21 (P < 0.001).
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Table 2—Cox regression models of predictors of glycemic worsening (an absolute increase of 0.5% in HbA1c) in youth

G-MET vs. MET
Sex (male vs. female)

Lower CI

Upper CI

P value

M21 hazard ratio†

Lower CI

Upper CI

P value

1.37
1.52

0.51
0.54

3.68
4.31

0.532
0.432

0.81
0.94

0.41
0.41

1.62
2.13

0.560
0.878

0.35
1.86
1.75

0.08
0.66
0.64

1.56
5.25
4.75

0.170
0.238
0.274

0.54
0.88
1.41

0.22
0.38
0.70

1.32
2.05
2.82

0.177
0.769
0.336

0.98
1.14
1.67
1.43
1.49
0.83
0.45
0.57
0.45
0.61
0.59
0.78
0.46
0.45

0.59
0.68
1.07
0.93
1.01
0.50
0.25
0.36
0.26
0.34
0.32
0.47
0.20
0.22

1.63
1.92
2.60
2.19
2.20
1.38
0.79
0.89
0.78
1.11
1.09
1.28
1.04
0.93

0.932
0.614
0.024
0.100
0.045
0.472
0.006
0.014
0.004
0.105
0.090
0.321
0.061
0.031

0.99
1.14
1.56
1.33
1.33
0.93
0.47
0.61
0.54
0.61
0.57
0.85
0.56
0.53

0.70
0.79
1.12
1.01
1.01
0.65
0.32
0.45
0.37
0.41
0.38
0.59
0.34
0.34

1.41
1.64
2.16
1.77
1.75
1.34
0.69
0.81
0.78
0.91
0.85
1.22
0.90
0.83

0.956
0.496
0.008
0.044
0.042
0.704
<0.001
<0.001
0.001
0.015
0.007
0.385
0.017
0.006

Bold P values are statistically signiﬁcant (P < 0.05). All models included a term for the treatment arm. CI, 95% conﬁdence interval. †Per 1 SD
for continuous measures. Treatment arm is adjusted for insulin sensitivity by M/I, clamp-derived b-cell function responses are adjusted for
treatment arm and insulin sensitivity by M/I, and all OGTT-derived b-cell function responses are adjusted for treatment arm and insulin sensitivity by 1/FI.

at M12 (P 5 0.06 with the lowest rate
in LIRA1MET) but not by M21 (P 5
0.20) (Fig. 2B). The overall rate of progression from IGT to type 2 diabetes did
not differ between youth and adults by
M12 (P 5 0.55) but was borderline signiﬁcant by M21 (P 5 0.089 with lower
rates among youth). Limiting this
comparison to include only adults
randomized to MET or G-MET (to
compare the interventions common
to youth and adults) did not alter our
ﬁndings (Fig. 2C).
In youth, progression to diabetes at
M12 and M21 was associated with lower baseline maximal b-cell responses
by clamp-derived ACPRmax (P 5 0.017
and P 5 0.039, respectively, data not
shown), at M12 by lower baseline
AIRmax (P 5 0.004, data not shown),
and at M21 by lower baseline ﬁrstphase response by clamp-derived AIRg
(P 5 0.039, data not shown). Similar to
youth, in adults, lower baseline clampderived ﬁrst-phase responses (AIRg and
ACPRg) also predicted progression to diabetes at M12 (P 5 0.001 and P 5
0.010, respectively; data not shown)
and M21 (P 5 0.007 and P 5 0.010, respectively; data not shown), as did
lower baseline OGTT-derived IGI at M21

P 5 0.034; data not shown). Different
from youth, progression to type 2 diabetes at M12 and M21 in adults was associated with lower baseline insulin
sensitivity by clamp-derived M/I (P 5
0.016 and P 5 0.003, respectively; data
not shown) and by OGTT-derived 1/FI
(P 5 0.010 and P 5 0.029, respectively;
data not shown).
CONCLUSIONS

The current analysis of outcomes in the
RISE study of youth and adults with IGT
or recently diagnosed type 2 diabetes
demonstrates that 1) short-term pharmacologic interventions did not reduce
glycemic worsening or progression from
IGT to type 2 diabetes in youth; 2)
LIRA1MET was effective in reducing glycemic worsening while on therapy in
adults, but this effectiveness did not
persist 9 months after treatment withdrawal, consistent with our previous
ﬁndings (10,14); 3) glycemic worsening
was progressive in both groups, although greater in youth as 36% of
youth versus 20% of adults (approaching 30% in adults randomized to placebo) developed glycemic worsening by
the end of the 21-month study period,
despite 12 months of active treatment

with pharmacologic agents; and 4) independent of pharmacologic intervention,
b-cell dysfunction at baseline was a signiﬁcant predictor of glycemic worsening
in both youth and adults, both while
they were on treatment and after treatment withdrawal, whereas while initial
glycemia was predictive in youth, insulin
sensitivity was predictive in adults.
By direct longitudinal comparison between youth and adults with a similar
degree of dysglycemia at baseline, we
clearly demonstrate for the ﬁrst time
that a greater fraction of youth with IGT
or recently diagnosed type 2 diabetes
had deterioration of glycemia compared
with adults. Previous cross-sectional, observational, and randomized trials have
suggested that youth have a more accelerated progression to type 2 diabetes
and earlier development of diabetes
complications compared with adults
(8,10,11,21). The current study is also
the ﬁrst to directly compare youth and
adults who were treated with a variety
of medications, were monitored for
nearly 2 years, and were studied in an
identical manner across study sites using
sensitive measures of insulin sensitivity
and b-cell function. In both youth and
adults, a lower baseline hyperglycemic
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Race/ethnicity
White vs. other
Black vs. other
Hispanic vs. other
Baseline continuous measures
Age (years)
BMI (kg/m2)
HbA1c (%)
Fasting glucose (mg/dL)
2-h glucose (mg/dL)
Log M/I
Log ACPRg
Log AIRg
Log SSCP
Log ACPRmax
Log AIRmax
Log 1/FI
IGI
CPI

M12 hazard ratio†
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Table 3—Cox regression models of predictors of glycemic worsening (an absolute increase of 0.5% in HbA1c) in adults

Treatment group
G-MET vs. LIRA1MET
G-MET vs. MET
G-MET vs. placebo
LIRA1MET vs. MET
LIRA1MET vs. placebo
MET vs. placebo
Sex (male vs. female)

Lower CI

Upper CI

P value

M21 hazard ratio†

Lower CI

Upper CI

P value

1.32
0.49
0.27
0.37
0.21
0.56
1.96

0.22
0.12
0.07
0.07
0.05
0.19
0.69

7.90
2.04
1.01
1.91
0.96
1.67
5.53

0.089
0.763
0.325
0.051
0.234
0.044
0.296
0.207

1.35
1.03
0.61
0.77
0.46
0.60
1.75

0.58
0.47
0.30
0.32
0.20
0.28
0.95

3.12
2.27
1.25
1.87
1.02
1.27
3.25

0.233
0.485
0.939
0.179
0.551
0.057
0.181
0.074

1.04
0.75
1.68

0.42
0.27
0.48

2.58
2.09
5.88

0.925
0.581
0.418

1.04
0.95
0.89

0.60
0.52
0.32

1.81
1.73
2.51

0.893
0.870
0.831

0.78
1.03
1.05
1.21
1.09
0.59
0.49
0.47
0.89
0.94
0.82
0.57
0.49
0.60

0.51
0.64
0.66
0.81
0.68
0.39
0.29
0.30
0.49
0.59
0.51
0.37
0.22
0.31

1.18
1.66
1.65
1.81
1.76
0.91
0.85
0.75
1.61
1.48
1.33
0.87
1.08
1.15

0.239
0.915
0.842
0.356
0.714
0.016
0.010
0.001
0.691
0.778
0.426
0.010
0.078
0.122

1.11
0.80
0.94
1.03
1.21
0.67
0.67
0.68
0.86
0.90
0.79
0.75
0.65
0.72

0.82
0.59
0.70
0.80
0.92
0.52
0.49
0.52
0.59
0.68
0.59
0.57
0.43
0.51

1.49
1.08
1.27
1.33
1.60
0.88
0.91
0.90
1.24
1.20
1.05
0.97
0.97
1.02

0.514
0.150
0.695
0.827
0.179
0.0034
0.011
0.007
0.415
0.476
0.108
0.029
0.034
0.062

Bold P values are statistically signiﬁcant (P < 0.05). All models included a term for treatment arm. CI, 95% conﬁdence interval. †Per 1 SD deviation for continuous measures. Treatment arm is adjusted for insulin sensitivity by M/I, clamp-derived b-cell function responses are adjusted
for treatment arm and insulin sensitivity by M/I, and all OGTT-derived b-cell function responses are adjusted for treatment arm and Insulin
sensitivity by 1/FI.

clamp-derived ﬁrst-phase b-cell response
to glucose was associated with a rise in
HbA1c on treatment (M12) and after
treatment withdrawal (M21), and lower
OGTT-derived b-cell responses were similarly predictive after treatment withdrawal in both youth and adults. Lower
baseline hyperglycemic clamp-derived
second-phase and maximal C-peptide
responses were also associated with glycemic worsening after treatment withdrawal in youth. Interestingly, baseline
measures of glycemia in youth, such as
fasting and OGTT 2-h glucose and HbA1c,
also predicted glycemic worsening after
treatment withdrawal. In contrast to
youth, in adults, reduced insulin sensitivity by hyperglycemic clamp and OGTT
was a consistent additional predictor of
glycemic worsening both on treatment
and after treatment withdrawal. These
data indicate potential differences in the
pathophysiology of diabetes progression
between youth and adults.
Our ﬁnding in youth with IGT and
recently diagnosed type 2 diabetes

compliment and extend ﬁndings from
the TODAY Study in youth with established type 2 diabetes (4,22). In TODAY,
baseline OGTT-based b-cell dysfunction
and dysglycemia predicted a greater
probability of glycemic failure (deﬁned as
HbA1c $8% for 6 months); i.e., baseline
proximity to a glycemic threshold predicted crossing that threshold during
follow-up. In RISE, we focused on deterioration, deﬁned as an increase in HbA1c,
rather than reaching a speciﬁc glycemic
threshold. In RISE, baseline b-cell dysfunction and dysglycemia were the strongest predictors of glycemic worsening in
youth; i.e., youth with the highest glucose levels and lowest b-cell function at
baseline were deteriorating the fastest.
This ﬁnding is consistent with a pattern
of accelerating glycemia deterioration on
a background of monotonous deterioration in b-cell-compensation (23). Further,
RISE demonstrated that multiple b-cell
responses (OGTT-based and ﬁrst-phase,
second-phase, and maximal glycemic potentiation responses during hyperglycemic

clamps) predicted glycemic worsening in
youth. In contrast to the adults in RISE,
neither TODAY (4,22) nor RISE found insulin sensitivity to be predictive of treatment failure or rising glycemia in youth.
These ﬁndings point to b-cell dysfunction
occurring on a background of severe insulin resistance as the key defect in youth
that determines glycemic worsening,
even at the earlier stage of IGT studied in
RISE. Possible explanations for these agerelated differences are that youth with
IGT and type 2 diabetes are typically uniformly markedly insulin resistant due to
multiple potential factors (the physiologic
insulin resistance of puberty, lower physical activity, poor sleep, higher rates of racial/ethnic minorities, etc.), causing b-cell
function to be the key differentiating factor in youth. In contrast, adults with IGT
and type 2 diabetes may show more heterogeneity in their insulin sensitivity and
b-cell responsiveness, allowing both to
be predictors.
MET and G-MET did not reduce glycemic worsening in youth on treatment
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Race/ethnicity
White vs. other
Black vs. other
Hispanic vs. other
Baseline continuous measures
Age (years)
BMI (kg/m2)
HbA1c (%)
Fasting glucose (mg/dL)
2-h glucose (mg/dL)
Log M/I
Log ACPRg
Log AIRg
Log SSC-P
Log ACPRmax
Log AIRmax
Log 1/FI
IGI
CPI

M12 hazard ratio†
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Figure 2—Life table estimate to progression from IGT to type 2 diabetes. A: Cumulative incidence of type 2 diabetes in youth over the duration of the study among youth with IGT
at baseline. The progression to type 2 diabetes did not differ in youth between glargine,
followed by metformin (G-MET) or metformin alone (MET) at M12 (P = 0.28) or M21 (P =
0.40). B: Cumulative incidence of type 2 diabetes in adults over the duration of the study
among adults with IGT at baseline. The progression to type 2 diabetes was borderline signiﬁcant between the four intervention arms at M12 (P = 0.06 for overall comparison) but
not at M21 (P = 0.20 for overall comparison). C: Cumulative incidence of type 2 diabetes
in youth and adults randomized to metformin (MET) alone vs. glargine, followed by metformin (G-MET), over the duration of the study, among youth and adults with IGT at baseline. The progression to type 2 diabetes did not differ between youth and adults in either
intervention arm.
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or after treatment withdrawal. In adults,
only treatment with LIRA1MET was effective in reducing glycemic worsening
while on therapy, but this beneﬁcial effect did not persist after treatment
withdrawal. This result is consistent
with our earlier report of lack of durable
beneﬁt regarding b-cell function once
LIRA1MET was discontinued for 3
months (11). Similarly, there are reports
in the literature that the beneﬁcial impact of glucagon-like peptide 1 agonists
in reducing progression to type 2 diabetes in individuals with IGT is lost after
withdrawal of therapy (24,25). Worsening of glycemia has also been reported
upon withdrawal from liraglutide therapy in adults with type 2 diabetes of longer duration (26). In the Outcome
Reduction With Initial Glargine Intervention (ORIGIN) study, insulin glargine was
shown to reduce progression from IGT
to type 2 diabetes in adults, although
the effect was minimal (27). Similarly, a
study from China demonstrated that intensive short-term glucose control with
the use of multiple daily dose insulin injections or an insulin pump is associated
with less progression of b-cell dysfunction in adults with newly diagnosed
type 2 diabetes (28). In RISE, treatment
with G-MET was not associated with a
reduction in glycemic worsening in
youth or adults with IGT or recently diagnosed type 2 diabetes while on treatment or after treatment withdrawal.
Other reports in the literature are consistent with our observation that
glargine does not prevent glycemic
worsening (29). To date, thiazolidinediones have been the only pharmacologic class reported to durably prevent
deterioration of b-cell function in adults
(30–32) and in some youth (4,22).
Strengths of our study include the inclusion of both youth and adults of similar initial glycemia and inclusion of
participants with IGT and recently diagnosed type 2 diabetes in protocols run
in parallel at multiple sites using identical procedures and a central laboratory.
Additional strengths include the use
of measures of insulin sensitivity and
b-cell responses by fasting, oral, and intravenous stimulation, inclusion of both
glucose and arginine stimulation, as
well as the racial/ethnic diversity among
participants. The availability of longitudinal follow-up data both on treatment as
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well as after treatment withdrawal also
contributes to the strength of our ﬁndings. Limitations include the lack of follow-up >21 months, baseline sex and
racial/ethnic differences between youth
and adults inherent to the affected populations, and the lack of a placebo and
LIRA1MET group in youth.
In summary, in youth and adults with
IGT or recently diagnosed type 2 diabetes, the incidence of glycemic worsening
is high despite pharmacologic interventions, is worse in youth, and is predicted
in both age-groups by baseline b-cell
dysfunction with loss of the ﬁrst-phase
response. In adults, baseline insulin sensitivity is an additional predictor of glycemic worsening, whereas in youth,
initial glycemia and b-cell dysfunction
involving second-phase and maximal responses are also predictive. Although
pharmacologic treatment in adults with
LIRA1MET was not effective in reducing
glycemic worsening after treatment
withdrawal, it did decrease glycemic
worsening while on therapy, arguing for
long-term studies of b-cell function in
youth receiving glucagon-like peptide 1
agonists. In addition, data on the impact
of SGLT-2 inhibitors and of bariatric surgery on b-cell function are needed. Finally, our data also support the need for
development of alternative approaches
or therapies with a speciﬁc focus on
preventing or improving insulin sensitivity and ﬁrst-phase b-cell function in
adults and all aspects of b-cell function
in youth.
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