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During the first 7 years of the Diabetes Prevention
Program Outcomes Study (DPPOS), diabetes incidence
rates, when compared with the Diabetes Prevention
Program (DPP), decreased in the placebo (—42%) and
metformin (—25%), groups compared with the rates in
the intensive lifestyle intervention (+31%) group. Partic-
ipants in the placebo and metformin groups were offered
group intensive lifestyle intervention prior to entering the
DPPOS. The following two hypotheses were explored to
explain the rate differences: “effective intervention”
(changes in weight and other factors due to intensive
lifestyle intervention) and “exhaustion of susceptible”
(changes in mean genetic and diabetes risk scores).
No combination of behavioral risk factors (weight, phys-
ical activity, diet, smoking, and antidepressant or statin
use) explained the lower DPPOS rates of diabetes pro-
gression in the placebo and metformin groups, whereas
weight gain was the factor associated with higher rates
of progression in the intensive lifestyle intervention
group. Different patterns in the average genetic risk

score over time were consistent with exhaustion of sus-
ceptibles. Results were consistent with exhaustion of
susceptibles for the change in incidence rates, but not
the availability of intensive lifestyle intervention to all
persons before the beginning of the DPPOS. Thus, ef-
fective intervention did not explain the lower diabetes
rates in the DPPOS among subjects in the placebo
and metformin groups compared with those in the DPP.

The Diabetes Prevention Program (DPP) (1) showed that in-
tensive lifestyle intervention and metformin administration
reduced diabetes incidence compared with placebo-treated
control subjects. At the end of the 3 years of active inter-
vention, the DPP was closed and was converted to a long-
term follow-up study, the DPP Outcomes Study (DPPOS), to
determine whether the reductions in diabetes incidence ob-
served with intensive lifestyle intervention and metformin
treatment were maintained (2). Because the intensive life-
style intervention produced the largest reduction in diabetes
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incidence, it was offered to all participants during a 6-month
“bridge” period before the follow-up (3).

Over a 10-year follow-up period from randomization in
the DPP, diabetes risk was reduced by 34% in the original
intensive lifestyle intervention group, and by 18% in the
metformin group compared with the original placebo group
(2). The smaller long-term differences between treatment in
progression to diabetes that were observed during the
DPPOS phase of the study were due to the following two
factors: an increase in the incidence rates among those in
the intensive lifestyle intervention group over the 10-year
period, and a substantial decrease in rates in the metformin
and placebo groups. We considered two hypotheses to ex-
plain these results. The “effective intervention” hypothesis
posits that substantial numbers of subjects in the metfor-
min and placebo groups achieved weight loss (and related
lifestyle changes) due to attending intensive lifestyle inter-
vention classes following the DPP, and reduced their annual
incidence rates during DPPOS. The “exhaustion of suscep-
tibles” hypothesis posits that diabetes developed in persons
who were most susceptible to diabetes in the metformin
and placebo groups during the DPP, and the remaining par-
ticipants were less susceptible, leading to overall lower in-
cidence rates for these groups during the DPPOS. We present
several analyses designed to explore these hypotheses.

RESEARCH DESIGN AND METHODS

The DPPOS objectives were to evaluate the long-term effects
of DPP interventions on the development of diabetes and its
complications. The protocol and informed consent procedures
were approved by all responsible institutional review boards,
and all participants provided written informed consent.

Participants

Details of the methods used in the DPP have been presented
previously (1,2,4). A total of 3,324 participants enrolled in
the DPP between 1996 and 1999 and were randomized to
one of the following three treatment arms: intensive lifestyle
intervention, metformin, or placebo. Participants were =25
years of age and overweight or obese, and had impaired
glucose tolerance (IGT) and elevated fasting glucose levels
(5). A detailed flowchart of study enrollment has been pub-
lished (2). All 3,150 surviving DPP participants who had not
withdrawn consent were eligible for the DPPOS. Enrollment
began in September 2002 and was largely completed within 1
year. By 27 August 2008, the closing date for this report, 88%
of participants (2,766 participants) had enrolled and were
observed for a median period of 10.0 years (interquartile
range 9.0-10.5) after randomization.

Changes in Interventions

At the termination of the DPP in July 2001 (1), there was
a 2-week drug “washout period” (6). Following this, all
participants were offered the intensive lifestyle interven-
tion modified for groups (3), and 57% of placebo, 58% of
metformin, and 40% of intensive lifestyle intervention par-
ticipants attended some of these sessions. From the end
of the DPP until the start of the DPPOS, metformin
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participants had lost ~1.5 kg when weight regain began
to occur. Placebo participants lost ~2 kg, whereas inten-
sive lifestyle intervention participants gained ~1 kg on
average (3). This bridge period was conducted until the
DPPOS protocol began in September 2002. During the
DPPOS, quarterly intensive lifestyle intervention sessions
were offered to all participants; intensive lifestyle inter-
vention participants received additional group classes, and
metformin participants received an unmasked drug (850
mg twice a day, as tolerated) unless treatment was dis-
continued for reasons of safety or diabetes development.

Risk Factors
Variables in this analysis incuded demographic factors;
obesity measures (weight in kilograms), height (in meters),
waist circumnference (in centimeters), BMI (in kilograms per
square meter); measures of glycemia (fasting and 2-h
glucose levels, and A1C percentage); and insulin sensitivity
(1/fasting insulin ratio) and secretion (insulinogenic index,
calculated as the ratio of insulin to glucose values between
0 and 30 min) (7). In addition, dietary intake data were
collected by the modified Block Food Frequency Question-
naire (8) at regular intervals. Physical activity was self-
reported using the Modified Activity Questionnaire (9) as
total MET-hours per week. Goals were defined annually for
the weight goal (=7% weight loss), exercise goal (=150
min/week of moderate physical activity [=6 MET-h/week,
based on the Modified Activity Questionnaire]), and the fat
intake goal (total dietary fat <25% of calories). Biochemical
tests were analyzed at Northwest Lipid Research Laborato-
ries (Seattle, WA) using methods reported previously (1).
Exploration of the exhaustion of susceptibles hypoth-
esis used the genetic risk score (GRS), which was
composed of 34 type 2 diabetes-associated genetic var-
iants, weighting each risk allele by its reported effect size
on diabetes risk and summing these values (10). We also
calculated a clinical diabetes risk score (DRS) using base-
line characteristics sex, age, BMI, sex-specific waist cir-
cumference, hypertension medication use, history of
gestational diabetes mellitus, smoking, and family history
of diabetes (11), as well as analysis of fasting and 2-h
glucose levels. We used these scores and glucose levels
to explore whether the average risk profiles for the in-
tervention groups (intensive lifestyle intervention, met-
formin, and placebo groups) became lower over time by
calculating the mean of the baseline assigned scores and
levels every 6 months for those participants in each group
in whom diabetes did not develop. Thus, an individual’s
score or level was the same in each time period, but the
group average changed as diabetes developed in partici-
pants and those participants were no longer included in
the mean for the treatment group.

Outcome

The outcome for the DPP/DPPOS was the development of
incident diabetes according to American Diabetes Associ-
ation criteria (fasting glucose =126 mg/dL and/or 2-h
glucose level =200 mg/dL obtained by oral glucose
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tolerance test), measured annually and confirmed by re-
peat testing. Participants were observed until diabetes
developed, they withdrew from the study, or they were
administratively censored as of their last follow-up visit.

Analyses

Time Intervals

Analyses used a common DPPOS start date of 1 Septem-
ber 2002, although most participants were not seen on
that exact date. The baseline visit for the DPPOS was the
last yearly visit that occurred between 1 August 2001 and
31 August 2002. Follow-up time was divided into the
following two periods: 1) 31 July 1996 to 31 July 2001 (i.e.,
the DPP to the end of the masked intervention phase) and
2) 1 August 2001 through 27 August 2008 (i.e., all visits
after the completion of the masked intervention phase, com-
bining the washout, bridge, and DPPOS follow-up periods).

Analytic Methods

Data from participants at DPPOS baseline were described
using the mean (£SD) for quantitative variables and fre-
quencies (percentages) for qualitative variables. The effect
of weight change over time on diabetes risk was assessed
within each treatment group using proportional hazard re-
gression models after adjusting for other factors. The con-
ditional independence of time periods in the DPP and
DPPOS for diabetes risk was assumed, as any incident di-
agnosis of diabetes could occur only once, either in the DPP
or DPPOS, to a given participant. The proportional hazards
assumption did not hold, therefore the Lin-Wei robust

Table 1—Characteristics of participants at DPPOS entry
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covariance estimates were used in estimating corresponding
SEs (12). To assess whether diabetes risk in the DPP was
different than that in the DPPOS, hazard ratios (HRs) were
computed using Poisson regression models with the log link
function using a time-dependent binary covariate for each
subject to designate DPP versus DPPOS within each treat-
ment group. SAS version 9.2 (SAS Institute, Cary, NC) was
used for all analyses. Two-sided P values are reported with
a = 0.05. No adjustments were made for multiple testing.

RESULTS
Overall, 2,766 participants joined the DPPOS (Table 1), of
whom 22 had no baseline visit, leaving an effective sample
size of 2,744 for analyses. Of these participants, 68% were
female, and the average age was 55.2 years. Seventy-two
percent of participants did not have diabetes at the start
of the DPPOS. A higher proportion of the intensive lifestyle
intervention group entered the DPPOS without diabetes
(81.2%), with lower fasting insulin levels, better insulin se-
cretion (i.e., higher insulinogenic index), lower BMI and
waist circumference, fewer daily calories, and higher physical
activity, and they met more of the DPP goals than the other
groups, which is consistent with the results of the DPP.
The impetus for this analysis was that diabetes in-
cidence rates during the DPPOS for all three groups were
similar (2). In the DPPOS period (~4-12 years postrandom-
ization), the intensive lifestyle intervention-to-placebo group
HR for diabetes incidence was 1.01 (95% CI 0.84-1.22),
intensive lifestyle intervention-to-metformin group HR
was 0.93 (0.77-1.12), and the metformin-to-placebo group

DPPOS baseline examination

Variable Overall Intensive lifestyle intervention Metformin Placebo
N (%) 2,766 (100) 910 (100) 924 (100) 932 (100)
Men, n (%) 888 (32) 291 (32) 307 (33) 290 (31)
Age (years) 55.2 (10.3) 55.3 (11.0) 55.5 (10.1) 54.8 (10.0)
Caucasian (%) 1,506 (54.4) 490 (53.8) 515 (65.7) 501 (53.8)
Not diabetic, n (%) 1,999 (72.3) 739 (81.2) 652 (70.6) 608 (65.2)
Nondiabetic participants
Fasting glucose (mmol/L) 5.72 (0.52) 5.72 (0.51) 5.66 (0.53) 5.79 (0.51)
Fasting insulin (pmol/L) 155.6 (98.8) 144.2 (86.2) 158.8 (99.6) 166.1 (110.4)
Insulin glucose ratio (pmol/mmol)* 140.2 (159.1) 148.0 (187.6) 137.6 (102.9) 133.0 (170.8)
BMI (kg/m?) 32.5 (6.5) 31.7 (6.6) 32.7 (6.3) 33.3 (6.6)
Waist circumference (cm) 101.3 (13.8) 99.5 (14.2) 102.0 (13.3) 102.6 (13.8)
Total calories/day (kcal)t 1,775 (802) 1,681 (785) 1,839 (774) 1,819 (843)
Calories from fat (%)t 31.4 (7.4) 27.8 (6.7) 33.7 (6.8) 33.2 (7.0)
Physical activity (METs/week) 18.2 (18.6) 20.5 (17.7) 16.5 (18.4) 17.2 (19.8)
Goals met at DPPOS entryf
Weight, n (%) 472 (23.9) 238 (32.6) 137 (21.2) 97 (16.1)
Exercise, n (%) 1,499 (76.6) 610 (84.3) 465 (72.7) 424 (71.4)
Fat intake, n (%)t 382 (19.1) 256 (34.7) 56 (8.6) 70 (11.5)
Number of goals met 1.00 (0.64) 1.17 (0.65) 0.94 (0.62) 0.87 (0.62)

Data are mean (SD), unless otherwise indicated. Data were missing for 22 enrolled persons who had not undergone a DPPOS baseline
examination (see RESEARCH DESIGN AND METHODS). Data were missing for additional participants in varying numbers for some of the
variables. *Calculated as (change in insulin levels after 30 min from fasting)/(change in glucose levels after 30 min from fasting). tn =
1,995 using the last available visit with dietary data before DPPOS baseline visit. Weight goal is defined as having lost =7% of the
weight at randomization. Exercise goal is defined as leisure activity of =6 MET h/week. 1 MET is 1 kcal/kg/h. Fat intake is defined as the

percentage of calories from fat <25%.
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HR was 0.94 (0.77-1.14), indicating no differences in the
rates among the three groups. We also explored rate change
patterns by sex, baseline age, BMI group, and initial IGT or
IGT plus impaired fasting glucose (IFG) levels, with each
group having patterns similar to those of the entire group
(see Supplementary Data).

We examined the average annual incidence rates from
randomization over time to assess when changes began to
occur (Fig. 1). Annual incidence rates in the intensive
lifestyle intervention group (Fig. 1, bottom panel) rose
slowly through year 4 postrandomization, then declined
to steady levels at year 7. Among participants in the met-
formin group (Fig. 1, middle panel), annual rates were
steady until year 5, then fell and remained lower than
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Figure 1—Average annual incidence rates (per 100 person-years
[PY]) by time since randomization by initial treatment group.
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the rates during the DPP with a continuing downward
trend late in the DPPOS. The placebo group (Fig. 1, top
panel) showed a very different trend, rising to the highest
rate early in the DPP, with a relatively steady decline
through the end of the DPP and into the DPPOS, and
leveling late in the DPPOS. Figure 1 also shows the HRs
for the average annual incidence rates during the DPPOS
period compared with the DPP. There was a significant
increase in incidence rates (31%) for intensive lifestyle
intervention participants in the DPPOS compared with
those in the DPP (HR 1.31 [95% CI 1.07-1.61]), whereas
both the metformin group (0.75 [0.62-0.90]) and the
placebo group (0.58 [0.48-0.69]) had significant decreases
in rates after the DPP period (25% and 42%, respectively).
The declines in absolute number of cases/100 person-
years were largest for the metformin and placebo groups
(—2.9 and —5.2 cases/100 person-years, respectively), com-
pared with the increase in the intensive lifestyle interven-
tion group (0.9/100 person-years). The pattern of rate
changes in the metformin and placebo groups does not
correspond with, or follow a consistent time lag of, the
bridge period transition when all participants were offered
lifestyle intervention.

We explored the effective intervention hypothesis
several ways. Since weight change was the primary
variable explaining the difference between the treatment
groups in the DPP (13), we explored whether the effects
of changes in weight in both time periods were similar.
HRs for a 1-kg weight change were nearly identical in the
DPP and DPPOS within each treatment group (data not
shown), indicating that weight loss was acting similarly in
both study periods within each treatment group.

We next asked whether differences in weight change
patterns among the groups could partially or fully explain
the trends in rates between the DPP and DPPOS. Figure 2
compares the HRs in the DPPOS to those in the DPP, first
unadjusted (model 1: intensive lifestyle intervention HR
1.31; metformin HR 0.75; placebo HR 0.58) (as in Fig. 1),
and then adjusted for various behavioral variables, added
one at a time to prior models, in each treatment group
separately. In the intensive lifestyle intervention group,
addition of age, sex, race/ethnicity, and baseline weight
did not reduce the HR (model 2: 1.34; model 3: 1.39).
However, starting with model 4, which added time-
dependent weight change, the HR was 1.04, which was
no longer different than 1.0 (P = 0.755), and the HR re-
mained at that level with the addition of time-dependent
leisure time physical activity and the percentage of calo-
ries from fat, suggesting that the resulting weight regain
explained the increased intensive lifestyle intervention
incidence rates in the DPPOS compared with those in
the DPP. However, the same models for metformin and
placebo participants showed no such pattern. Each HR
remained significantly different from 1.0 (metformin
0.72-0.76; placebo 0.59-0.61) over models 2-6 and very
close to the unadjusted values. Because the greater num-
ber of study goals that were met, the lower the risk
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1. Unadjusted

2. Age, sex, race/ethnicity

3. (2) + baseline weight

4. (3) + TDC weight

5. (4) + baseline + TDC Leisure

6. (5) + baseline + TDC % Fat

7. (4) + baseline + TDC goals

8. (7) + baseline and TDC waist

9. (7) + baseline + TDC % fat, % CHO, % PRO
10. (7) + baseline + TDC ETOH intake
11. (7) + baseline + TDC smoking
12. (7) + baseline + TDC use of SSRls
13. (7) + baseline + TDC CES-D score
14. (7) + baseline + TDC statin use
15. Allinclusive from models 7-14

16. (6) + genetic score
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Figure 2—HRs for the DPPOS to DPP time period, by treatment group using sequential adjustment for risk factors. CES-D, Center for
Epidemiologic Studies of Depression score; % CHO, percentage of calories from carbohydrate; ETOH, alcohol intake; % fat, percentage of
calories from fat; goals, number of five study goals met; waist, waist circumference; % PRO, percentage of calories from protein; smoking,
current, former, never cigarette smoker; SSRI, selective serotonin reuptake inhibitors; statin, HMG-CoA reductase inhibitors; TDC, time-
dependent covariate; leisure, leisure time physical activity. Model 1 is unadjusted; model 2 is model 1 plus the factors listed.

(13,14), we added meeting study goals (model 7), which
also did not explain the metformin (HR 0.74, P = 0.002)
and placebo (HR 0.62, P < 0.001) differences. Finally,
we explored a series of other risk factors that predict
diabetes (15) and might have differed by treatment group,
including changes in waist circumference (model 8), other
aspects of diet (model 9), alcohol consumption (model 10)
(16), smoking status (model 11) (17), use of antidepres-
sants (model 12), depression score (model 13) (18), use of
statins (model 14) (19,20), and a final model including all
these variables (model 15). None of these variables mate-
rially changed HRs for either the metformin group (model
15: HR 0.76, P = 0.009) or the placebo group (HR 0.54,
P < 0.001). Finally, we added the GRS to the full behavioral
model (model 16 = model 6 plus GRS) with no significant
change in HR estimate and little change in statistical sig-
nificance for each treatment group. Thus, weight gain
explained the change in diabetes risk between the two
periods in the intensive lifestyle intervention group, but
accounting for weight changes and other clinical variables
did not explain the differences between study periods in
the metformin and placebo groups. These observations ar-
gue against effective intervention in these groups as an
explanation for reduction in the incidence in the metfor-
min and placebo groups during the DPPOS.

We next explored the exhaustion of susceptibles hy-
pothesis. While conceptually simple in an infectious disease
context, it is not straightforward to test, because nearly all
measures of susceptibility or change in susceptibility to
diabetes over time are confounded by treatment effects. We

explored changes in average GRS (10) and DRS (11) for
each group over time. Figure 3 (top panel) shows the results
of the calculation of the mean GRS among the group of
persons who remained without diabetes at every 6-month
visit over the course of the DPP and DPPOS. There was
a declining trend in the group mean GRS over time, which
began to diverge near the start of DPPOS visits. There was
little decrease in the mean GRS among participants in the
intensive lifestyle intervention group, but both the metfor-
min and placebo groups had lower average scores over time,
suggesting that persons remaining nondiabetic had some-
what lower genetic susceptibility. There were small nonsig-
nificant declines in the DRS over time with no difference
between treatment groups (data not shown). Since fasting
and 2-h glucose levels are strong predictors of diabetes, we
calculated the baseline group mean glucose levels at each
visit, removing persons who became diabetic over time. The
middle (fasting) and bottom (2 h) panels in Fig. 3 show
small declines over time, suggesting fewer persons at higher
risk, but there is little difference among treatment groups,
unlike that seen for GRS.

Next, we explored whether participants randomized over
the ~3-year period from July 1996 to May 1998 had dif-
ferent levels of baseline diabetes risk. If participants enter-
ing the DPP earlier were at higher risk than those recruited
later, they would have entered the DPPOS first, followed by
lower-risk subjects, who would have had lower incidence
rates later in the follow-up period. Such a pattern would
have to be differential by treatment group to aid in un-
derstanding incidence patterns. Figure 4 shows both the
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Figure 3—Mean baseline GRS (top panel), baseline fasting plasma glucose level (middle panel), and baseline 2-h plasma glucose level
(bottom panel) at each visit among groups of persons remaining nondiabetic at each visit.

DRS (panel A) and the GRS (panel B) patterns, stratified
into three recruitment periods with approximately equal
recruitment numbers in each. Within each period, there
were no statistically significant differences among treat-
ment groups; however, there were statistically significant
decreasing trends in the estimated DRS in both the met-
formin and placebo groups, but not in the intensive lifestyle

intervention group. While significant, the magnitude of the
decline was small. No temporal trend was seen for the GRS
during the randomization period.

DISCUSSION

Diabetes incidence rates in the DPPOS time period were
similar across the three intervention groups (2), resulting
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1,072, 1,073, and 1,075 participants, respectively, balanced in the three treatment groups. B: Mean GRS. Each time interval includes 947,
941, and 955 participants, respectively, also well balanced in the three treatment groups.

from increasing rates in the intensive lifestyle interven-
tion group, but larger declines in both the metformin and
placebo groups. We examined the following two hypoth-
eses to explain these patterns: the effective intervention
and the exhaustion of susceptibles. In the former, we
postulated that participants in the metformin and placebo
groups experienced weight loss sufficient to account for
the change in diabetes risk after the group lifestyle classes
that were offered during the bridge period between the
DPP and the start of the DPPOS (3). Importantly, weight
change had a similar association with diabetes risk in each
treatment group during both the DPP and DPPOS, pro-
viding evidence that weight reduction retained its clinical
significance throughout the study period. Models includ-
ing weight change as a time-dependent variable did ex-
plain the increase in rates in the intensive lifestyle
intervention group from the DPP to DPPOS. However,
weight change, or combinations of other risk factors,
did not explain the lower rates seen in either the

metformin or placebo groups. These observations argue
against the effective intervention hypothesis, contrary to
our expectation.

Alternatively, we hypothesized that the decline in in-
cidence rates among participants in the metformin and
placebo groups might have been due to the exhaustion of
susceptibles. This concept has a long history in the
explanation of infectious disease transmission (21) and
has been invoked to explain incidence patterns in selected
cancers (22). In diabetes epidemiology, the concept has
been proposed as a possible explanation for the observed
lower diabetes incidence rates in persons >50 years of age
among the Pima Indians, together with a possible cohort
effect, where older cohorts were less exposed to risk ear-
lier in life (23). In the context of the DPP/DPPQS, a small
cohort effect appears to have occurred in the placebo and
metformin groups during randomization (Fig. 4), but it
did not explain the lower incidence rates in those groups
during the DPPOS.
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Several of our observations were consistent with the
exhaustion hypothesis. First, patterns of annual incidence
rates in the untreated placebo group rose rapidly and then
began to decline midway through the DPP to even lower
rates in the DPPOS, consistent with exhaustion; whereas
the slower rise and fall in the metformin group and the
absence of a rise in the intensive lifestyle intervention
group likely reflect delays in the onset of diabetes, since
higher-risk subjects would have been delayed to later time
periods through effective interventions, and some would
have been prevented for the duration of observation.
Second, the mean GRSs (Fig. 3) declined in both the pla-
cebo and metformin groups similarly, and both were lower
over time than in the intensive lifestyle intervention group.
Very small declines in fasting and 2-h glucose levels were
also seen, though they were not different between groups.
Third, participants randomized early to receive metformin
or placebo had somewhat higher mean baseline DRSs that
declined significantly over the randomization period,
whereas little change was seen in the intensive lifestyle
intervention group (Fig. 4). The magnitude of this decline
was small, however.

As previously reported (10), the GRS was significantly
associated with diabetes risk, but in the highest quartile
of GRS, intensive lifestyle intervention was effective in
reducing risk. We interpret the lack of decline in the in-
tensive lifestyle intervention GRS to mean that genetically
high-risk subjects were retained in this group for a longer
period due to an effective intervention, but were lost from
the other two treatment groups because they developed
diabetes. While consistent with the exhaustion hypothe-
sis, the magnitude of the changes in the mean GRS over
time are relatively small, predicting only a 1.1% decrease
in risk (10). Similarly, Fig. 2 shows that the addition of
the GRS to model 6 (i.e., model 16) does not materially
change the HRs, suggesting a limited impact of this score.
Nonetheless, these results are consistent with an exhaus-
tion hypothesis. There was small decline in the DRS over
time, but there were not differences between groups. We
did, however, see a baseline difference in the DRS during
the recruitment period (Fig. 4). This would have resulted
in fewer higher-risk participants entering the DPPOS in
the later time intervals, and would have reduced the treat-
ment group risk profile in a manner similar to that in the
exhaustion hypothesis.

We also reviewed the long-term follow-up experience
of similar studies of persons with IGT to determine
whether a decline in rates over time occurred among
participants in the control or placebo groups, which would
lend additional support for the exhaustion hypothesis.
Studies reviewed included the long-term follow-up of
Pima Indians with IGT (24), the Finnish Diabetes Preven-
tion Study (14), the DREAM (25,26) and DREAM-ON
follow-up studies (27), the Da Qing Prevention Study
(28), and the ADDITION-Denmark study (29). Only in
the latter study were lower rates of diabetes seen 1.5-3
years after screening for high-risk IFG levels and IGT (29),
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with the highest rates among those with combined IFG
levels plus IGT, a pattern similar to ours. None of the
other reports showed evidence of lower incidence rates
of diabetes within 4-6 years and up to 20 years after
randomization; however, none reported annual incidence
rates as our study and the ADDITION-Denmark study
have done. When examining only cumulative incidence,
it is often difficult to ascertain the underlying pattern
of incidence rates, and we were not aware of such pat-
terns in the placebo group until this analysis was under-
taken. Thus, lack of agreement among other studies may
be an artifact of data presentation. Only one of six studies
directly supports the phenomenon of exhaustion, as we
postulated. In addition, most of these studies enrolled
subjects with either a single IGT result on an oral glucose
tolerance test (24,30) or two IGT results (31), but they did
not require a separate fasting glucose elevation at entry,
as was done in the DPP (fasting glucose =5.3 mmol/L
[=95 mg/dL]). Only in the DREAM trial (25,26) did the
majority of participants have both IGT and IFG, or IFG
alone. Persons with IGT and elevated fasting glucose lev-
els have subsequent rates of new diabetes higher than
those with lower levels of fasting glucose (29,32). It seems
unlikely that requiring an elevated fasting glucose level is
responsible, since among persons with isolated IFG or IGT
in the ADDITION-Denmark study, a pattern of exhaus-
tion was also seen, as it was in our data (see Supplemen-
tary Data).

Other possible explanations deserve mention. The in-
cidence rates in the metformin group during the DPPOS
period were significantly lower than those during the DPP.
Whether long-term use of metformin has effects different
from those after shorter periods of use, as seen initially in
the DPP, is unknown. However, only 57% of the
participants in the nondiabetic metformin group in the
DPPOS took =80% of the prescribed metformin dose (2),
which is lower than that during the DPP (72%) (1). Sim-
ilarly, it is unlikely that the use of metformin among
participants in the placebo group accounted for their
lower rates, since only 3% reported taking metformin
prescribed outside the study (2). It is also possible that
long-term population changes in diabetes risk occurring
outside the trial might have affected the DPPOS partic-
ipants, but this seems unlikely since this effect would
need to be different by treatment group to explain the
observed differences.

This analysis has some limitations. It was a post hoc
exploratory analysis, with multiple analytic comparisons
made. Whether there remain important unmeasured risk
variables is an open question, though the primary ones used
in this analysis are strong and widely predictive across
studies. The exhaustion analysis was limited to a few
approaches. The GRS analysis and the lower risk for
participants randomized later in the metformin and placebo
groups were consistent with exhaustion. However, there are
few well-established approaches to test this hypothesis, and
we are left with limited evidence to support it.
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Conclusions

No combination of risk variables explained the decline in
rates for the metformin and placebo groups compared
with the intensive lifestyle intervention group between
the DPP and DPPOS. Thus, it does not appear that
effective intervention was the reason for the decline in
rates. There was support for the exhaustion of suscep-
tibles hypothesis, since the mean GRS did decline more in
the metformin and placebo groups than in the intensive
lifestyle intervention group, and there was a significant
trend of recruitment of lower-risk participants later in the
metformin and placebo groups. Only one of six long-term
studies of high-risk persons was consistent with the
exhaustion hypothesis. Thus, we identified some internal
support for the exhaustion hypothesis, and no support
for the effective intervention hypothesis as the reason for
the lower rates in the metformin and placebo groups in
the DPPOS. Importantly, weight loss remained an effec-
tive strategy to reduce diabetes risk over the entire study
period, and the long-term reductions in the relative risk
of diabetes seen in the DPPOS in the intensive lifestyle
intervention group (2) would have been larger, had not
the metformin and placebo group rates declined over
time. These findings have implications for treatment in-
tervention duration and diabetes prevention trial planning,
as the long-term observed effects of the treatments, while
remaining highly significant (2), were reduced over time
by increases in rates in the intensive lifestyle intervention
group and even larger absolute decreases in rates in the
metformin and placebo groups.
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