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OBJECTIVE

We assessed whether changes in metabolic syndrome (MetS) severity during the
treatment of prediabetes are associated with reduced risk of type 2 diabetes
mellitus (T2DM) and cardiovascular disease (CVD).
RESEARCH DESIGN AND METHODS

We analyzed data from the Diabetes Prevention Program (DPP) for 2,476 adults in
1996–1999 with prediabetes randomized to receive treatment with lifestyle modiﬁcation, metformin, or placebo for 2–3 years and followed through 2014 for T2DM
and CVD outcomes. We calculated effect sizes from baseline in a MetS severity
z score (MetS-Z) and the individual MetS components, and assessed relationships
between 1-year effect size and incident T2DM and CVD using hazard ratios (HRs)
and mediation analysis.

Baseline MetS-Z and its components were associated with risk of incident T2DM
and CVD. During year 1 of intervention, MetS-Z and its components decreased most
with lifestyle modiﬁcation, followed by treatment with metformin and placebo.
Risk of T2DM within 1–5 years was most strongly associated with 1-year changes
in MetS-Z and waist circumference (both HRs for a 1 SD increase = 1.80), whereas
the risk of CVD was associated with a 1-year change in MetS-Z, glucose, and
systolic blood pressure. In mediation analyses, the effect of lifestyle modiﬁcation
on T2DM risk was mediated by 1-year changes in MetS-Z, waist circumference,
glucose, and triglycerides, whereas the effect of metformin was mediated by
MetS-Z and glucose.
CONCLUSIONS

Changes in these risk indicators of MetS severity during intervention in the DPP
reﬂect altered disease risk and may help in tracking earlier responses to treatment
and in motivating patients.
Although 9.4% of Americans have type 2 diabetes mellitus (T2DM)dgreatly increasing the risk of comorbidities including cardiovascular disease (CVD) (1)dan additional 26% are at elevated risk of T2DM by virtue of having prediabetes (2). This
highlights the importance of using clinical risk indicators to identify high-risk patients
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who could then be started on preventative treatments and to follow-up for
response to these treatments. In addition to lifestyle changes, the American Diabetes Association (ADA) recently stated
(3) that some individuals with prediabetes should be considered for treatment
with metformin. It is less clear whether
risk prediction biomarkers can accurately
track reductions in risk during treatmentd
improvements that could be a compelling means of motivating patients, who
may feel empowered by a decrease in
score.
One risk indicator relevant to prediabetes is the presence of the metabolic
syndrome (MetS), which appears to be
driven by excess visceral adiposity and
is associated with future T2DM and CVD
(4,5). Although MetS has traditionally
been characterized based on criteria
such as those of the Adult Treatment
Panel III (ATP-III), which categorizes MetS
among individuals with abnormalities in
at least three of the ﬁve components
(elevated waist circumference [WC], high
blood pressure [BP], high triglycerides,
low HDL, and high fasting glucose) (6),
the dichotomous nature of these criteria
makes it difﬁcult to track the response
to treatment over time (7), and MetS has
been criticized as not providing additional risk information beyond its individual components (8,9). We therefore
developed a continuous MetS severity z
score (MetS-Z) (10) that is associated
with long-term risk for T2DM (11–13)
and CVD (13–15), even in models that
include the individual MetS components
(11,15).
In the current study, we evaluated for
temporal changes in MetS severity and
the individual MetS components as a
biomarker associated with an altered
risk of future T2DM and CVD during
treatment among participants of the
Diabetes Prevention Program (DPP), a
randomized controlled trial in individuals with prediabetes who received
treatment with usual care, metformin,
or intensive lifestyle modiﬁcation (16). We
hypothesized 1) that baseline levels of
MetS-Z and MetS components would be
associated with a risk for future T2DM
and CVD, 2) that MetS severity and individual components would decrease
during intervention with lifestyle modiﬁcation and metformin, 3) that the degree of reduction in MetS severity and its
components would be associated with a
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lowered risk for T2DM and CVD, and 4)
that these factors would be signiﬁcant
mediators of any reduced risk noted
for these interventions. These data may
have implications for providing earlier
biomarkers to compare the efﬁcacy of
treatments for prediabetes.
RESEARCH DESIGN AND METHODS
DPP Description

The DPP was approved by the Institutional Research Boards of participating
institutions, and the current analysis was
approved by the Institutional Research
Board of the University of Florida. Data
from the DPP were provided by the
National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) Central Repository (https://repository.niddk
.nih.gov/home/). The DPP is registered
with ClinicalTrials.gov (NCT00004992), and
the methods have been described previously (17). Brieﬂy, between 1996 and
1999, 3,234 individuals (mean age 50.6
years) with impaired glucose intolerance
were recruited from 27 research sites
and provided informed consent. Impaired glucose tolerance was determined by having fasting glucose ,126
mg/dL and glucose levels of 140–199
mg/dL after a 2-h oral glucose tolerance
test. Participants in the original trial were
excluded if they were taking medications
affecting glucose intolerance, were unable to participate in physical activity,
or experienced a CVD event in the prior
months (16). Further exclusion criteria
for the current analysis were as follows:
incident T2DM or CVD during year 1;
missing data at baseline or year 1 for
measures required to calculate MetS severity; and participants randomized to
the original troglitazone intervention,
which was discontinued (Supplementary Fig. 1). After study enrollment,
participants were randomized to one
of the following three intervention arms:
metformin 850 mg twice daily; placebo
twice daily; or an intensive lifestyle modiﬁcation program with a goal to achieve
and maintain $7% body weight reduction via a low-calorie, low-fat diet and
moderate physical activity $150 min/
week (e.g., brisk walking). By 24 weeks of
follow-up, 50% of the lifestyle group had
achieved the goal weight loss (16). For
the metformin arm, 71% of participants
took $80% of the prescribed dose (18).
The original DPP was discontinued early
after a mean 2.8 years of intervention

because of the efﬁcacy of the lifestyle
intervention arm in the reduction of
T2DM, the primary end point, with the
lifestyle, metformin, and placebo arms
having 4.8, 7.8, and 11.0 cases/100
person-years of progression to T2DM.
At baseline and yearly during 3 years
of follow-up in the DPP (and yearly
thereafter in the DPP Outcomes Study:
mean follow-up 13.4 years, SD 4.8 years),
participants had in-person visits for the
completion of questionnaires and examinations that included measures of WC
and BP (18). At these visits, blood was
drawn and assessed for CVD risk factors,
including triglycerides, HDL, and glucose,
as described previously (18).
Study Outcomes
T2DM and CVD

Incident T2DM was determined as a
fasting blood glucose of $126 mg/dL
or a nonfasting blood glucose of $200
mg/dL. Oral glucose tolerance tests
were performed at yearly study visits, and
fasting glucose measures were obtained
on a semiannual basis and for any new
symptoms suggestive of diabetes. All
T2DM diagnoses required conﬁrmation
testing within ;6 weeks.
Incident CVD was assessed yearly
using the question “During the past
12 months, have you had any of the
following: heart attack (myocardial infarction [MI], coronary occlusion or coronary thrombosis), stroke, transient
ischemic attacks (TIA) or mini-stroke, or
carotid endarterectomy or other procedure to open blood vessels in the neck?”
Data regarding coronary heart disease
status were used to determine whether
participants required unblinding of lipid
results for possible treatment with lipidlowering agents. Self-reported data such
as these have provided reasonable sensitivity and speciﬁcity for MI (89.5% and
98.2%, respectively) and stroke (78.4% and
98.6%, respectively) (19).
Predictors: ATP-III MetS and MetS
Severity Z Score
ATP-III MetS

ATP-III MetS was deﬁned by the presence
of three or more of the following criteria:
elevated WC ($102 cm for men, $88 cm
for women); elevated fasting triacylglycerol ($150 mg/dL); reduced HDL
(,40 mg/dL for men, ,50 mg/dL for
women); elevated BP ($130 mmHg systolic BP [SBP], $85 mmHg diastolic BP,
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or drug treatment for hypertension);
and elevated fasting blood glucose
($100 mg/dL) (6).
MetS Severity Score

We calculated the MetS-Z values at
baseline and yearly follow-ups using
sex- and race/ethnicity-based formulas, as
described previously (10,20). Brieﬂy, the
MetS-Z was derived from the ﬁve traditional MetS components (WC, triglycerides, HDL cholesterol, SBP, and fasting
glucose) using a factor analysis approach
on nationally representative 1999–2010
data from the National Health and Nutrition Examination Survey (NHANES) for
adults 20–64 years of age. Because of
differences in traditional MetS criteria by
race/ethnicity (21–23), the conﬁrmatory
factor analysis was performed to determine the weighted contribution of
each component to a latent MetS factor
on a sex- and race/ethnicity-speciﬁc basis.
For each of six subgroups based on sex
and race/ethnicity (non-Hispanic white,
non-Hispanic black, and Hispanic), factor
loadings from the ﬁve MetS components
were determined and used to generate
equations for computing a MetS severity score for each subgroup (http://mets
.health-outcomes-policy.uﬂ.edu/calculator/).
The resulting score has a standard normal
distribution that operates as a “z score”
but was not standardized directly from
the DPP sample. The MetS severity score
was shown to correlate with other MetS
risk markers, such as insulin (13) and
adiponectin (13), and is predictive of
the long-term risk of T2DM (11–13) and
CVD (13–15).
Statistical Analysis

All statistical analyses were performed
using SAS version 9.4. We excluded individuals who were assigned to troglitazone or had CVD at baseline from all
analyses. Because our primary interest
was in 1-year changes in MetS severity
and how these changes were associated
with incident disease, we also excluded
individuals in whom CVD or T2DM developed by 1 year or those who had
missing MetS severity data at baseline
or 1 year. All other individuals were included in all analyses. Descriptive statistics were calculated overall, by intervention
group and by disease classiﬁcation status, which included: no T2DM within 5
years (with or without eventual CVD), and
T2DM within 5 years (with or without
eventual CVD). The primary interest in
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the models described below was in examining and comparing the association
of the severity and components of MetS
with the risk of eventual disease. To allow for direct comparisons, we calculated
standardized scores for each of the components at baseline [(value 2 baseline
mean)/baseline SD], and we calculated
1-year “effect sizes” for MetS severity and
its components (1-year change/baseline
SD). All models thus used these baseline
z scores and 1-year effect sizes. We ﬁrst
examined the association of baseline
MetS severity (and 1-year change in severity) with the time to T2DM and the
time to CVD via Cox proportional hazards
models. The proportional hazards assumption was found not to hold for the
T2DM model; time-varying hazard ratios
(HRs) were thus calculated using incident T2DM within 5 years and beyond 5
years. Baseline MetS severity and 1-year
change in severity were included in the
same model, adjusting for intervention.
Analogous models were ﬁt for each of
the components of MetS. As permitted by
collinearity, we also ﬁtted a joint model
of MetS-Z with individual MetS components (baseline and 1-year changes, after checking for collinearity) to assess
whether each of the predictors remained
signiﬁcantly associated with disease outcomes in the same model.
We also were interested in the mediating effect of change in MetS severity
and its components on the effect of the
intervention on reduced risk of disease.
Mediation models assess the possible
causal mechanisms underlying the relationship between an independent variable (in this case, the interventions of
lifestyle and metformin) and a dependent variable (in this case, disease outcome). Supplementary Fig. 2 displays
our conceptual model of the mediation
analysis. We used mediation models (24)
(PROC CAUSALMED in SAS) to estimate
the mediating effect of the 1-year change
in MetS severity (and in the components
of MetS separately) on the effect of each
of the two interventions (lifestyle and
metformin vs. placebo) on reduced risk
of 1) T2DM within 5 years and 2) T2DM
within 5 years including eventual CVD.
This mediation analysis was interested
in the mechanisms by which the two interventions reduce the risk of disease
(25); speciﬁcally, we are interested in
1-year changes in MetS severity and in
its components and how these changes

account for the ultimate reduced risk
of disease associated with the outcome.
Relative risks were calculated to estimate
the total effect (TE) of the intervention.
Inclusion of the 1-year change allowed us
to estimate the pure indirect effect (PIE),
the effect of the intervention on reduced
risk of disease through this intermediate
1-year outcome; and the total direct effect (TDE), the effect of the intervention
not accounted for by this 1-year change
in severity. In evaluating the intervention
and its intermediate effect on changes in
MetS severity, we ultimately were interested in PIE (and what percentage of the
TE was due to the PIE [25]). This type of
analysis (and interpretation of the PIE)
assumes no measurement error or other
bias (26), which admittedly is an assumption that cannot be met here. However, we
believe any source of bias will be constant
across the measures we are comparing as
possible mediators. The mediation models
adjusted for baseline values of the potential mediator being examined (e.g., baseline MetS severity).
RESULTS
Participant Characteristics and MetS
Effect Size Over Time

Table 1 displays characteristics of the
2,476 participants in the analytic cohort.
The group overall had a relatively high
baseline MetS-Z at 0.77 (SD 0.64). The
incidence of T2DM between years 1 and
5 was high overall (29.8%) and was lowest in the lifestyle modiﬁcation intervention, as reported previously (16). The
self-reported incidence of CVD over a
median time (16.0 years of follow-up;
interquartile range = 13.5, 16.0 years
of follow-up) was 12.6% overall, with
3.6% and 9.0% among those with and
without incident T2DM at 2–5 years,
respectively.
Figure 1 displays the effect size of
MetS-Zs and individual components by
intervention group during 3 years of
follow-up. Unsurprisingly, the placebo
group exhibited only a slight decrease
in MetS severity effect size from baseline to 20.13 at year 1, rising back to
baseline by year 3. In the lifestyle intervention group, MetS severity decreased
to 20.62 by year 1, with a partial rebound
to 20.42 by year 3. In the metformin
group, MetS-Z decreased to 20.23 at
year 1 and rebounded to 20.11 by year 3.
The mean absolute effects are provided
in Supplementary Table 1. These changes
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0.77 6 0.64
105.3 6 14.4
123.7 6 14.5
106.7 6 7.3
162.2 6 93.7
46.0 6 12.0
204.2 6 35.9
13.4 6 4.8

Continuous characteristics (mean 6 SD)
MetS-Z
WC
SBP
Glucose
Triglycerides
HDL cholesterol
Total cholesterol
Follow-up (years)
346 (54.8)
196 (31.1)
30 (4.8)
559 (9.4)

1,191 (61.2)
510 (26.2)
70 (3.6)
175 (9.0)

26 (3.9)
55 (8.1)

180 (26.6)

415 (61.4)

0.7 6 0.6
105.3 6 14.3
124.1 6 14.7
106.8 6 7.5
157.1 6 88.1
46.3 6 11.7
202.9 6 34.9
13.3 6 4.9

60.6
22.8
16.6
68.4
6.6

12.7
15.8
18.5
21.5
11.8
10.1
9.8
34.1

851 (34.4)

Metformin

14 (2.2)
61 (9.6)

134 (21.0)

430 (67.3)

0.77 6 0.64
105.4 6 14.9
123.6 6 14.6
106.5 6 7.2
161.9 6 98.2
46.7 6 12.6
205.3 6 36.5
13.2 6 4.9

61.9
19.6
18.5
69.0
5.1

16.4
15.2
19.1
14.7
12.9
10.3
11.5
29.8

837 (33.8)

Lifestyle

0.66 6 0.63
104.0 6 14.0
122.8 6 14.0
104.9 6 6.3
155.7 6 90.1
47.0 6 12.0
203.5 6 36.9
11.7 6 5.8

63.5
18.5
18.1
63.7
5.3

16.1
14.0
20.6
17.0
12.4
9.8
10.1
29.5

1,191 (61.2)

0.99 6 0.61
108.5 6 15.8
124.9 6 15.1
110.2 6 8.3
168.7 6 92.1
44.6 6 11.4
202.7 6 35.2
14.0 6 4.0

55.7
27.5
16.9
79.2
9.2

14.7
15.9
21.8
20.6
12.0
7.1
8.0
28.6

510 (26.2)

1.08 6 0.65
112.8 6 17.0
128.8 6 15.2
110.9 6 8.0
191.1 6 121.7
41.6 6 11.5
208.6 6 34.0
15.0 6 2.4

71.4
21.4
7.1
82.9
11.4

8.6
5.7
15.7
15.7
22.9
18.6
12.9
57.1

70 (3.6)

T2DM between
1 and 5 years
(CVD)

Eventual disease status*
T2DM between
1 and 5 years
(no CVD)

0.75 6 0.64
104.7 6 13.0
126.3 6 15.9
106.1 6 6.9
172.4 6 102.5
45.5 6 12.8
207.5 6 34.2
15.3 6 1.9

70.3
17.1
12.6
69.1
6.9

1.7
5.7
12.6
16.6
18.9
21.1
23.4
44.6

175 (9.0)

CVD, no T2DM
within 5 years
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*Those individuals in whom T2DM developed after 5 years, without CVD, were not included in subsequent analyses (n = 529); one individual had only 3 years of follow-up with CVD but no T2DM to
be determined at 5 years, and was excluded.

Eventual disease (n = 1,946) (n [%])
No T2DM within 5 years
T2DM between 1 and 5 years
(no CVD)
T2DM between 1 and 5 years
(CVD)
CVD, no T2DM within 5 years

60.7
22.5
16.9
71.7
7.5

61.1
21.6
17.3
69.7
6.4
0.81 6 0.62
105.2 6 14.0
123.3 6 14.2
106.6 6 7.1
168.2 6 94.5
45.0 6 11.6
204.4 6 36.4
13.5 6 4.7

14.3
13.2
24.8
16.6
13.8
8.9
8.4
29.2

788 (31.8)

14.5
14.7
20.7
17.7
12.8
9.8
9.9
31.1

2,476

Placebo

Categorical characteristics (% of column)
Age category (years)
,40
40–44
45–49
50–54
55–59
60–64
$65
Male
Race/ethnicity
White
African American
Hispanic (any race)
ATP-III MetS
Current smokers

n or n (%)

Overall

Intervention group

No T2DM
within
5 years

Table 1—Baseline characteristics by intervention group among those with baseline and year 1 follow-up, and ultimate disease status
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Figure 1—Changes in MetS-Z and the individual MetS components over 3 years of intervention. Mean effect sizes (i.e., the change from baseline,
divided by the SD at baseline) 695% CIs for MetS-Z, WC, fasting glucose, triglyceride, HDL cholesterol, and SBP during intervention with lifestyle
modiﬁcation, and treatment with metformin and placebo. The mean absolute effects are provided in Supplementary Table 1. (A high-quality color
representation of this ﬁgure is available in the online issue.)

were also seen when using a MetS z
score derived without glucose (Supplementary Fig. 3A). The prevalence of ATP-III
MetS was ;70% for all groups at baseline,
at year 1 it had decreased in all groups (but
particularly the lifestyle intervention, at
45%), and by year 3 it was below baseline
only in the lifestyle intervention group
(Supplementary Fig. 3B).
Figure 1 also displays the effect sizes
of the individual MetS components during 3 years of intervention. Between baseline and visit 1, there were signiﬁcant
improvements in all MetS components
among those individuals in the lifestyle
and metformin groups, while the placebo group only exhibited signiﬁcant
changes in WC, SBP, and triglycerides.
By year 3, the lifestyle intervention
group remained better than baseline
in all components except glucose, while
the metformin and placebo groups
were only slightly better for WC and
triglycerides.
Overall HRs by Intervention and
1-Year MetS Effect Size

Table 2 displays data on HRs for T2DM
and CVD. In a combined analysis, both
interventions were associated with a reduced risk of incident T2DM from years
1 to 5, with an HR of 0.57 for lifestyle
modiﬁcation and 0.82 for metformin relative to placebo. Neither intervention

was associated with altered risk for
incident T2DM .5 years or incident
CVD.
Baseline levels of the MetS-Z and each
of its components were signiﬁcantly associated with a risk for T2DM in years
1–5, with an HR of 2.25 per each increasing SD unit of MetS-Z. There were also
associations between baseline MetS-Z
and each of its components with T2DM
after 5 years (HR for MetS-Z = 1.46) and
with overall CVD (HR for MetS-Z = 1.32).
In a combined analysis of all participants, adjusted for intervention group,
1-year changes in MetS severity and each
of the MetS components were associated
with altered risk for T2DM in years 1–5. In
the case of MetS severity, each 1-point
increase in effect size of MetS-Z between
0 and 1 year resulted in HRs for incident
T2DM 1–5 years, T2DM .5 years, and
CVD of 1.80, 1.15, and 1.21, respectively.
Among the MetS components, this was
closely matched by changes in WC,
which had HRs for incident T2DM 1–5
years, T2DM .5 years, and CVD of 1.80,
1.22, and 1.17, respectively.
We also assessed a model that included MetS-Z alongside WC and glucose, the two MetS variables most
strongly associated with these outcomes
in the Cox proportional hazards models
and mediation analysis (Supplementary

Table 1). In this joint model, 1-year
changes in each of these risk indicators (MetS-Z, WC, and glucose) remained
signiﬁcant predictors of incident T2DM
at 1–5 years but not incident CVD.
The inclusion of other MetS components in the model resulted in excess
collinearity.
Mediation Analysis

Because both lifestyle change and metformin treatment were associated with
reduced risk of T2DM in years 1–5 relative to the placebo group, we performed
mediation analyses to determine the
potential role for the MetS-Z and the
individual MetS components as potential mediators of this effect (Supplementary Fig. 2 and Table 3). Because of the
importance of T2DM as a precursor of
CVD, we assessed MetS and its components as potential mediators for both
1–5 year risk for T2DM overall and separately the risk for T2DM with ultimate CVD.
Lifestyle Modiﬁcation

The proportion of reduction in T2DM in
the lifestyle intervention attributable to
a 1-year change in MetS severity (compared with placebo) was 61.6%. Because
of the wide CIs, this was similar overall
to the attributable proportion seen for
WC (75.0%) and glucose (48.2%).
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Table 2—Analysis of time to diabetes and CVD
Diabetes survival models*

CVD survival models

Incident diabetes 1–5 years Incident diabetes .5 years
HR (95% CI)
Intervention-only model
Metformin**
Lifestyle**
Individual models for
MetS severity
and its components
(baseline z score
and 1-year effect size)†
MetS severity
Baseline
1-Year effect size
WC
Baseline
1-Year effect size
Glucose
Baseline
1-Year effect size
HDL
Baseline
1-Year effect size
Triglycerides
Baseline
1-Year effect size
SBP
Baseline
1-Year effect size

P value

HR (95% CI)

P value

Incident CVD Overall
Model AIC††

HR (95% CI)

P value

0.82 (0.60, 1.11)
0.87 (0.65, 1.18)

0.1985
0.36

1.32 (1.08, 1.62)
1.21 (1.01, 1.45)

0.0065
0.0363

1.18 (1.04, 1.34)
1.17 (0.87, 1.57)

0.0098
0.29

1.14 (1.01, 1.29)
1.07 (1.00, 1.14)

0.0385
0.0388

0.93 (0.72, 0.95)
0.81 (0.63, 1.03)

0.0063
0.0897

1.21 (1.06, 1.38)
1.10 (0.91, 1.32)

0.0043
0.32

17,269.80
0.82 (0.68, 0.99) 0.0367 0.93 (0.76, 1.14)
0.57 (0.46, 0.70) ,0.0001 1.07 (0.88, 1.30)

0.48
0.50

Model AIC††
3,734.12

16,949.76
2.25 (1.97, 2.57) ,0.0001 1.46 (1.28, 1.66) ,0.0001
1.80 (1.59, 2.04) ,0.0001 1.15 (1.01, 1.30) 0.0334
17,135.20
1.40 (1.30, 1.52) ,0.0001 1.12 (1.02, 1.22)
1.80 (1.49, 2.17) ,0.0001 1.22 (1.01, 1.49)

0.0146
0.0412

3,731.00

16,881.32
1.94 (1.81, 2.09) ,0.0001 1.41 (1.29, 1.54) ,0.0001
1.30 (1.26, 1.34) ,0.0001 1.10 (1.03, 1.18) 0.0078

3,732.03

17,178.38
0.81 (0.74, 0.89) ,0.0001 0.85 (0.78, 0.93)
0.82 (0.70, 0.96) 0.0150 0.92 (0.79, 1.07)

0.0002
0.27

1.20 (1.04, 1.24) ,0.0001 1.13 (1.04, 1.24)
1.24 (1.10, 1.40) 0.0004 1.07 (0.95, 1.20)

0.0039
0.28

1.20 (1.10, 1.31) ,0.0001 1.11 (1.02, 1.21)
1.16 (1.06, 1.28) 0.0014 1.12 (1.02, 1.24)

0.0215
0.0177

3,726.96

3,728.18

17,184.96

3,729.03

17,250.30

3,717.63
1.35 (1.19, 1.53) ,0.0001
1.16 (1.01, 1.34) 0.0347

AIC, Akaike information criterion. *Proportional hazards assumption violated; Heaviside function at 5 years ﬁt. **Referent: placebo group. †Adjusting
for intervention; 1-year effect sizes used to allow for comparability across measures. ††AIC provides an estimate of how well a model ﬁts
the data, with lower scores reﬂecting better ﬁt.
Metformin Intervention

The proportion of reduction in T2DM
in the metformin intervention attributable to the 1-year change in MetS severity (compared with placebo) was
25.1%. Again because of wide CIs, this
was similar overall to the attributable
proportion seen for glucose (55.2%).
For participants with incident T2DM at
1–5 years in whom CVD also developed
(n = 70), neither MetS-Z nor any of the
MetS components had a signiﬁcantly
associated attributable proportion, with
wide CIs, although MetS-Z, WC, and glucose all had high point estimates for the
effect seen in both lifestyle and metformin interventions.
CONCLUSIONS

Although risk indicators can be helpful
for identifying individuals at high risk
for future disease based on baseline
measuresdin some cases forming the
basis for initiating treatment (27)dit has
been less clear whether changes in these
markers after treatment were an accurate representation of alterations in an
individual’s risk (28). In this analysis of

participants in the DPP, we found that,
with respect to baseline measures, the
levels of each of the MetS components as
well as a MetS-Z were, not surprisingly,
associated with future T2DM and CVDd
with baseline MetS-Z and glucose being
the most strongly linked to diabetes
incidence. However, the degree of
change in MetS components and the
MetS z score during the ﬁrst year of
lifestyle modiﬁcation or metformin treatment of prediabetes in the DPP was also
associated with a lower risk for future
T2DMdwith these 1-year changes in
MetS severity, glucose level, and SBP
also being linked to reduced risk of
CVD. Moreover, in mediation analyses,
changes in MetS severity and glucose were associated with a signiﬁcant
amount of the effect of both lifestyle
modiﬁcation and metformin treatment
on reduced odds of T2DM, with changes
in WC being a strong mediator of lifestyle modiﬁcation. Overall, these data
suggest that risk indicators of metabolic
disarray such as thesedpotentially used
via an electronic medical record system (29)dcan be followed over time to

document both baseline risk and subsequent alterations in risk during treatment, providing the potential to identify
the effects of treatments earlier, or to
motivate patients toward greater adherence and improved outcomes (30).
There has been ongoing debate as to
whether MetS as a concept provided
added risk prediction beyond its individual components (31) or was worth “no
greater than the sum of its parts” (8).
Indeed, in analyzing data from the Cardiovascular Health Study, Mozaffarian
et al. (9) reported that the dichotomous
ATP-III MetS criteria predicted cardiovascular mortality only in those individuals
with elevated fasting glucose, diabetes,
or hypertension. The MetS z score that
we used here serves as a continuous
biomarker of the severity of metabolic
derangement and in prior studies was
associated with future CVD and T2DM,
even in models that include the individual MetS components (11,15), with
further associations with CVD risk once
T2DM has developed (32). Thus, although abnormalities in risk factors
such as hyperglycemia, hypertension,
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TE

0.26
(20.04, 0.56)
0.18
(20.07, 0.43)
0.35
(0.08, 0.61)
0.50
(0.22, 0.77)
0.44
(0.16, 0.72)
0.58
(0.29, 0.87)

TDE

0.06
(0.02, 0.10)
0.03
(20.00, 0.07)
0.11
(0.07, 0.16)
0.01
(20.01, 0.04)
20.01
(20.02, 0.01)
20.00
(20.02, 0.01)

0.41
(0.25, 0.57)
0.54
(0.36, 0.72)
0.32
(0.20, 0.44)
0.04
(20.00, 0.08)
0.10
(0.04, 0.16)
0.01
(20.01, 0.04)

PIE

25.1%
(8.6%, 41.5%)
20.7%
(0%, 51.6%)
55.2%
(6.0%, 100%)
9.1%
(0%, 27.7%)
0%
(0%, 5.8%)
0%
(0%, 6.4%)

61.6%
(29.2%, 94.0%)
75.0%
(45.2%, 100%)
48.2%
(25.0%, 75.0%)
6.7%
(0%, 15.1%)
18.9%
(4.4%, 33.3%)
2.2%
(0%, 6.3%)

Proportion
attributable
to intermediate
outcome (95% CI)‡

0.22
(20.39, 0.83)
0.35
(20.33, 1.02)
0.32
(20.37, 1.01)
0.34
(20.34, 1.02)
0.25
(20.39, 0.89)
0.05
(20.44, 0.53)

1.31
(20.13, 0.08)
1.42
(20.06, 2.89)
1.19
(20.22, 2.60)
1.21
(20.20, 2.62)
1.27
(20.15, 2.69)
1.58
(20.00, 3.17)

TE

0.07
(20.56, 0.69)
0.24
(20.44, 0.91)
0.12
(20.48, 0.83)
0.31
(20.38, 1.00)
0.24
(20.40, 0.88)
0.08
(20.40, 0.56)

0.44
(21.28, 2.15)
0.67
(21.02, 2.36)
0.57
(21.00, 2.13)
1.08
(20.35, 2.50)
1.09
(20.37, 2.55)
1.51
(20.08, 3.10)

TDE

0.15
(0.00, 0.29)
0.11
(20.01, 0.23)
0.20
(0.04, 0.35)
0.03
(20.04, 0.10)
0.00
(20.03, 0.04)
20.03
(20.15, 0.09)

0.87
(0.05, 1.69)
0.75
(20.10, 1.59)
0.62
(0.15, 1.10)
0.14
(20.02, 0.29)
0.18
(20.08, 0.44)
0.07
(20.03, 0.18)

PIE

68.8%
(0%, 100%)
31.7%
(0%, 100%)
61.0%
(0%, 100%)
9.5%
(0%, 38.3%)
1.7%
(0%, 15.4%)
0%
(0%, 100%)

66.5%
(0%, 100%)
52.7%
(0%, 100%)
52.4%
(0%, 100%)
11.2%
(0%, 29.9%)
14.1%
(0%, 40.7%)
4.6%
(0%, 12.7%)

Proportion
attributable
to intermediate
outcome (95% CI)‡

Excess relative risk (95% CI)††

0.67
(0.39, 0.95)
0.72
(0.49, 0.95)
0.67
(0.41, 0.92)
0.53
(0.26, 0.81)
0.54
(0.27, 0.82)
0.59
(0.31, 0.88)

0.18
(0.05, 0.31)
0.13
(20.05, 0.31)
0.09
(20.08, 0.26)
0.14
(20.04, 0.32)
0.15
(20.03, 0.33)
0.17
(20.01, 0.35)

Excess relative risk (95% CI)††

0.24
(0.10, 0.38)
0.16
(20.02, 0.34)
0.20
(0.04, 0.36)
0.16
(20.03, 0.34)
0.15
(20.04, 0.33)
0.17
(20.02, 0.35)

Table 3—Mediation analysis of lifestyle and metformin interventions (effect on risk of T2DM within 5 years: overall and with/without CVD)
T2DM #5 years**
T2DM #5 years (with CVD during study)†

Lifestyle intervention
mediation analysis
Intermediate outcomes:
1-year effect size of
MetS-Z
WC
GLU
HDL
TRI
SBP
Metformin mediation analysis
Intermediate outcomes:
1-year effect size of
MetS-Z
WC
GLU
HDL
TRI
SBP

Effect on the risk of T2DM within 5 years: overall and with/without CVD, adjusting for baseline value of corresponding 1-year intermediate outcome (Supplementary Fig. 2). GLU, fasting glucose; TRI, fasting triglycerides.
**Among 2,177 with no disease by 1 year, T2DM developed in 580 within 5 years. †Among the 1,261 eligible participants, 70 of these participants developed both T2DM within 5 years and CVD in the overall study.
††Excess relative risk of placebo relative to the intervention = relative risk 2 1 = [risk (placebo)/risk (intervention)] 2 1. ‡Proportion attributable to intermediate outcome = PIE/TE.
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and dyslipidemia within a given patient
continue to need to be addressed individually, there may be additional risk
from processes underlying MetS (e.g.,
inﬂammation, oxidative stress, and cellular dysfunction) (4,5) that would beneﬁt from a broader approach such as
lifestyle modiﬁcation. Prior observational
data from population-based studies
showed that changes in MetS severity
in a 3- to 4-year period were associated
with alterations in disease risk (33); the
current data from a randomized controlled trial of lifestyle modiﬁcation and
metformin help to establish that this risk
reduction is also true for treatmentinduced changes in MetS severity.
Nevertheless, another ﬁnding of these
analyses is that although the MetS z score
provided the best risk prediction based
on baseline values and was a mediator
of the effects of metformin, the overall
change in WC (as an estimate of visceral
obesity) provided overall risk prediction
similar to that of the change in MetS-Z.
This is not unexpected given the central
role that visceral obesity plays in driving
insulin resistance and the abnormalities associated with MetS (34). Dysfunction of hypertrophied visceral adipocytes
causes an increase in the release of
cytokines, chemokines, and free fatty
acids, and a decrease in the secretion
of adiponectin, all of which ultimately
contribute to insulin resistance in other
tissues (4,5). These data suggest that
a reduction in WC associated with lifestyle changes but not with metformin
treatment was a mediator of the reduced
risk of future T2DM. Although WC is still
not widely measured in clinical care (35),
this analysis supports the importance of
tracking changes in WC as a simple indicator of risk.
Intervention with metformin (relative
to lifestyle modiﬁcation) produced less
dramatic decreases in the 1- to 5-year
incidence of T2DM and in MetS severity, with the change in MetS-Z from
0 to 1 year most prominently related to
changes in glucose, which itself was a
powerful potential mediator of the effect of metformin, although 0- to 1-year
changes in glucose overall had a lower
HR for the 1- to 5-year risk of T2DM than
the seen for MetS-Z. This decrease in
MetS-Z with metformin may relate to
recent recommendations by the ADA for
the consideration of treatment with metformin for some cases of prediabetes (3).
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This is important because the intensive
lifestyle changes attained during the DPP
are often difﬁcult to attain in usual clinical
practice (36), whereas treatment of prediabetes using metformin is much more
easily achieved. As a potential mediator
of the effect of metformin and lifestyle
changes, MetS-Z could represent a biomarker to track an individual’s response
to clinical treatment combining these
interventions.
Whereas we assessed 1-year changes
in MetS severity and other factors as
indicators of risk, the interventions during the DPP continued for at least 2–3
years. That the correlations and potential
mediation reported here were present
after only 1 year of intervention supports
the idea that relatively early clinical
follow-up for these factors in individual
patients may provide accurate estimates
of the ongoing change in risk. Although
the effect of these interventions on incident T2DM risk were seen only in the
5 years after treatment initiation, the
overall ﬁrst-year changes in MetS severity and the MetS components remained
linked to T2DM beyond 5 years, demonstrating more durable associations with
T2DM as an outcome. It also should be
noted that the DPP trial was discontinued early after only 3 years because of
the impressive decrease in the incidence
of T2DM due to the intensive lifestyle
intervention (16). As continuous measures associated with the primary outcome, the use of these 1-year changes
in MetS-Z, WC, and glucose as surrogate
measures of risk could have provided
estimates of the need for discontinuation even earlier than performed in the
original study.
Reported incident CVD was less common in this study compared with T2DM.
Indeed, although the lifestyle intervention
resulted in more durable decreases in
microvascular outcomes after 15 years
of follow-up (37), no effects on macrovascular outcomes have been reported
for the interventions. Nevertheless, we
noted that these 1-year reductions in
MetS-Z (and also glucose) during intervention were associated with lower HRs
for subsequent CVD, emphasizing the
possible links between early response to
therapy and ultimate CVD. In addition,
because of the importance of T2DM as
a risk factor for CVD (1), we separately
assessed changes in these factors as
mediators of any effect of intervention

on T2DM that subsequently progressed
to CVD. Although participant numbers
for incident CVD were low and CIs were
wide, there appeared to be potential for
changes in multiple MetS-related factors
to predict reductions in such incidence.
The motivation to change can be difﬁcult, with patients frequently misunderstanding factors that increase their risk
for future disease (38). The use of riskprediction tools such as the Framingham
Risk Score may improve patient motivation to change (39), although long-term
data are lacking. Additionally, epidemiologybased algorithms that use longitudinal cohort data to derive disease prediction are
not designed to follow risk over time, and
therefore often lack the ability to reinforce
the beneﬁts of treatment over time (28).
For example, predicted risk according to
the American Heart Association Atherosclerotic CVD Pooled Cohort algorithm
increases after the initiation of treatment
with a BP-lowering agent because individuals to whom the BP-lowering medications were prescribed in the derivation
cohorts were generally of poorer health
(28). The use of risk indicators such as
those reported heredwhere progress
can be followed as markers of improvements in riskdmay help to overcome
some difﬁculties in patients’ understanding of current risk-scoring systems (38).
Although these data reﬂect changes
seen during a well-characterized randomized controlled trial, we recognize
that there are limitations to this analysis.
The participants in the DPP were fairly
advanced in their state of prediabetes,
with 29.8% progressing to T2DM over
years 1–5. This likely represents a greater
progression than seen in individuals with
prediabetes as deﬁned by other criteria (e.g., elevated fasting glucose), potentially exaggerating the HRs related to
decreased risk of T2DM. We assessed the
risk for T2DM in 1–5 years (as the intervention effects on reducing incident
T2DM did not persist past that point)
(40), which is shorter than the 10-year
time frame frequently assessed in many
studies. Additionally, we lacked data regarding adjudicated CVD outcomes and
instead relied on participant report,
which can lead to the overestimation
of CVD; in this sense, the implications of
the study may be stronger for diabetes
than for CVD. Nevertheless, the selfreport of events such as MI and stroke
from previous studies still has high positive
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predictive values (19), and the overestimation of incident CVD from misclassiﬁcation would have been expected to
bias us toward the null in relating the
MetS severity score to CVD prediction.
Finally, these data are from a cohort that
was initially recruited in the late 1990s
with different clinical practice patterns,
and 1-year change in these MetS markers may not be as relevant to clinical care
today, limiting generalizability.
In conclusion, we found that during
intervention with lifestyle modiﬁcation
and metformin, 1-year changes in MetS
severity, glucose, and WC were associated with reductions in risk for future
T2DM and/or CVD. These measures had
further clinical relevance for T2DM incidence, serving as possible mediators of the
effect of lifestyle, with MetS-Z and glucose
also being possible mediators of metformin. This was all in addition to signiﬁcant
associations based on baseline values.
These factors may serve as important biomarkers of metabolic disarray to identify individuals at highest risk and track
the response to treatment with important implications about changes in risk,
with potential importance in motivating
patients.
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