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Abstract

OBJECTIVE—The Diabetes Prevention Program demonstrated the ability to delay or prevent type
2 diabetes in participants with impaired glucose tolerance (IGT). Participants with IGT are at high
risk for cardiovascular disease (CVD), with a marked increase in the number and severity of CVD
risk factors. We prospectively assessed the impact of our interventions on hypertension, dyslipidemia,
and CVD events.

RESEARCH DESIGN AND METHODS—The study group consisted of 3,234 individuals with
IGT randomly assigned to receive intensive lifestyle intervention, metformin, or placebo. Annual
assessment of blood pressure, lipids, electrocardiogram, and CVD events was undertaken.

RESULTS—Hypertension was present in 30% of participants at study entry and then increased in
the placebo and metformin groups, although it significantly decreased with intensive lifestyle
intervention. Triglyceride levels fell in all treatment groups, but fell significantly more with intensive
lifestyle intervention. Total cholesterol and LDL cholesterol levels were similar among treatment
groups. Intensive lifestyle intervention significantly increased the HDL cholesterol level and reduced
the cumulative incidence of the proatherogenic LDL phenotype B. At 3 years of follow-up, the use
for pharmacologic therapy to achieve established goals in the intensive lifestyle group was 27-28%
less for hypertension and 25% less for hyperlipidemia compared with placebo and metformin groups.
Over an average of 3 years, 89 CVD events from 64 participants were positively adjudicated
studywide, with no differences among treatment groups.

CONCLUSIONS—L ifestyle intervention improves CVD risk factor status compared with placebo
and metformin therapy. Although no differences in CVD events were noted after 3 years, achieved
risk factor modifications suggest that longer intervention may reduce CVD event rates.
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Impaired glucose tolerance (IGT), defined as a fasting glucose level < 7.0 mmol/l and a 2-h
level postoral glucose challenge between 7.8 and 11.1 mmol/l, imparts a markedly increased
risk of development of type 2 diabetes with a range from 3.58 to 8.73% per year (1). The
Diabetes Prevention Program (DPP) demonstrated the effectiveness of both intensive lifestyle
intervention and metformin therapy in delaying or preventing the development of type 2
diabetes in an ethnically diverse population with IGT (2). In this study, IGT was characterized
by fasting glucose levels of 5.9 = 0.5 mmol/l (mean + SD) and 2-h postglucose load glucose
levels of 9.1 + 0.9 mmol/Il. In addition, most participants were obese with BMI of 34.0 £ 7.0
kg/m?2 and hyperinsulinemic with a fasting insulin value of 185.7 + 105.3 pmol/I. Increased
prevalence of cardiovascular disease (CVD) and levels of CVD risk factors are seen in
participants with degrees of hyperglycemia not yet reaching the diagnostic cutoff for diabetes
(3-8). Some argue that the glycemic threshold for the development of macrovascular disease
is lower than that for the development of microvascular disease, which serves as the indicator
for the diagnosis of diabetes (9). Others find the relationship to CVD to be stronger with either
elevated insulin levels (10) or demonstrable insulin resistance (11). Finally, others contend that
the clustering of CVD risk factors seen in insulin-resistant participants may explain the excess
CVD risk (12).

There are limited data for the impact of glucose-lowering strategies on the development of
CVD events or risk factors in patients with IGT or nondiabetic patients. We prospectively
assessed the prevalence of CVD and its risk factors in DPP participants, comparing the impact
of intensive lifestyle intervention or metformin therapy with that of a placebo.

RESEARCH DESIGN AND METHODS

The study design and baseline characteristics of the study participants have been reported
(13,14). Briefly, 3,234 individuals with IGT were identified for randomization in 27 clinical
centers throughout the U.S. Eligibility required a fasting plasma glucose level of 5.3-6.9 mmol/
I and a 2-h value after a 75-g glucose load of 7.8—-11 mmol/l. The minimum fasting glucose
requirement was removed for American-Indian participants. Exclusion criteria included
medicines known to alter glucose tolerance, an illness with reduced life expectancy, or inability
to participate in physical activity. CVD events were exclusionary if they occurred <6 months
before randomization.

Eligible participants were randomly assigned to one of three interventions: metformin at a dose
of 850 mg twice daily, placebo twice daily, or an intensive program of lifestyle modification.
Random treatment assignments were stratified according to clinical center and double blinded
for the metformin and placebo groups. The goals of the intensive lifestyle modification program
were to achieve and maintain a weight reduction of at least 7% of initial body weight through
consumption of a healthy low-calorie, low-fat diet and to engage in physical activity of
moderate intensity (such as brisk walking) for at least 150 min/week (15).

A detailed history and physical examination were performed before randomization and
annually thereafter. A 12-lead electrocardiogram (ECG) was completed using MACPC-DT
ECG acquisition units (Marquette Electronics, Milwaukee, WI) and transmitted to the
Electrocardiographic Reading Center (Epicare, Department of Public Health Sciences,
Bowman-Gray School of Medicine, Winston-Salem, NC) for classification using the
Minnesota code system (16,17). All participants completed a CVD risk status report including
updates on family history of CVD as well as interim adverse events. If the participant described
a potential CVD event, efforts to obtain hospital records, including all ECGs for review by the
central reading center, were undertaken for event classification.
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Blood pressure measurements were performed with a standard mercury manometer by certified
staff at baseline and quarterly visits using a standard protocol, with the participant seated for
at least 5 min before the measurement. A second pressure measurements was obtained 30 s
later after complete cuff deflation. The mean of the two measurements was used for analysis.
Hypertension was defined as blood pressure > 140/90 mmHg or the use of antihypertensive
medication. Participants meeting the criteria for hypertension were treated according to
protocol by either their primary physicians or by clinical site staff, with primary agents being
ACE inhibitors, angiotensin receptor blockers, or calcium channel antagonists.

Blood was drawn after a 12-h fast at baseline and annually thereafter. Total plasma cholesterol
and triglyceride levels were measured using enzymatic methods standardized to the Centers
for Disease Control and Prevention reference methods (18). HDL fractions of cholesterol were
measured using dextran sulfate-Mg?™ to precipitate all of the apolipoprotein B—containing
lipoproteins (19). The LDL cholesterol level was calculated by the Friedewald equation (20)
unless the triglyceride level was > 4.5 mmol/l, in which case lipoprotein fractions were
separated by preparative ultracentrifugation (21) and the LDL subfraction was determined by
density gradient ultracentrifugation. Cholesterol was measured in each of 38 fractions using
an enzymatic assay (Boehringer, Mannheim, Germany). The LDL cholesterol fractions were
pooled, and the LDL cholesterol was determined enzymatically. Relative flotation (Rf) was
determined by dividing the LDL peak fraction by the total number of fractions (n = 38). The
predominance of small-density LDL was defined by the laboratory as R¢ < 0.263 (10/38).
National Cholesterol Education Program Adult Treatment Panel (ATP) Il diagnostic criteria
for hyperlipidemia (22) were applied to the triglyceride, LDL, and coronary heart disease risk
status to determine the classification of participants into normolipidemia, hyperlipidemia
requiring diet therapy only, or hyperlipidemia qualifying for drug therapy. Further, participants
taking statins, bile acid sequestrants, or fibrates were classified as hyperlipidemic. Elevated
LDL was defined as LDL levels of > 3.4 mmol/l or use of lipid-lowering pharmacologic
therapy. Elevated triglyceride was defined as levels > 2.3 mmol/Il or use of lipid-lowering
therapy. Hyperlipidemia was defined as meeting criteria for lipid-lowering therapy.
Participants and clinical research staff remained blinded to the actual lipid values until drug
therapy was indicated.

Events classification

Copies of all ECGs from hospital admissions suspected to be CVD related were collected, and
sequential changes indicating differing levels of ECG abnormality were coded according to
Minnesota code criteria. Members of the Outcome Adjudication Committee, blinded to
treatment assignment, adjudicated all CVD events based upon centrally scored ECG, clinical
history, and cardiac enzyme determinations. Silent myocardial infarction was classified by
comparing the scheduled annual ECG to the baseline if no prior hospital ECGs had been
recorded.

Coronary revascularization included coronary artery bypass surgery or percutaneous
angioplasty. Coronary artery disease by angiography was defined as > 50% stenosis of any
coronary artery in the absence of a clinical event and included some participants with
inappropriate coronary lesions for revascularization or for whom revascularization failed.
Classification of nonfatal stroke included a physician-diagnosed stroke in a patient hospitalized
for > 24 h. Peripheral arterial disease was defined as a revascularization procedure or
amputation for peripheral arterial disease. Cardiac arrhythmia was defined as a physician-
diagnosed cardiac arrhythmia requiring a > 24-h hospitalization or a procedure such as insertion
of a permanent pacemaker or implantable defibrillator. A diagnosis of congestive heart failure
or unstable angina pectoris required physician diagnosis and a > 24-h hospitalization. CVD
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hospitalizations included cardiac arrhythmia, peripheral arterial disease, congestive heart
failure, coronary artery disease by angiography, and unstable angina.

Statistical analysis

Participants were followed for an average of 3.2 years from the start of the study in June 1996
through 31 July 2001, a period 4 months longer than that reported previously (1). This period
was chosen to maximize the available data that were collected during the masked phase of the
DPP, as unmasking occurred in early August 2001. The report includes all adjudicated events
that occurred before 31 July 2001 and were adjudicated by 7 May 2003.

The study design and analysis followed the intention-to-treat principle. CVD event rates among
treatment groups were compared using Poisson regression. Fixed-effects models with the
assumption of normally distributed errors (23) were used to assess mean differences over time
in blood pressure, triglyceride levels, HDL cholesterol levels, and LDL particle size adjusted
for the baseline value. Generalized estimating equations (23) were used to assess differences
over time in the percentage of participants with categorically defined hypertension and
dyslipidemia.

Baseline CVD risk factor characteristics for the cohort (mean age at entry was 51 years) have
been previously reported (24,25). Prevalent CVD, hypertension, hypercholesterolemia, and
hypertriglyceridemia at entry into DPP are shown by sex in Table 1. The low (< 5%) prevalence
of CVD may reflect the exclusion of those who had a recent coronary event or reduced life
expectancy, as well as a known tendency for selection of healthier participants into a clinical
trial. Nevertheless, a substantial proportion of the participants were at risk for CVD based on
the baseline prevalence of hypertension, elevated LDL cholesterol level, or elevated
triglyceride levels.

Hypertension was present in 30% of participants at study entry and increased over time in both
the placebo and metformin treatment groups (Fig. 1). In contrast, the intensive lifestyle
modification group had no significant change in hypertension prevalence, accompanied by
significantly decreased lower systolic and diastolic blood pressures, compared with that in the
other treatment groups (P < 0.001; Table 2). The use of antihypertensive medications at
baseline was 17% in all treatment groups. At 3 years, the point prevalence of antihypertensive
pharmacologic therapy is significantly lower (by 27-28%) in the lifestyle group (23%)
compared with that in the placebo (31%) and metformin (32%) groups (P < 0.001).

Total cholesterol and LDL cholesterol levels at study entry did not differ significantly among
the groups, at 5.3 mmol/l (203 mg/dl) and 3.2 mmol/l (124 mg/dl), respectively. Over time,
there were no statistical differences among the placebo, metformin, and intensive lifestyle
groups in the overall mean percent change from baseline in either total cholesterol level (-
1.2% vs. — 0.9% vs. — 2.3%, respectively) or LDL cholesterol level (— 1.3% vs. — 0.3% vs. —
0.7%, respectively).

Triglyceride levels fell in all groups, but fell significantly more in the intensive lifestyle group
(—0.296 mmol/I [~ 25.4 mg/dI]) than in the placebo (— 0.13 mmol/l [~ 11.9 mg/dl]) and
metformin (— 0.08 mmol/l [- 7.4 mg/dI]) groups (Fig. 2A). The HDL cholesterol level
significantly increased in the lifestyle group (— 0.026 mmol/l [- 1.0 mg/dI]) compared with
the metformin (— 0.008 mmol/I or [ 0.3 mg/dl]) and placebo (— 0.002 mmol/I [ 0.1 mg/dl])
groups (Fig. 2B). Furthermore, intensive lifestyle favorably altered the LDL phenotype with a
reduction in the prevalence of phenotype B representing a smaller, denser, more atherogenic
LDL particle (P < 0.001 compared with both placebo and metformin) (Fig. 2C).
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At study entry, only 5.2% of participants reported taking pharmacologic therapy for
dyslipidemia. Fewer intensive lifestyle participants (12%) required drug therapy for either
elevated triglyceride or LDL cholesterol levels by ATP Il guidelines at year 3 compared with
placebo (16%) or metformin (16%) (Fig. 3).

Only 89 CVD events were confirmed through 31 July 2001 by adjudication over an average
of 3 years of follow-up per participant. Neither the cumulative incidence of CVD (percentage
of participants suffering an event) nor the event rate (number of events per 1,000 patient years
exposed) was different among groups. CVD-related deaths occurred in only four participants
in the placebo group, one in the metformin group, and two in the intensive lifestyle group.
Nonfatal CVD events occurred in 18 placebo participants (1.7%) with an incidence of 7.3
events per 1,000 patient-years. No statistically significant differences were seen in the
metformin group (1.5%, 5.2/1,000 patient-years) or the intensive lifestyle group (2.2%,
9.7/1,000 patient-years) compared with placebo. The small non-significant excess of events in
the intensive lifestyle group consisted of CVVD hospitalizations and revascularization
procedures. Exercise tolerance testing was performed for safety at the time of study entry in
those participants randomly assigned to the intensive lifestyle intervention who either had a
history of preexisting CVD or were considered to be at high risk for CVD. This increased
ascertainment of CVD is supported by five events observed in the first 6 months of the study
among the intensive lifestyle group, most of which were revascularization procedures. In
addition, study personnel saw participants in the intensive lifestyle group far more often as part
of their core curriculum. With the initiation of a physical activity program, case managers were
cognizant of the potential exacerbation of CVD. It is possible that the increased activity
associated with the intervention differentially unmasked preexisting CVD in this group.

CONCLUSIONS

An estimated 10 million persons in the U.S. meet the DPP eligibility criteria for fasting glucose,
age, and BMI (26). IGT, although not usually considered a clinical disease in its own right, is
recognized as a risk factor for the future development of both diabetes and cardiovascular
disease (27). Stern (28) hypothesized that both stem from a “common soil” of risk factors with
variable expression of pathophysiologic changes over time. Metaregression analysis
demonstrates a continuous and positive relationship between 2-h postglucose levels and the
subsequent development of CVD (29). When adjusted for covariates such as BMI, blood
pressure, and cholesterol, IGT increased the hazard rate for CVD mortality by 34% (30). The
National Health and Nutrition Examination Survey (NHANES) |1 data showed a 42% increased
relative risk of all causes of mortality and a 19% increased risk for CVD death among the subset
with IGT (31). In NHANES I11, however, a cross-sectional association between IGT and
nonfatal myocardial infarction and stroke was entirely attributable to traditional CVD risk
factors (32). These data highlight the need for a randomized controlled clinical trial such as
DPP to better assess causality.

CVD risk factors are typically present in individuals with IGT (33-35). Increased abdominal
obesity together with hyperinsulinemia, hypertension, elevated triglyceride levels, and lower
HDL cholesterol levels are observed in patients with IGT and constitute the core characteristics
of metabolic syndrome as defined by ATP 111 (36). A recent report from NHANES suggests
an overall metabolic syndrome prevalence in the U.S. of ~ 22% or ~ 47 million people (37).

The DPP cohort entered the study with prevalence of hypertension of 30%,
hypertriglyceridemia of 29%, and hypercholesterolemia of 44%. Annual assessment of these
outcomes demonstrated progressive increases in prevalence of hypertension and dyslipidemia
in the placebo and metformin groups with attenuation by intensive lifestyle intervention.
Aggressive blood pressure management was mandated by protocol, and all treatment groups
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demonstrated absolute reductions in systolic and diastolic blood pressures; however, intensive
lifestyle intervention achieved this with only 5% additionally requiring antihypertensive
therapy, compared with 14-15% in the placebo and metformin participants.

Annual assessment of lipids was performed and placed into risk categories according to the
ATP Il standards applicable at the time. Although mean levels of total cholesterol and LDL
cholesterol changed very little during the course of the trial and did not differ among treatment
groups, the need for LDL-lowering pharmacologic therapy was significantly less in the
intensive lifestyle group compared with that in either placebo or metformin groups (both P <
0.001). Triglyceride levels fell during intensive lifestyle intervention compared with the other
treatments, and again participants in this group required less pharmacologic intervention (12%
of participants) compared with placebo and metformin (16 and 20.1% with P < 0.03,
respectively). The deterioration in lipid levels and blood pressure demonstrated by those in the
placebo group reflect the high-risk status of our population with IGT and the lack of efficacy
of metformin in modulating that risk.

Reductions in serum triglyceride levels were accompanied by concomitant increases in HDL
cholesterol levels and LDL cholesterol size in the intensive lifestyle group, sustained over the
course of the study. LDL density, assessed by R¢, was comparable among treatment groups at
study entry with mean values at the threshold for the small dense LDL phenotype. Intensive
lifestyle intervention caused a prompt increase in LDL size with mean values well into the
large buoyant range and a significant (P < 0.001) reduction in the percentage of patients with
the proatherogenic phenotype B.

The few CVD events in the DPP did not provide adequate statistical power to test for a
significant impact of lifestyle interventions. The ongoing additional 5 years of follow-up in the
DPP Outcomes Study will permit additional study of the impact of DPP interventions on CVD
events.

In summary, intensive lifestyle intervention reduced known risk factors for CVD including
hypertension, high triglyceride levels, low HDL levels, and small dense LDL. Such risk factor
modification in other trials (38—41) resulted in substantial reductions in both fatal and nonfatal
CVD events, suggesting that prolonged observation of our cohort may ultimately demonstrate
a beneficial CVD effect of lifestyle change.
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Categorical changes in hypertension over time by treatment assignment. P represents the

pairwise comparison from generalized estimating equation models.
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Mean lipid levels by treatment assignment and year. A: Mean triglyceride levels. B: Mean

HDL cholesterol levels. C: Percent with LDL phenotype B. P represents the pairwise

comparisons of the treatment groups from repeated-measures models (A and B) and a general

estimating equation model (C).
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Prevalence of hyperlipidemia by treatment assignment. Hyperlipidemia was defined by either
treatment with cholesterol or triglyceride-lowering pharmacologic therapy or by laboratory

values meeting ATP Il criteria for institution of drug terapy. P represents the pairwise

comparison of treatment groups from generalized estimating equation models.
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