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OBJECTIVEdThe aim of this manuscript was to report the risk of incident peripheral arterial
disease (PAD) in a large randomized clinical trial that enrolled participants with stable coronary
artery disease and type 2 diabetes and compare the risk between assigned treatment arms.
RESEARCH DESIGN AND METHODSdThe Bypass Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D) trial randomly assigned participants to insulin sensitization (IS)
therapy versus insulin-providing (IP) therapy for glycemic control. Results showed similar 5-year
mortality in the two glycemic treatment arms. In secondary analyses reported here, we examine
the effects of treatment assignment on the incidence of PAD. A total of 1,479 BARI 2D participants with normal ankle-brachial index (ABI) (0.91–1.30) were eligible for analysis. The following PAD-related outcomes are evaluated in this article: new low ABI #0.9, a lower-extremity
revascularization, lower-extremity amputation, and a composite of the three outcomes.
RESULTSdDuring an average 4.6 years of follow-up, 303 participants experienced one or
more of the outcomes listed above. Incidence of the composite outcome was signiﬁcantly lower
among participants assigned to IS therapy than those assigned to IP therapy (16.9 vs. 24.1%; P ,
0.001). The difference was signiﬁcant in time-to-event analysis (hazard ratio 0.66 [95% CI 0.51–
0.83], P , 0.001) and remained signiﬁcant after adjustment for in-trial HbA1c (0.76 [0.59–0.96],
P = 0.02).
CONCLUSIONSdIn participants with type 2 diabetes who are free from PAD, a glycemic
control strategy of insulin sensitization may be the preferred therapeutic strategy to reduce the
incidence of PAD and subsequent outcomes.
Diabetes Care 36:3269–3275, 2013

P

eripheral arterial disease (PAD) is an
atherosclerotic condition characterized by chronic occlusion of the
arteries in the lower extremities. Prevalence
estimates suggest that at least ﬁve million
Americans have PAD (1,2). The presence of
PAD is a marker of generalized systemic

atherosclerosis and is associated with cardiovascular morbidity and mortality (3–8).
PAD is especially common in patients
with type 2 diabetes (9). PAD progresses
more rapidly (10) and leads to worse outcomes (11) in type 2 diabetic patients
than nondiabetic patients. Type 2 diabetic
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patients with PAD have a high risk of
functional impairment (12), mobility
loss (13), amputation (14), and cardiovascular mortality (15).
High levels of HbA1c are independently associated with increased risk of
PAD in type 2 diabetes, suggesting that
poor glycemic control may be a risk factor
for PAD (16–19). Prior reviews have speculated that treatment with insulin sensitizers may reduce the risk of PAD in type 2
diabetic patients (20–22). However, this
has never been demonstrated in a randomized controlled trial.
The Bypass Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D)
trial provides an opportunity to compare
the effects of an insulin-sensitizing (IS)
glycemic control strategy with those of an
insulin-providing (IP) strategy on the incidence of PAD in a cohort of participants
with type 2 diabetes and documented stable coronary artery disease (CAD). We previously demonstrated that mortality and
incidence of major cardiovascular events
was comparable in the glycemic control
arms (23). In this article, we present the results of secondary analyses undertaken to
examine the association between glycemic
treatment assignment and the incidence
of PAD.
RESEARCH DESIGN AND
METHODS
BARI 2D trial
A detailed explanation of the BARI 2D
trial has previously been published
(24,25). The primary aim of the BARI
2D trial was to determine the optimal
treatment for participants with type 2 diabetes and documented stable CAD. The
BARI 2D trial used a 2 3 2 factorial design
in which participants were assigned at
random to initial elective revascularization with intensive medical therapy versus intensive medical therapy alone and
simultaneously assigned at random to an
IS strategy versus an IP strategy of glycemic control. All participants were treated
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Glycemic control strategies
All BARI 2D participants were treated
with a target HbA1c ,7.0%. Participants
assigned to IP therapy could be treated
with sulfonylureas, repaglinide, nateglinide, or insulin itself. Participants assigned to IS therapy could be treated
with thiazolidinediones (glitazones) or
metformin. a-Glucosidase inhibitors
could be used with either treatment assignment. The trial was designed not to
compare speciﬁc drugs but, rather, to
compare the two mechanistically different treatment strategies. A detailed description of the BARI 2D glycemic
control protocol can be found in the study
by Magee et al. (26). Participants with
HbA1c .8.0% while taking the assigned
treatment were permitted to receive the
glucose-lowering drugs from the opposite
treatment arm to bring HbA1c within the
range 7.0–8.0%. Approximately 30% of
participants assigned to IS treatment
also required medications from the IP
arm, while 10% of participants assigned
to IP treatment required medications
from the IS arm. Nearly 90% of participants in both the IS group and the IP
group were taking their assigned medications at 3 years (23).
Diagnosis of PAD
The following lower-extremity outcomes
were analyzed: recorded decrease in
ankle-brachial index (ABI) to abnormal level
3270

(ABI #0.9), lower-extremity revascularization, and lower-extremity amputation. This
article reports incidence of each individual
outcome as well as incidence of a composite
PAD outcome including participants with
any one of the individual outcomes. Only
participants with a normal ABI (0.91–1.30)
at study entry were eligible for the primary
analysis in this study; the cutoff values for
low, normal, and high ABI were chosen in
accordance with values published in an
American Diabetes Association consensus
statement on PAD in diabetes. In secondary
analysis, we report the incidence of lowerextremity revascularization and amputation
among participants with low ABI (,0.9) at
study entry.
We have previously reported the
baseline prevalence and predictors of
abnormal ABI in the BARI 2D trial (27).
Participants with abnormal ABI at study
entry were excluded from the primary
analysis in this study because 1) participants with low ABI at study entry were
deemed as already having PAD and 2) participants with high ABI and/or noncompressible arteries are likely to have arterial
calciﬁcations that would make it difﬁcult
to diagnose PAD using the ABI. Participants with a history of lower-extremity
revascularization or lower-extremity amputation were also excluded from the primary analysis because of the likelihood
that these participants already suffered
from PAD. The algorithm for determining
PAD status in this study was as follows.
Each participant’s ABI was measured
at study entry and annually thereafter. All
ABI measurements were taken by certiﬁed
technicians using a Doppler probe. Participants were asked to rest in a supine position for 5 min, after which the technician
recorded the systolic blood pressure of
the brachial artery of both arms and the
posterior tibial artery of both ankles. The
higher of the two brachial pressures was
used to calculate ABI for each leg, and
participants were classiﬁed according to
their lowest ABI. Participants with normal ABI (0.91–1.30) at study entry were
deﬁned as incident cases of PAD if they
had an ABI #0.9 during follow-up with a
decrease of at least 0.1 from their baseline
measurement.
Participants who had a lower-extremity
revascularization or amputation during
follow-up were included in the composite
PAD outcome, even in the absence of a
recorded low ABI. We acknowledge that
lower-extremity revascularization and
amputation may be performed for reasons
other than atherosclerotic PAD, so the
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incidence of each outcome is reported in
this article as well as the composite PAD
outcome to allow reader assessment of
practical implications. Intermittent claudication was not considered as an outcome because BARI 2D did not use a
validated claudication questionnaire.
Statistical methods
The primary comparative analyses were
performed according to the intention-totreat principle. In addition, we performed
per-protocol analyses that include only
participants who remained on assigned
treatment without any use of medications
from the opposing treatment arm after the
initial 6 months of the trial when study
treatments were to be implemented and
adjusted. Descriptive statistics include
means 6 SD and proportions; medians
and interquartile ranges are presented
for highly skewed data. Variables were
compared between the two randomized
glycemic control strategies (IS vs. IP) using t tests, Wilcoxon tests, and x2 tests for
continuous, skewed continuous, and categorical data, respectively.
Kaplan-Meier estimates of the 5-year
event rates were calculated for outcomes
of interest, and log-rank tests were used to
compare the incidence of each PAD outcome by assigned glycemic control strategy for patients with normal ABI at
baseline, as described above. Time-toevent for each lower-extremity outcome was
deﬁned as time from date of randomization
to the event (new low ABI, lower-extremity
revascularization, or lower-extremity amputation); for the composite outcome,
time to event was deﬁned as time from
date of randomization to the ﬁrst event. In
the absence of an event, participants were
censored at their last full-protocol followup visit. We performed a second analysis
to compare incidence of lower-extremity
revascularization and amputation in patients with low ABI at baseline to assess the
incidence of severe outcomes in these
patients. We also calculated Kaplan-Meier
event rates for the composite PAD outcome
stratiﬁed by insulin use at study entry to see
if the effects of assigned glycemic control
strategy were consistent regardless of previous use of insulin therapy.
Cox proportional hazards models
were used to estimate hazard ratios
(HRs) and associated 95% CIs for IS
strategy with IP as the reference group.
Time to event was deﬁned in the same
fashion as that described above. A second
model was constructed with in-trial
HbA1c included as a time-varying covariate,
care.diabetesjournals.org
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medically to achieve targets of HbA 1c
,7.0%, LDL cholesterol ,100 mg/dL,
and blood pressure #130/80 mmHg. All
participants received counseling regarding smoking cessation, weight loss, and
regular exercise.
BARI 2D included 49 clinical sites
throughout North America, South America, and Europe and was coordinated at
the University of Pittsburgh. The local
institutional review boards approved the
trial protocol, and all participants provided informed consent. Recruitment began in 2001 and continued until 2005;
treatment continued until the 6-year visit
or the last annual visit before 1 December
2008. The overall study cohort for BARI
2D consisted of 2,368 participants. The
primary end point for BARI 2D was death
from any cause, and the principal secondary end point was a composite of death,
myocardial infarction, and stroke. Results
for each of these have previously been
published (23). This article reports the results of a post hoc analysis to examine PAD
and related outcomes.

Althouse and Associates
0.66 [95% CI 0.51–0.83], P , 0.001)
(Table 2). The effects of glycemic control
strategy were partially attenuated by adjustment for in-trial HbA 1c ; however,
even with adjustment for in-trial HbA1c,
there was a signiﬁcantly lower risk of PAD
in participants assigned to IS therapy (adjusted HR for IS vs. IP therapy for composite outcome = 0.76 [0.59–0.96], P =
0.02). None of the PAD outcomes were
associated with assigned cardiovascular
treatment strategy, and no interactions
between glycemic control and cardiovascular treatment strategies were statistically signiﬁcant (P . 0.10 for all).
Among participants in the per-protocol
analysis, there were signiﬁcant baseline
differences between the glycemic control
arms in average duration of diabetes, proportion using insulin at study entry, and
HbA1c (Supplementary Table 2) but not in
other risk factors such as age, smoking,
race, or baseline ABI. As in intention-totreat analyses, the results generally favor
IS therapy for each outcome (incidence
of composite outcome 12.4 vs. 26.0%,
P , 0.001; event rates for all per-protocol
comparisons shown in Supplementary
Table 3). The effects of IS therapy are also
signiﬁcant in per-protocol analyses when
using time-to-event analyses (HR for IS
vs. IP therapy for composite outcome =
0.44 [95% CI 0.31–0.62], P , 0.001)
(Supplementary Table 4). As in the intention-to-treat analyses, the effect of glycemic control strategy is partially attenuated
by adjustment for in-trial HbA1c in the
per-protocol analysis but still signiﬁcant (adjusted HR for IS vs. IP therapy for composite
outcome = 0.54 [0.37–0.79], P = 0.002).
Insulin treatment at study entry was
associated with greater risk of the composite PAD outcome (patients on insulin
26.3% vs. patients not on insulin 18.5%,
P = 0.01). There was a signiﬁcant difference in risk for the composite PAD outcome between the glycemic control arms
regardless of whether participants were
receiving insulin at study entry (Supplementary Fig. 1). The incidence of PAD
was lower in the IS arm among participants receiving insulin at study entry (IS
20.7% vs. IP 31.9%, P = 0.01) and also
those not receiving insulin at study entry
(IS 15.6% vs. IP 21.3%, P = 0.01). The
difference in PAD incidence between the
IS arm and the IP arm tended to emerge
earlier for participants on insulin at study
entry.

Figure 1dFlowchart of ABI measurements available in all BARI 2D patients (N = 2,368). Revasc, revascularization.

CONCLUSIONSdIn a large cohort
of participants with stable CAD and type

RESULTSdThe BARI 2D study population consisted of 2,368 participants with
type 2 diabetes and stable CAD. Only
participants with normal ABI at study entry
and no history of PAD were selected for this
paper’s primary analysis. 889 participants
were excluded because of history of PAD,
missing baseline ABI, or abnormal baseline
ABI, leaving 1,479 BARI 2D participants
eligible for this analysis (Fig. 1). The participants excluded from this analysis were
generally older, heavier, and more likely
to be smokers; had higher systolic blood
pressure, higher pulse pressure, and a longer duration of diabetes; and were more
likely to have renal dysfunction at study
entry than those included in this analysis
(data not shown). Since many of the participants excluded from this analysis had a
history of PAD, this is consistent with expectations.
Participants included in the intentionto-treat analysis were age 61.9 6 8.0 years
old; 72% were male and 15% were black.
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The distribution of baseline lipid values,
blood pressure, glycemic control, and renal function were similar between the assigned glycemic treatment groups (Table
1). The mean ABI at study entry was 1.10
in the IS group and 1.09 in the IP group
(P = 0.23). There were no signiﬁcant differences in major baseline demographic or
clinical characteristics between the assigned glycemic treatment groups.
Incidence of the composite PAD outcome was signiﬁcantly lower in the IS arm
than in the IP arm (16.9 vs. 24.1%, P ,
0.001; event rates for all intention-to-treat
comparisons in Supplementary Table 1).
On the time-to-event curve, the difference
becomes noticeable after 3 years and increases during longer follow-up (Fig. 2).
With each clinical outcome examined
separately, participants assigned to IS
therapy had a signiﬁcantly lower rate of
low ABI (16.5 vs. 22.7%, P , 0.001) and
amputation (0.1 vs. 1.6%, P = 0.002)
and a moderately lower rate of lowerextremity revascularization (1.1 vs. 2.6%,
P = 0.07) than those assigned to IP therapy.
Among participants with low ABI at baseline, we observed no signiﬁcant difference
between the IS arm and IP arm in risk of
lower-extremity revascularization (7.7 vs.
6.7%, P = 0.68) or lower-extremity amputation (3.4 vs. 7.2%, P = 0.08).
The lower risk of PAD and related
outcomes in participants assigned to IS
therapy was also signiﬁcant in time-toevent analyses using Cox models (HR for
IS vs. IP therapy for composite outcome =

updated at the time of each new ABI measurement, to determine whether potential
differences between IS and IP strategy
were attenuated by adjustment for glycemic control. The effects of assigned cardiovascular treatment strategy and the
interaction between the assigned glycemic
control strategy and cardiovascular treatment strategy were also tested. P values
,0.05 were considered statistically significant; no adjustment was made for multiple comparisons.

Insulin sensitizers may reduce risk of PAD
Table 1dBaseline characteristics of BARI 2D patients with normal ABI at study entry
(N = 1,479) by assigned glycemic control strategy
Assigned glycemic control strategy
P

N
Age at study entry (years)
Sex (male), %
Race (black), %
BMI (kg/m2)
Current smoker, %
Cholesterol (mg/dL)
LDL (mg/dL)
HDL (mg/dL)
Triglycerides (mg/dL)**
Systolic BP (mmHg)
Diastolic BP (mmHg)
Pulse pressure (mmHg)
CRP (mg/mL)**
Number of vessels .50% stenosis
0/1
2
3
Proximal LAD .50% stenosis
Left ventricular ejection fraction
Baseline ABI
Duration of diabetes (years)
HbA1c, % (mmol/mol)
Diabetic peripheral neuropathy*
eGFR**
eGFR ,60, %
ACR (mg/g)**
Albuminuria
No albuminuria (ACR ,30), %
Microalbuminuria (30 , ACR , 300), %
Macroalbuminuria (ACR .300), %
Diabetes medications at study entry
Insulin, %
Sulfonylurea, %
Metformin, %
Thiazolidinediones, %

735
61.8, 8.9
71.7
16.2
31.6, 5.9
11.7
166.7, 41.0
94.4, 33.0
37.6, 9.6
146 (99–217)
130.9, 18.7
75.0, 11.0
55.9, 15.1
2.1 (1.0–5.7)

744
62.0, 8.7
71.9
14.5
31.4, 5.6
11.4
170.2, 39.6
96.7, 31.8
38.2, 10.1
152 (108–220)
130.0, 19.1
74.3, 10.6
55.7, 14.7
2.2 (1.0–5.2)

0.68
0.92
0.37
0.48
0.87
0.11
0.18
0.25
0.37
0.39
0.26
0.78
0.72

37.6
33.2
29.1
12.1
57.6, 10.7
1.10, 0.10
9.4, 8.0
7.6 (60), 1.6
50.8%
77.6 (63.8–91.5)
19.8
10.7 (4.8–42.4)

32.4
38.7
28.8
15.2
58.1, 10.7
1.09, 0.11
9.9, 8.2
7.7 (61), 1.6
49.2%
76.6 (64.2–91.5)
18.8
10.8 (5.2–34.6)

0.07

0.08
0.42
0.23
0.25
0.10
0.75
0.93
0.62
0.80

70.0
22.6
7.4

72.8
20.1
7.1

0.49

25.6
53.4
55.9
20.6

25.7
53.4
55.8
17.2

0.97
0.99
0.98
0.10

Data are mean, SD, or percentages unless otherwise indicated. Asterisks next to variable names denote which
variables are presented as median (quartile 1–quartile 3). ACR, albumin-to-creatinine ratio; BP, blood
pressure; CRP, C-reactive protein; eGFR, estimated glomerular ﬁltration rate; LAD, left anterior descending.
*Diabetic peripheral neuropathy assessed using Michigan Neuropathy Screening Instrument (clinical score
$2). **Triglycerides, estimated glomerular ﬁltration rate, albumin-to-creatinine ratio, and C-reactive protein
are presented as median (quartile 1–quartile 3) because of their skewed distribution.

2 diabetes, participants assigned to IS
therapy experienced signiﬁcantly fewer
cases of incident PAD than participants
assigned to IP therapy over an average of
4.6 years of clinical follow-up. The difference in PAD risk between the glycemic
control arms was signiﬁcant regardless of
assigned cardiovascular treatment strategy and consistent in both intention-totreat analyses and per-protocol analyses.
The results also favored IS therapy for
patients receiving insulin at study entry as
3272

well as those not receiving insulin at study
entry. This is the ﬁrst randomized controlled trial to demonstrate that treatment
with IS agents reduces the risk of incident
PAD in participants with type 2 diabetes.
The reduction in risk of amputation
or revascularization with IS therapy was
not as pronounced for patients with low
ABI at baseline, although the incidence of
each outcome was still lower for patients
assigned to IS therapy than for patients
assigned to IP therapy. This could be
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IP

IS

explained in two ways. First, perhaps IS
therapy does have a beneﬁt for these
patients, but there was insufﬁcient sample size to detect an effect in the subgroup
with low ABI at study entry. Alternatively, it is possible that the beneﬁt of IS
therapy on peripheral outcomes is lessened in patients with existing PAD because the disease in the lower extremities
has advanced beyond “prevention” of the
atherosclerotic process in this vascular
bed.
The only previous study to
demonstrate a similar result is the PROactive trial, which found that treatment
with pioglitazone versus placebo resulted
in a moderate decrease in the rate of leg
revascularizations and amputations
among participants free from PAD at
study entry (28). Notably, the BARI 2D
results demonstrate an even stronger beneﬁt of IS therapy in this population. This
may be explained by the shorter followup time in PROactive (3 years) than BARI
2D (5 years), since the BARI 2D results
showed that the treatment beneﬁt of IS
therapy began to emerge around 3 years
and progressively increased thereafter. It
could also be a result of moderate differences in treatment protocol; PROactive
randomly assigned patients to pioglitazone or placebo in the setting of continued additional diabetes therapy, whereas
BARI 2D assigned patients to an IS strategy or to an IP strategy.
One potential mechanism through
which IS treatment may have reduced
the risk of PAD incidence in BARI 2D is
better glycemic control; we have previously reported that participants assigned
to IS had lower HbA1c than participants
assigned to IP during BARI 2D follow-up
(29). However, the treatment difference
reported here was signiﬁcant after adjustment for in-trial HbA1c, suggesting that IS
therapy conferred a beneﬁt beyond better
glycemic control.
Furthermore, previous trials of intensive glucose-lowering therapy have not
demonstrated a consistent reduction in
macrovascular outcomes. The Veterans
Affairs Diabetes Trial (VADT), the Action
to Control Cardiovascular Risk in Diabetes (ACCORD) trial, and the Action in
Diabetes and Vascular Disease: Preterax
and Diamicron Modiﬁed Release Controlled Evaluation (ADVANCE) trial all failed
to demonstrate that intensive glucoselowering therapy reduced the risk of macrovascular outcomes (30–32). With that in
mind, the BARI 2D results are particularly
encouraging because the decreased risk of

Althouse and Associates

PAD in participants assigned to IS therapy was signiﬁcant even while adjusting
for in-trial glycemic control, suggesting
that improvements in macrovascular outcomes may be achieved by changing the
mechanistic approach rather than targeting a lower HbA1c.
care.diabetesjournals.org

A second plausible mechanism of the
reduced PAD risk with IS therapy may be
the anti-inﬂammatory effects of t thiazolidinediones used in the BARI 2D trial,
which may retard atherosclerosis development and progression (33,34). We have
previously reported that the IS strategy led
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Figure 2dCumulative incidence of PAD and related outcomes by assigned glycemic control
strategy.

to changes in biomarker proﬁles indicative
of a proﬁbrinolytic, antithrombotic, and
anti-inﬂammatory state (29). This could
contribute to the lower incidence of PAD
in the IS group. While thiazolidinediones
have been shown to induce and maintain
the regression of carotid intima-media
thickness in participants with type 2 diabetes (35), to our knowledge no previous
study has reported an effect on PAD. However, because the BARI 2D trial was designed to examine mechanistically different
treatment strategies rather than individual
drugs, we cannot say for certain whether
thiazolidinediones alone were responsible
for the reduction in PAD risk.
It is also plausible that the observed
results reﬂect a harmful effect of IP therapy rather than a protective beneﬁt of IS
therapy. Hyperinsulinemia has long
been a known risk factor for atherosclerosis, although the causality of the relationship is controversial, and the
mechanism is unclear. One study suggests that hyperinsulinemia may promote
atherosclerosis by promoting macrophage foam cell accumulation (36). However, this is not clearly established; further
research is needed to determine the potential atherogenic effects of insulin.
To date, no pharmacologic therapies
have proven to reduce the risk of incident
PAD in type 2 diabetic patients. The Fenoﬁbrate Intervention and Event Lowering in
Diabetes (FIELD) study has reported lower
amputation rates in patients assigned to
treatment with fenoﬁbrate versus placebo;
however, PAD status at study entry was not
reported for the FIELD results, so we are
uncertain whether these ﬁndings extend to
incident cases of PAD (37). For patients
with PAD, current American College of
Cardiology/American Heart Association
guidelines recommend aggressive management of atherosclerotic risk factors to reduce future cardiovascular events (38).
Exercise conditioning (39) and smoking
cessation (40) have proven beneﬁcial effects for those with PAD, but these are generally recommended for all type 2 diabetic
patients regardless of their effects on PAD
risk. Notably, while all participants in BARI
2D received intensive medical therapy,
counseling regarding smoking cessation,
and regular exercise, treatment with IS
agents still resulted in fewer cases of incident PAD than treatment with IP agents.
One potential limitation of this research is the composition of the BARI 2D
population, which was restricted to patients with documented CAD suitable
for elective revascularization and type 2

Insulin sensitizers may reduce risk of PAD
Table 2dEffects of assigned glycemic control strategy on lower-extremity outcomes
(N = 1,479)
Unadjusted

PAD
Incident low ABI
Lower-extremity
revascularization
Lower-extremity
amputation

Adjusted for in-trial HbA1c
HR*

95% CI

P

0.66 0.51–0.83 ,0.001
0.68 0.54–0.85
0.001

0.76
0.73

0.59–0.96
0.57–0.93

0.02
0.002

25

0.47 0.20–1.09

0.08

0.58

0.24–1.37

0.22

13

0.08 0.01–0.63

0.02

0.12

0.02–0.91

0.04

Events (n) HR*

Outcome

303
290

95% CI

P

HR, hazard ratio. *Hazard ratios are for IS arm vs. IP arm (reference group).
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