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LOWER EXTREMITY PERIPHERAL AR-
terial disease (PAD) affects 1 in
16 US adults 40 years or older.1

Men and women with PAD have
greater functional impairment and more
rapid rates of functional decline than
those who do not have PAD.2-4
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Context Neither supervised treadmill exercise nor strength training for patients with
peripheral arterial disease (PAD) without intermittent claudication have been estab-
lished as beneficial.

Objective To determine whether supervised treadmill exercise or lower extremity
resistance training improve functional performance of patients with PAD with or with-
out claudication.

Design, Setting, and Participants Randomized controlled clinical trial per-
formed at an urban academic medical center between April 1, 2004, and August 8,
2008, involving 156 patients with PAD who were randomly assigned to supervised
treadmill exercise, to lower extremity resistance training, or to a control group.

Main Outcome Measures Six-minute walk performance and the short physical
performance battery. Secondary outcomes were brachial artery flow-mediated dila-
tion, treadmill walking performance, the Walking Impairment Questionnaire, and the
36-Item Short Form Health Survey physical functioning (SF-36 PF) score.

Results For the 6-minute walk, those in the supervised treadmill exercise group in-
creased their distance walked by 35.9 m (95% confidence interval [CI], 15.3-56.5 m;
P� .001) compared with the control group, whereas those in the resistance training
group increased their distance walked by 12.4 m (95% CI, −8.42 to 33.3 m; P=.24)
compared with the control group. Neither exercise group improved its short physical
performance battery scores. For brachial artery flow-mediated dilation, those in the
treadmill group had a mean improvement of 1.53% (95% CI, 0.35%-2.70%; P=.02)
compared with the control group. The treadmill group had greater increases in maxi-
mal treadmill walking time (3.44 minutes; 95% CI, 2.05-4.84 minutes; P� .001); walk-
ing impairment distance score (10.7; 95% CI, 1.56-19.9; P=.02); and SF-36 PF score
(7.5; 95% CI, 0.00-15.0; P=.02) than the control group. The resistance training group
had greater increases in maximal treadmill walking time (1.90 minutes; 95% CI, 0.49-
3.31 minutes; P=.009); walking impairment scores for distance (6.92; 95% CI, 1.07-
12.8; P=.02) and stair climbing (10.4; 95% CI, 0.00-20.8; P=.03); and SF-36 PF score
(7.5; 95% CI, 0.0-15.0; P=.04) than the control group.

Conclusions Supervised treadmill training improved 6-minute walk performance,
treadmill walking performance, brachial artery flow-mediated dilation, and quality of
life but did not improve the short physical performance battery scores of PAD partici-
pants with and without intermittent claudication. Lower extremity resistance training
improved functional performance measured by treadmill walking, quality of life, and
stair climbing ability.

Trial Registration clinicaltrials.gov Identifier: NCT00106327
JAMA. 2009;301(2):165-174 www.jama.com
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Supervised treadmill exercise im-
proves treadmill walking perfor-
mance in people with PAD who have
symptoms of intermittent claudica-
tion.5 However, to what extent such
training improves the physical capa-
bilities of those with PAD without
symptoms of intermittent claudica-
tion remains unanswered. Most pa-
tients with PAD do not have classic
symptoms of intermittent claudica-
tion, either because they are asymp-
tomatic or because they have exer-
tional leg symptoms other than
intermittent claudication.2,6-9 Individu-
als with PAD who do not have classic
intermittent claudication symptoms
have comparable or greater functional
impairment and functional decline than
those without PAD.2,3,6,9 However, no
prior exercise interventions have been
tested on PAD participants with and
without classic symptoms of intermit-
tent claudication.

Additionally, benefits of lower ex-
tremity resistance (strength) training in
PAD are unclear. Adults with PAD have
smaller calf muscle area and poorer leg
strength than those without PAD, and
these muscle characteristics are asso-
ciated with greater functional impair-
ment among people with PAD.10,11

However, clinical trials of lower ex-
tremity resistance training in persons
with PAD have been small, have yielded
mixed results, and have excluded PAD
participants without classic symp-
toms of intermittent claudication.12,13

We performed a randomized con-
trolled clinical trial involving men and
women with PAD to address 2 clinical
questions. First, we determined whether
supervised treadmill exercise im-
proves functional performance and
other outcomes among participants
with PAD with and without classic in-
termittent claudication symptoms. Sec-
ond, we determined whether lower ex-
tremity-resistance training improves
functional performance and other out-
comes in participants with PAD with
and without classic intermittent clau-
dication symptoms. Each interven-
tion group was compared with a con-
trol group.

METHODS
The institutional review boards of the
participating hospitals and medical cen-
ters approved the protocol. Participants
provided written informed consent.

In this randomized controlled clini-
cal trial, participants were assigned to 1
of 3 groups: a supervised treadmill ex-
ercise, supervised lower extremity re-
sistance training, or control group. The
resistance training intervention in-
cluded only lower extremity exercises.
Data collection and study interven-
tions were performed at Northwestern
University Feinberg School of Medi-
cine between April 1, 2004, and Au-
gust 19, 2008.

Participant Identification

Eighty-five participants were re-
cruited from newspaper and radio ad-
vertisements and 37 from among con-
secutive patients diagnosed with PAD
in the noninvasive vascular laborato-
ries and relevant clinics at Northwest-
ern Memorial Hospital and other Chi-
cago-area hospitals. Previous studies
demonstrate that most patients diag-
nosed with PAD in noninvasive vascu-
lar laboratories do not have classic in-
termittent claudication symptoms.3,6

Remaining participants were re-
cruited from mailings to Chicago resi-
dents 60 years and older, posted fly-
ers, recruitment mailings to people
identified with PAD in the Lifeline of
Screening program, and community
outreach methods.14

Inclusion and Exclusion Criteria

The inclusion criterion was an ankle
brachial index (ABI) of 0.95 or
lower.15-17 Exclusion criteria were de-
mentia, critical limb ischemia, foot ul-
cers, major amputation, nursing home
residence, inability to walk on a tread-
mill, inability to exercise at the medi-
cal center 3 times weekly, failure to
complete exercise run-in sessions, ma-
jor surgery or a myocardial infarction
within the past 3 months, major sur-
gery planned in the next year, current
participation in other clinical trials,
baseline exercise comparable with that
offered in either exercise group, abnor-

mal baseline exercise stress test, walk-
ing limitation from a cause other than
PAD, poorly controlled hypertension,
and a baseline short physical perfor-
mance battery score of 12 (ie, maxi-
mal possible score).

ABI Measurement

A handheld Doppler probe (Nicolet
Vascular Pocket Dop II; Nicolet Bio-
medical Inc, Golden, Colorado) was
used to obtain systolic pressures in the
right and left brachial, dorsalis pedis,
and posterior tibial arteries.2,3,18 Each
pressure was measured twice. The ABI
was calculated by dividing the mean of
the dorsalis pedis and posterior tibial
pressures in each leg by the mean of the
4 brachial pressures.18 Average pres-
sures in the arm with the highest pres-
sure were used when 1 brachial pres-
sure was higher than the opposite
brachial pressure in both measure-
ment sets and the 2 brachial pressures
differed by 10 mm Hg or higher in 1
measurement set.19

Medical History

Medical history, race, and demograph-
ics were obtained using patient re-
port.20 Race data were obtained to de-
termine whether black participants
were equally distributed across the 3
study groups. Prior study indicates that
among persons with PAD, blacks have
poorer functional performance than
whites.21

Leg Symptoms

Leg symptoms were characterized using
the San Diego claudication question-
naire.22 Intermittent claudication was
defined as exertional calf pain that does
not begin at rest, causes the partici-
pant to stop walking, and resolves
within 10 minutes of rest.21 Partici-
pants without intermittent claudica-
tion were either asymptomatic (ie, no
exertional leg symptoms) or had exer-
tional leg symptoms not consistent with
intermittent claudication.22

Outcomes

Outcomes were measured before ran-
domization and at the 6-month follow-
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up. Examiners were blinded to partici-
pant group ass ignment . The 2
prespecified primary outcomes were the
6-minute walk test and the short physi-
cal performance battery. The 6-minute
walk was a primary outcome because
persons with PAD are primarily lim-
ited in walking endurance.2,3,6 Tread-
mill walking performance was not a pri-
mary outcome because treadmill
performance is susceptible to a learn-
ing effect23 and participants random-
ized to treadmill exercise practiced
treadmill walking during exercise ses-
sions. Furthermore, corridor walking
such as that measured in the 6-minute
walk may better represent community
walking performance than treadmill
walking.19,24-26 The short physical per-
formance battery is a functional per-
formance measure that depends on leg
strength and balance,27,28 which were
targets of the lower extremity resis-
tance training intervention. Lower short
physical performance battery scores are
associated with increased mobility loss
among persons with PAD.4

Secondary outcomes were brachial
artery flow mediated dilation and physi-
cal activity. Exploratory outcomes were
treadmill walking performance, qual-
ity of life, and leg strength.

Six-Minute Walk. Following a stan-
dardized protocol,2-4,6,29 participants
walk up and down a 100-foot hallway
for 6 minutes after instructions to cover
as much distance as possible. The dis-
tance completed after 6 minutes was re-
corded. The intraclass correlation co-
efficient for test retest reliability of the
6-minute walk was 0.90 (P � .001)
among 155 PAD participants in our
laboratory who completed 2 tests 1 to
2 weeks apart.

Short Physical Performance Battery.
The short physical performance bat-
tery combines data from usual paced
4-m walking velocity, time to rise and
stand from a seated position 5 times,
and standing balance.4,27,28 Individuals
receive a score of 0 for each task they
are unable to complete. Scores of 1 to
4 are assigned for remaining tasks,
according to established meth-
ods.4,27,28 Scores are summed to obtain

the short physical performance bat-
tery, ranging from 0 to 12.22,23 Test
retest reliability of the short physical
per formance bat te ry was 0 .77
(P � .001) among 151 PAD partici-
pants in our laboratory who com-
pleted 2 tests 1 to 2 weeks apart.

Repeated Chair Rises. Participants sit
in a straight-backed chair with arms
folded across their chest and stand 5
times consecutively as quickly as pos-
sible. Time to complete 5 chair rises is
measured.27,28

Standing Balance. Participants are
asked to hold 3 increasingly difficult
standing positions for 10 seconds each:
the side-by-side stand, semi-tandem
stand (standing with feet parallel and
the heel of 1 foot touching the base of
the first toe of the opposite foot), and
the full-tandem stand (standing with 1
foot directly in front of the other).27,28

Scores range from 0 (unable to hold the
side-by-side stand for 10 seconds) to 4
(able to hold the full-tandem stand for
10 seconds).27,28

Four-Meter Walking Velocity. Walk-
ing velocity was measured with a
4-meter walk performed at usual pace,
according to previously described
methods.2-4,22,23 To account for pos-
sible learning effects, we measured the
short physical performance battery
and 6-minute walk at 2 separate base-
line visits, approximately 1 to 2 weeks
apart. Performance at the second visit
was used as the baseline value. How-
ever, 5 participants had the short
physical performance battery mea-
sured at only 1 baseline visit and their
first (only) score was used as their
baseline value.

Brachial Artery Flow-Mediated
Dilation. Brachial artery flow-mediated
dilation was measured after a 12-hour
fast by trained registered diagnostic car-
diac sonographers, using standard pro-
cedures.30,31 Participants were in-
structed to hold medications and not
exercise or smoke prior to testing. Par-
ticipants whose brachial systolic pres-
sure differed by more than15 mm Hg
between the right and left arms, those
with a radical mastectomy, and those
with a history of Raynaud phenom-

enon were excluded from flow-
mediated dilation testing. The proxi-
mal brachial artery was imaged (B-
mode and Doppler) using a linear array
vascular ultrasound transducer (Se-
quoia Model 256, Siemens Medical So-
lutions, Hoffman Estates, Illinois; fre-
quency, 8 MHz; range, 5-8 MHz). A
blood pressure cuff proximal to the vi-
sualized brachial artery segment was in-
flated for 4 minutes at 50 mm Hg above
systolic pressure. Longitudinal images
of the brachial artery and Doppler blood
flow were obtained 60 seconds after cuff
deflation.30 Images were interpreted by
a single reader at the University of Wis-
consin Atherosclerosis Imaging Re-
search Program Core Laboratory, using
established standards.31 Measurement
reproducibility in the core laboratory
has a median flow-mediated dilation
difference of 0.02% (interquartile range,
−0.03 to 0.04) on blinded repeated read-
ings.

Physical Activity. Habitual physi-
cal activity was measured objectively
over 7 days using a vertical accelerom-
eter (Caltrac, Muscle Dynamics Fit-
ness Network, Inc, Torrance, Califor-
nia) according to established methods,
yielding activity units.32-34

Treadmill Walking Performance.
Maximal treadmill walking time and
time to onset of ischemic leg symp-
toms were measured using the Gardner-
Skinner protocol.23,35 This protocol has
a coefficient of variation of approxi-
mately 12% in persons with PAD.23,35

Quality of Life. The Walking Im-
pairment Questionnaire is a PAD-
specific measure of self-reported walk-
ing limitations with 3 domains: walking
distance, walking speed, and stair
climbing.36 Each domain is scored on
a 0 to 100 scale, for which 0 repre-
sents the most extreme limitation and
100 represents no difficulty walking
long distances, walking rapidly, or
climbing 3 stair flights, respectively.36

We used the Medical Outcomes Study
Short-Form 36 (SF-36) to assess func-
tional status in the physical function-
ing domain.37

Strength Measures. Maximum iso-
metric knee extension and plantar
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flexion strength were measured in
newtons over 6 seconds with a com-
puterized strength chair (Good
Strength Chair, Metitur Oy, Jyvasklya,
Finland).11,38 Two trials were per-
formed, and the maximum was used in
analyses.11 The Good Strength Chair has
high test retest reliability (Pearson prod-
uct moment correlations,0.88-0.96).38

Knee extension power was measured in
watts using the Nottingham power
rig.11,39

Other Measures. Height and weight
were measured at baseline. Body mass
index (BMI) was calculated as weight
in kilograms divided by height in me-
ters squared.2

Randomization and Study
Interventions

After baseline testing, eligible partici-
pants were randomized by computer
using a randomly permuted block
method. Randomization was stratified
by the presence vs absence of intermit-
tent claudication.

The supervised treadmill exercise
intervention consisted of treadmill
exercise 3 times a week for 24 weeks,
supervised by an exercise physiolo-
gist. Participants began with 15 min-
utes of exercise and increased to 40
minutes by week 8. Initial treadmill
walking speed was 2.0 mph per hour
or lower if the participant was unable
to keep that pace. Between weeks 8
and 24, attempts to increase exercise
intensity were made at least weekly
either by increasing treadmill speed or
by increasing the treadmill grade. Par-
ticipants with leg symptoms were
encouraged to exercise to near maxi-
mal leg symptoms. Asymptomatic
participants were encouraged to exer-
cise to a level of 12 to 14 (moderately
hard) on the Borg rating of perceived
exertion scale.40

Supervised Lower Extremity Resis-
tance Training. Participants in the
lower extremity resistance training
group exercised 3 times a week for 24
weeks with a certified trainer. Partici-
pants performed 3 sets of 8 repetitions
of knee extension, leg press, and leg
curl exercises using standard equip-

ment. For each exercise, the 1 repeti-
tion maximum (1 rm) was measured
at baseline and subsequently every 4
weeks. Participants began exercising
at 50% of their 1 rm. Weights were
increased over the first 5 weeks until
participants were lifting 80% of their
1 rm. Weights were adjusted after
each monthly 1 rm and as needed to
achieve an exercise intensity of a rat-
ing of perceived exertion of 12 to 14.
Participants also performed 3 sets of 8
repetitions of squat and toe rise exer-
cises. The toe rise exercises were plan-
tar extension exercises, in which par-
ticipants assumed a tip-toe position
and lowered themselves 8 times con-
secutively.

Control. Those in the control
group participated in 11 nutritional
information sessions over 6 months.
The 1-hour sessions were intended to
provide regular contact with partici-
pants in the control group. Session
topics included nutritional supple-
ments, healthful restaurant eating,
and increasing fruit and vegetable
consumption. Sessions were led by
registered dieticians but were not
designed to change behavior.

Sample-Size Calculations

Power calculations assumed that 50
participants in each group would
complete 6-month follow-up and that
2 separate 2-sample t tests using a
2-sided � of .05 would be conducted.
The study was designed to have 80%
power to detect a difference of 30 m
change in the 6-minute walk distance
and a difference of 0.97 change in the
short physical performance battery
between basel ine and 6-month
follow-up between each exercise and
control group. These differences rep-
resent clinically meaningful change in
study outcomes.41 Power analyses
assumed pooled standard deviations
of 54 m and 1.74 units, respectively.
Because the number of participants
who actually completed 6-month
follow-up testing was slightly lower,
power was reduced to 0.76 to 0.79 for
comparisons of each exercise group
with the control group.

Statistical Analyses
�2 Tests and 1-way analyses of vari-
ance were used to compare character-
istics of participants across the 3 groups
at baseline. Two sample, 2-sided t tests
were used to compare changes in out-
comes between baseline and 6-month
follow-up between each exercise group
and the control group, respectively,
without adjustments for multiple
comparisons. A priori, the P value con-
sidered statistically significant was
P� .05. Because of skewed distribu-
tions for quality-of-life measures and
brachial artery flow-mediated dila-
tion, differences in median values for
these outcomes were compared using
Kruskal-Wallis analysis of variance
and Wilcoxon rank sum tests, with
Hodges-Lehman 95% confidence in-
tervals (CIs) computed for between-
group differences.42

Intention-to-treat analyses were
performed.43 Analyses were repeated
using multiple imputation for persons
who died or dropped out before com-
pleting 6-month follow-up testing.44,45

The multiple imputation for missing
6-month data was performed using
SAS Proc MI (SAS Institute Inc, Cary,
North Carolina) to obtain 5 imputed
data sets. Results were combined
using Proc Combine. Variables used
to impute data sets included age, ABI,
BMI, sex, race, smoking status, base-
line outcome values, leg symptoms,
and comorbidities. Imputations were
performed with and without 4 partici-
pants: 2 who died, 1 diagnosed with
end-stage renal disease, and 1 diag-
nosed with lung cancer. Analyses
were performed using SAS computer
software version 9.2.

RESULTS
Of 1009 potential participants who
scheduled a baseline visit, 263 failed to
show for their appointment and 261
had an ABI higher than 0.95. Of the re-
maining 485, there were 329 who met
an exclusion criterion, leaving 156 eli-
gible participants (FIGURE). Among
those who scheduled a baseline visit,
the average age of randomized vs
nonrandomized participants was
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73.73 vs 70.62 (P= .002). Random-
ized vs nonrandomized participants in-
cluded 52% vs 46% women (P=.17) and
39.7% vs 36.0% blacks (P=.37). There
were no differences in baseline char-
acterist ics across the 3 groups
(TABLE 1).

Among participants in the tread-
mill exercise, resistance training, and
control groups, median session atten-
dance rates were 85%, 92%, and 100%,
and 6-month follow-up data were ob-
tained in 98%, 89%, and 91%, respec-
tively. Two participants (1 in the resis-
tance training group and 1 in the
control group) died from cancer be-
fore the 6-month follow-up.

Primary Outcomes

For the 6-minute walk, those in the su-
pervised treadmill exercise group in-
creased their distance from baseline by
a mean of 20.9 m vs those in the con-
trol group whose distance decreased
from baseline by a mean of −15.0 m, for
a mean increase of 35.9 m between
groups (95% CI, 15.32-56.54 m;
P� .001). Participants in the lower ex-
tremity resistance training group did
not experience change in their 6-minute
walk performance compared with the
control group (12.4 m, 95% CI, −8.42
to 33.25 m; P=.24)(TABLE 2).

There were no differences in change
in short physical performance battery
score between the treadmill exercise
and control groups or between the
resistance training and the control
groups at the 6-month follow-up
(Table 2). Results for primary out-
comes were not substantially changed
when analyses were repeated using
multiple imputation methods with
and without the 4 participants with
extreme outcomes (death or serious
illness). Similarly, results were not
substantially changed when analyses
were repeated substituting baseline
values for the 6-month follow-up time
point for participants who did not
return for follow-up, with and without
exclusion of the 4 participants with
extreme outcomes. Findings would be
unchanged with multiple comparison
adjustment (P� .025).

Secondary Outcomes
One hundred-one participants met
inclusion criteria for brachial artery
flow-mediated dilation testing and
adhered to requirements for testing. At
the 6-month follow-up, participants in
the treadmill exercise group had more
favorable changes in brachial arterial
flow-mediated dilation than the con-
trol group (1.53%; 95% CI, 0.35%-
2.70%; P=.02 and 0.06 mm; 95% CI,
0.00-0.11 mm; P= .04). Changes in
brachial artery flow-mediated dilation
among participants in the resistance
training group were not different from
the control group (Table 2). At the
6-month follow-up, there were no dif-

ferences in changes in accelerometer-
measured physical activity in either
exercise group compared with the
control group (Table 2).

Exploratory Outcomes

Participants in the treadmill exercise
and in the resistance training groups
each had significantly greater in-
creases in mean maximum treadmill
walking time at the 6-month follow-
up, than the control group (3.44 min-
utes, 95% CI, 2.05-4.84 minutes;
P� .001 for the treadmill group and
1.90 minutes, 95% CI, 0.49-3.31 min-
utes, P=.009 for the resistance train-
ing group; TABLE 3). Participants in the

Figure. Study Participation and Follow-up Rates Among Participants in the Study to Improve
Leg Circulation

156 Randomized

52 Randomized to lower extremity
resistance training
1 Lost interest after randomization

51 Received allocated intervention

51 Randomized to supervised treadmill
1 Developed severe kidney

disease after randomization
50 Received allocated intervention

53 Randomized to attention control
group
1 Dropped out after allocation

52 Received allocated intervention

1009 Assessed for eligibility

3 Discontinued intervention
1 Medical leave
2 Lost interest

4 Lost interest
1 Died of cancer
1 Diagnosed with cancer

6 Did not complete follow-up

3 Discontinued intervention
1 Had myocardial infarction
2 Lost interest

6 Did not complete follow-up
due to severe kidney disease

5 Did not complete follow-up
4 Lost interest
1 Died of cancer

46 Included in primary analysis
6 Excluded from analysis

1 Died
5 Refused follow-up testing

48 Included in primary analysis
5 Excluded from analysis

1 Died
4 Refused follow-up testing

50 Included in primary analysis
1 Excluded (refused follow-up testing)

853 Excluded
261 ABI >0.95
123 Baseline SPPB of 12
57 Unable to come 3 times weekly
32 Abnormal baseline stress test
24 Walking limited by a non-PAD condition
23 Failure to complete 6 run-in sessions
14 Already exercising regularly
12 Major surgery planned during next year
9 Poorly controlled blood pressure
8 Nursing home resident or extreme frailty
6 Unstable angina
6 Critical limb ischemia or foot ulcers
6 Dementia
5 Inability to walk on a treadmill
2 Major surgery or myocardial infarction

in previous 3 months
1 Above- or below-knee amputation
1 Unable to speak English

263 Did not show or cancelled appointment

Fifty-two individuals either attended the control sessions or received a make-up packet in the mail and a tele-
phone call. Eleven individuals did not attend any control sessions but did receive a make-up packet and tele-
phone call; 4 of these individuals did not complete the follow-up. ABI indicates ankle-brachial index, SPPB,
short physical performance battery.
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treadmill exercise group had greater
mean increases in treadmill time to on-
set of ischemic leg symptoms than the
control group (1.65 minutes; 95% CI,
0.34-2.95; P=.01; Table 3). Similarly,
the treadmill exercise group had sig-
nificantly greater mean improvement in
their SF-36 physical functioning score
(7.50; 95% CI, 0.00-15.0; P=.02) and
in their walking impairment distance
score (10.7; 95% CI,1.56-19.9; P=.02)
than the control group (Table 3). The
resistance training group had greater
mean improvement in their SF-36
physical functioning score (7.50; 95%
CI, 0.00-15.0; P=.04) and in their walk-
ing impairment distance (6.92; 95% CI,
1.07-12.8; P=.02) and stair climbing
scores (10.4; 95% CI, 0.00-20.8; P=.03)
than the control group (Table 3).

Participants in the treadmill group
did not have greater improvement in
any leg strength measure at 6 months
than the control group (Table 3). The
resistance training group improved iso-

metric knee extension strength com-
pared with the control group (mean,
80.2 N; 95% CI, 36.8-124 N, P� .001;
Table 3).

Associations of treadmill exercise
with greater absolute change in bra-
chial artery flow-mediated dilation and
associations of lower extremity resis-
tance training with improved SF-36
physical functioning score compared
with the control group would not be
statistically significant after multiple
comparison adjustment at P� .025.

The study was not designed to have
statistical power for comparing differ-
ences in outcomes between the 2 ex-
ercise groups. However, the treadmill
exercise group had greater increases in
the 6-minute walk distance (23.5 m;
95% CI, 2.8-44.2 m; P=.03) and in the
maximum treadmill walking time (1.54
minutes; 95% CI, 0.17-2.92 minutes;
P=.03) compared with the resistance
group. Participants in the resistance
group experienced greater increases

in knee extension isometric strength
(83.5 N; 95% CI, 39.4-127.6 N;
P�.001) and in knee extension power
(14.4 W; 95% CI, 1.43-27.4 W; P=.03)
compared with the treadmill exercise
group.

The study also was not designed to
have statistical power for comparing dif-
ferences in outcomes between differ-
ent leg symptom groups. The magni-
tude of change for our primary
outcomes was reasonably similar be-
tween participants with vs without in-
termittent claudication and between
asymptomatic participants vs sympto-
matic participants (data not shown).

Several adverse events occurred re-
lated to study participation. One par-
ticipant had a cardiac arrest during
treadmill exercise, 4 months after ran-
domization. The participant was suc-
cessfully resuscitated and hospitalized.
The patient did not have a myocardial
infarction but was found to have non-
obstructive coronary disease and did not

Table 1. Baseline Characteristics of Study Participants in the Study to Improve Leg Circulation

Treadmill
Walking Exercise

(n = 51)

Lower Extremity
Resistance Training

(n = 52)
Control Group

(n = 53)
P

Valuea

Age, mean (SD), y 71.7 (8.7) 71.7 (8.7) 68.5 (11.9) .19

Female sex, No. (%) 27 (52.9) 26 (50.0) 28 (52.8) .94

Black, No. (%) 21 (41.2) 15 (28.9) 26 (49.1) .10

Intermittent claudication, No. (%) 12 (23.5) 9 (17.3) 8 (15.1) .52

Ankle brachial index, mean (SD) 0.60 (0.18) 0.62 (0.15) 0.60 (0.18) .89

Diabetes mellitus, No. (%) 20 (39.2) 24 (46.2) 25 (48.1) .64

Current smoker, No. (%) 11 (21.6) 9 (17.3) 17 (32.1) .19

BMI 30.4 (6.2) 30.4 (7.0) 29.9 (7.1) .92

Statin use, No. (%) 34 (66.7) 33 (63.5) 31 (58.5) .68

Baseline performance on study outcomes, mean (SD)
6-Minute walk performance, m 327.8 (87.0) 304.5 (92.9) 316.6 (83.2) .40

Short physical performance battery 9.2 (2.1) 8.4 (2.3) 8.5 (2.7) .24

Treadmill performance, mean (SD)
Maximum walking distance, min 7.68 (4.64) 7.15 (3.57) 6.69 (4.02) .43

Distance to onset of leg symptoms, m 160 (135) 152 (111) 144 (114) .82

Walking impairment score, mean (SD)
Distance 26.0 (19.1) 27.7 (27.9) 30.5 (24.0) .66

Speed 32.1 (22.9) 23.7 (21.1) 27.9 (18.0) .14

Stair climbing 41.0 (24.7) 35.9 (25.5) 42.2 (24.9) .41

Short-form 36 physical functioning score 40.5 (19.4) 37.2 (19.0) 42.6 (18.9) .37

Brachial artery
Baseline diameter, mm 4.5 (0.8) 4.4 (0.7) 4.4 (0.7) .95

Relative FMD-60 s, % 5.4 (4.2) 6.0 (4.8) 6.1 (4.0) .71

Absolute FMD-60 s, mm 0.23 (0.16) 0.25 (0.20) 0.26 (0.17) .69
Abbreviations: BMI, body mass index, calculated as weight in kilograms divided by height in meters squared; FMD, flow-mediated dilation.
aP value represents the overall comparison between the 3 study groups.
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have an inducible arrhythmia on elec-
trophysiological testing. He was dis-
charged home on medical therapy but
experienced persistent memory loss.
Another participant randomized to the
treadmill exercise group developed
chest pain during an exercise session. A
subsequent coronary catheterization re-
vealed coronary atherosclerosis with-
out a flow-limiting lesion. The partici-
pant was treated medically and returned

to exercise. A third participant fell dur-
ing the follow-up 6-minute walk test and
fractured her arm. A fourth participant
with a history of prior ankle injury de-
veloped severe ankle pain after a run-in
resistance training session. The partici-
pant could not exercise for several
weeks, until the ankle pain resolved. He
was ultimately randomized to tread-
mill exercise and completed the trial un-
eventfully.

COMMENT
This randomized controlled clinical trial
demonstrates that a 6-month super-
vised treadmill exercise intervention
increases walking endurance, mea-
sured by the 6-minute walk and tread-
mill walking performance, in patients
with PAD both with and without
classic intermittent claudication symp-
toms. Supervised treadmill exercise
also increased brachial arterial flow-

Table 2. Associations of Supervised Treadmill Exercise and Lower Extremity Resistance Training With Primary and Secondary Study Outcomes
in Peripheral Arterial Disease Participants With and Without Intermittent Claudication

Outcome Measures
No. of

Participants Baseline Value Six-Month, Value
Within-Group Changes,

Mean (95% CI)

Between-Group
Comparison vs Control
Group, Mean (95% CI)

Pair-Wise
P Value

P
Value

Primary Outcome Measures
6-Minute walk,

mean (SD), m
Control 47 320 (87) 305 (93) −15.02 (−29.7 to −0.37) NA NA

Strength 46 311 (90) 309 (89) −2.60 (−17.42 to 12.21) 12.42 (−8.42 to 33.25) .24 �.001

Treadmill 48 327 (89) 348 (80) 20.9 (6.41 to 35.4) 35.93 (15.32 to 56.54) �.001

SPPBa

Control 48 8.44 (2.77) 8.98 (2.98) 0.54 (0.02 to 1.06) NA NA

Strength 46 8.54 (2.25) 9.09 (2.73) 0.54 (0.02 to 1.07) 0 (−0.74 to 0.74) �.99 .82

Treadmill 50 9.12 (2.06) 9.46 (2.00) 0.34 (−0.17 to 0.85) −0.20 (−0.93 to 0.52) .58

6-Minute walk change,
mean (SE), m

Control 53 317 (12.1) 300 (12.3) −16.46 (−31.00 to −1.93) 15.00 (−5.46 to 35.45)b .15

Strength 52 304 (12.2) 303 (12.3) −1.47 (−15.70 to 12.76) 36.20 (15.32 to 57.09)c �.001 .01

Treadmill 51 328 (12.3) 348 (12.4) 19.74 (5.44 to 34.04) 21.21 (0.81 to 41.61)d .04

SPPB change, mean (SE)
Control 53 8.53 (0.33) 8.94 (0.36) 0.41 (−0.09 to 0.91) 0.13 (−0.59 to 0.85)b .72

Strength 52 8.42 (0.33) 8.97 (0.37) 0.54 (0.03 to 1.05) −0.14 (−0.85 to 0.58)c .71 .07

Treadmill 51 9.16 (0.33) 9.43 (0.37) 0.27 (−0.23 to 0.78) −0.27 (−0.98 to 0.45)d .46

Secondary Outcome Measures
Relative change in

brachial artery FMD
60 s after cuff release,
median (IQR),%e

Control 28 5.97 (3.80 to 8.91) 5.28 (3.60 to 7.44) −0.86 (−2.86 to 0.60) NA NA

Strength 36 4.89 (2.59 to 9.24) 6.13 (2.20 to 8.37) 0.11 (−2.03 to 1.33) 0.90 (−0.58 to 2.37) .23 .07

Treadmill 37 5.54 (3.09 to 6.87) 5.39 (3.27 to 8.16) 0.70 (−0.77 to 1.82) 1.53 (0.35 to 2.70) .02

Absolute change in
brachial artery FMD
60 s after cuff release,
median (IQR), mme

Control 28 0.29 (0.16 to 0.40) 0.24 (0.17 to 0.34) −0.04 (−0.11 to 0.03) NA NA

Strength 36 0.22 (0.11 to 0.37) 0.27 (0.10 to 0.35) 0.02 (−0.09 to 0.06) 0.04 (−0.03 to 0.10) .22 .14

Treadmill 37 0.24 (0.17 to 0.29) 0.23 (0.15 to 0.32) 0.02 (−0.05 to 0.07) 0.06 (0.00 to 0.11) .04

Physical activity,
mean (SD), units

Control 41 702 (530) 689 (441) −12.85 (−226 to 200) NA NA

Strength 37 578 (391) 529 (353) −49.03 (−274 to 175) −36.17 (−346 to 273) .82 .49

Treadmill 46 658 (317) 780 (869) 122 (−79.55 to 323) 135 (−159 to 428) .37
Abbreviations: CI, confidence interval; FMD, flow-mediated dilation; IQR, interquartile range; NA, not applicable; SPPB, Short Physical Performance Battery.
aThe score ranges from 0 to 12 with 12 indicating the best score.
bCompares strength with control.
cCompares treadmill with control.
dCompares treadmill with strength.
eWithin group changes for brachial artery flow mediated diameter are median changes (Hodges-Lehmann CI).
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mediated dilation and improved qual-
ity of life. A 6-month lower extremity
resistance training intervention did not
improve 6-minute walk distance in PAD
participants. However, resistance train-
ing improved maximal treadmill walk-
ing time and quality-of-life measures,
particularly stair climbing ability. Su-
pervised treadmill exercise was associ-

ated with greater increases in 6-minute
walk performance than the resistance-
training group.

To our knowledge, this is the first
randomized controlled clinical trial of
exercise in PAD to include partici-
pants with and without classic symp-
toms of intermittent claudication. Most
patients with PAD do not have classic

intermittent claudication symp-
toms.6-9 Results reported herein indi-
cate that clinicians should recom-
mend supervised treadmill exercise to
PAD patients, with or without classic
symptoms of intermittent claudica-
tion. To our knowledge, this is also the
first randomized controlled clinical trial
to demonstrate that supervised tread-

Table 3. Associations of Supervised Treadmill Exercise and Lower Extremity Resistance Training With Exploratory Outcome Measures in
Peripheral Arterial Disease Participants With and Without Intermittent Claudication

Outcome Measures, by Group
No. of

Participants Baselinea 6 Monthsa

Within-Group
Changes
(95% CI)a

Between-Group
Changes vs Control

Group (95% CI)a
Pair-Wise
P Value

P
Value

Maximal treadmill walking time,
mean (SD), min

Control 44 6.69 (4.02) 7.20 (4.01) 0.51 (−0.49 to 1.52) NA NA

Strength 46 7.15 (3.57) 9.56 (4.06) 2.41 (1.43 to 3.40) 1.90 (0.49 to 3.31) .009 �.001

Treadmill 48 7.68 (4.64) 11.6 (5.57) 3.96 (2.99 to 4.92) 3.44 (2.05 to 4.84) �.001

Treadmill time to onset of leg
symptom, mean (SD), min

Control 33 2.42 (1.68) 3.67 (3.21) 1.25 (0.31 to 2.19) NA NA

Strength 37 3.19 (1.98) 5.10 (2.62) 1.91 (1.03 to 2.80) 0.66 (−0.63 to 1.95) .31 .05

Treadmill 35 2.64 (2.07) 5.53 (3.22) 2.90 (1.99 to 3.81) 1.65 (0.34 to 2.95) .01

Short-form 36 physical
functioning score, mean (IQR)

Control 40 42.5 (30.0 to 55.0) 45.0 (32.5 to 55.0) 5.00 (−5.00 to 15.0) NA NA

Strength 40 35.0 (22.5 to 52.5) 50.0 (25.0 to 65.0) 10.0 (0.00 to 17.5) 7.50 (0.00 to 15.0) .04 .04

Treadmill 46 35.0 (25.0 to 50.0) 52.5 (40.0 to 70.0) 10.0 (0.00 to 30.0) 7.50 (0.00 to 15.0) .02

Walking impairment
questionnaire, mean (IQR)

Distance score
Control 34 26.6 (11.6 to 43.5) 28.1 (12.1 to 46.7) 0.25 (−6.39 to 9.16) NA NA

Strength 43 18.5 (3.98 to 46.8) 26.5 (10.5 to 62.8) 8.52 (0.00 to 17.0) 6.92 (1.07 to 12.8) .03 .02

Treadmill 41 20.1 (10.2 to 36.1) 37.1 (16.9 to 65.9) 9.94 (−0.21 to 25.0) 10.7 (1.56 to 19.9) .02

Speed
Control 36 25.0 (10.9 to 35.9) 27.7 (15.8 to 46.7) 0.00 (−5.43 to 17.9) NA NA

Strength 42 19.6 (6.52 to 37.0) 27.2 (10.9 to 43.5) 4.34 (−3.26 to 18.5) 1.63 (−5.43 to 8.70) .55 .66

Treadmill 44 25.0 (15.8 to 45.1) 40.8 (25.4 to 54.3) 10.3 (−3.80 to 21.7) 3.80 (−4.35 to 12.0) .39

Stair climbing
Control 37 41.7 (16.7 to 66.7) 41.7 (16.7 to 66.7) 0.00 (−12.5 to 8.33) NA NA

Strength 42 29.2 (16.7 to 45.8) 43.8 (25.0 to 66.7) 12.5 (0.00 to 25.0) 10.4 (0.00 to 20.8) .02 .04

Treadmill 42 39.6 (20.8 to 50.0) 43.8 (29.2 to 66.7) 4.17 (0.00 to 25.0) 8.33 (0.00 to 16.7) .06

Knee extension isometric
strength, mean (SD), N

Control 30 296 (141) 310 (114) 14.7 (−15.1 to 44.6) NA NA

Strength 27 232 (104) 326 (142) 94.9 (63.4 to 126) 80.2 (36.8 to 124) �.001 �.001

Treadmill 28 274 (100) 286 (114) 11.4 (−19.5 to 42.3) −3.32 (−46.3 to 39.7) .88

Knee extension power,
mean (SD), W

Control 41 92.9 (59.0) 98.5 (62.0) 5.63 (−4.13 to 15.4) NA NA

Strength 45 84.4 (51.4) 100.2 (58.5) 15.8 (6.50 to 25.1) 10.2 (−3.32 to 23.7) .14 .09

Treadmill 48 101.8 (48.3) 103.2 (49.4) 1.42 (−7.61 to 10.4) −4.22 (−17.5 to 9.09) .53

Plantarflexion isometric
strength, mean (SD), N

Control 30 301 (116) 379 (151) 78.2 (15.9 to 140) NA NA

Strength 29 318 (176) 435 (202) 117 (53.7 to 180) 38.8 (−50.0 to 128) .39 .69

Treadmill 29 336 (167) 435 (161) 98.7 (35.4 to 162) 20.6 (−68.2 to 110) .65
Abbreviations: CI, confidence interval; IQR, interquartile range; NA, not applicable.
aWithin-group changes for the short-form 36 physical functioning score and the walking impairment questionnaire scores are median changes (Hodges-Lehmann CI).
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mill exercise improves brachial artery
flow-mediated dilation in persons with
PAD. Patients with PAD typically have
severe systemic atherosclerosis and
poorer endothelial function than pa-
tients without PAD.46 Among persons
with PAD, poorer brachial arterial flow-
mediated dilation is associated with
higher cardiovascular event rates.47,48

Our findings suggest that supervised
treadmill exercise confers a favorable
systemic vascular effect that may re-
duce cardiovascular events in persons
with PAD.

Reasons for lack of improvement in
the short physical performance bat-
tery in either exercise group are un-
clear. Balance and leg strength are im-
portant determinants of the short
physical performance battery score. Our
results suggest that treadmill exercise
does not improve balance and leg
strength significantly. One potential ex-
planation for the lack of improvement
in the short physical performance bat-
tery in the resistance-training group is
that baseline leg strength was rela-
tively high in our cohort.49 Resistance
training may more effectively improve
components of the short physical per-
formance battery in persons with poorer
baseline strength. The poorer test re-
test reliability of the short physical per-
formance battery compared with the
6-minute walk may also make mean-
ingful change in the short physical per-
formance battery more difficult to
achieve.

Despite their associations with im-
proved walking performance, the ex-
ercise interventions did not increase ac-
celerometer-measured physical activity
during daily life. Interventions specifi-
cally targeted to physical activity be-
havior may be necessary to increase
daily physical activity in persons with
PAD.

This study has several limitations.
First, our exclusion criterion of the
maximum short physical perfor-
mance battery score of 12 and the rela-
tively large proportion of potential par-
ticipants who were unwilling to attend
on-site exercise sessions 3 times a week
reduces the generalizability of our

findings. Second, missing data at fol-
low-up were more common in more
frail participants. However, sensitivity
analyses demonstrated that these miss-
ing data are not likely to have signifi-
cantly altered our findings. Third, me-
dian session attendance rates varied
from 85% for the treadmill exercise
group to 100% for the control ses-
sions. This difference may have influ-
enced results. Fourth, because of
additional exclusion criteria for flow-
mediated dilation and patient refusal to
adhere to test requirements, the sample
size for the flow-mediated dilation mea-
surement was lower than that for the
entire cohort. Sample sizes for second-
ary and exploratory outcomes were
smaller than for the primary out-
comes. Finally, the sample size was not
large enough to allow meaningful com-
parisons in outcomes between catego-
ries of leg symptoms.

Based on findings reported in this
trial, physicians should recommend su-
pervised treadmill exercise programs for
PAD patients, regardless of whether
they have classic symptoms of inter-
mittent claudication. Our findings re-
garding brachial artery flow-mediated
dilation suggest that supervised tread-
mill exercise improves global vascular
health in patients with PAD. Lower ex-
tremity resistance training improves
treadmill walking performance and
quality of life, particularly stair climb-
ing, in patients with PAD with and
without intermittent claudication.
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