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Abstract
OBJECTIVES—To determine whether lower ankle brachial index (ABI) levels are associated with
lower calf skeletal muscle area and higher calf muscle percentage fat in persons with and without
lower extremity peripheral arterial disease (PAD).

DESIGN—Cross-sectional.

SETTING—Three Chicago-area medical centers.

PARTICIPANTS—Four hundred thirty-nine persons with PAD (ABI<0.90) and 265 without PAD
(ABI 0.90–1.30).

MEASUREMENTS—Calf muscle cross-sectional area and the percentage of fat in calf muscle were
measured using computed tomography at 66.7% of the distance between the distal and proximal tibia.
Physical activity was measured using an accelerometer. Functional measures included the 6-minute
walk, 4-meter walking speed, and the Short Physical Performance Battery (SPPB).

RESULTS—Adjusting for age, sex, race, comorbidities, and other potential confounders, lower
ABI values were associated with lower calf muscle area (ABI<0.50, 5,193 mm2; ABI 0.50–0.90,
5,536 mm2; ABI 0.91–1.30, 5,941 mm2; P for trend <.001). These significant associations remained
after additional adjustment for physical activity. In participants with PAD, lower calf muscle area in
the leg with higher ABI was associated with significantly poorer performance in usual- and fast-
paced 4-meter walking speed and on the SPPB, adjusting for ABI, physical activity, percentage fat
in calf muscle, muscle area in the leg with lower ABI, and other confounders (P<.05 for all
comparisons).
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CONCLUSION—These data support the hypothesis that lower extremity ischemia has a direct
adverse effect on calf skeletal muscle area. This association may mediate previously established
relationships between PAD and functional impairment.
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Although it is known that patients with lower extremity peripheral arterial disease (PAD) have
greater functional impairment and faster rates of functional decline than persons without PAD,
1,2 mechanisms of functional impairment and decline in PAD are not well established.
Ischemia-related pathological changes in calf skeletal muscle may contribute to functional
impairment in patients with PAD, but associations between lower extremity ischemia, calf
muscle characteristics, and lower extremity functioning in PAD are not well understood.

The purpose of this study was to determine whether participants with lower ankle brachial
index (ABI) levels have lower calf skeletal muscle area and greater calf muscle percentage fat
than participants with higher ABI levels. Associations between calf muscle area and calf muscle
percentage fat and the degree of functional impairment in persons with PAD were also
evaluated.

METHODS
Subjects

The institutional review board of Northwestern University Feinberg School of Medicine and
Catholic Health Partners Hospitals approved the protocol. Participants gave informed consent.
Participants included 325 persons attending their fourth annual follow-up visit in the Walking
and Leg Circulation Study (WALCS)1,2 and 379 individuals newly identified. Participation
rates and exclusion criteria for the WALCS cohort have been described.1,2 The 379 newly
identified participants were recruited from among 1,804 contacted for participation. Of these
1,804, 176 (9.8%) met exclusion criteria, 131 (7.3%) refused participation, 1,021 (57%) did
not respond to letters inviting their participation, and 74 (4.1%) did not attend their study
appointment, leaving 402 newly identified participants. Of these, 23 did not undergo computed
tomography (CT) scanning, leaving 379 newly identified participants for analyses.

All participants were aged 59 and older. Participants with PAD were identified consecutively
from among patients diagnosed with PAD in three Chicago-area noninvasive vascular
laboratories. Approximately half of participants without PAD were identified consecutively
from patients with normal lower extremity arterial studies in the three Chicago vascular
laboratories. The remainder were identified from consecutive patients in a general medicine
practice at Northwestern University.

Exclusion Criteria
PAD was defined as ABI less than 0.90.1–3 Absence of PAD was defined as ABI of between
0.90 and 1.30.4 ABI less than 0.90 is 95% sensitive and 99% specific for angiographically
diagnosed PAD.5 Individuals with ABI greater than 1.30 were excluded, because this indicates
poorly compressible leg arteries and inability to gauge arterial perfusion accurately.4,6

The following exclusion criteria were applied at the time of original study enrollment to
participants in the original WALCS cohort and those newly identified. Patients with dementia
were excluded because of their inability to answer questions accurately. Nursing home
residents, wheelchair-bound patients, and patients with foot or leg amputations were excluded
because they have severely impaired functioning. Non-English-speaking patients were
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excluded because investigators were not fluent in non-English languages. Patients with recent
major surgery were excluded. Finally, WALCS participants with an ABI less than 0.90 at their
original visit whose ABI at the time of the computed tomography (CT) scan was 0.90 or greater
were excluded, because they could not be clearly identified as having PAD.

ABI Measurement
The ABI was measured using established methods.1–4,6 After pparticipants rested supine for
5 minutes, a handheld Doppler probe (Nicolet Vascular Pocket DopII, Golden, CO) was used
to measure systolic pressures in the right brachial, dorsalis pedis, and posterior tibial arteries
and in the left dorsalis pedis, posterior tibial, and brachial arteries. Pressures were measured
in the order listed and repeated in reverse order. The ABI was calculated in each leg by dividing
average pressures in each leg by the average of the four brachial pressures.1,2 Average brachial
pressures in the arm with highest pressure were used when one brachial pressure was higher
than the opposite brachial pressure in both measurement sets and the two brachial pressures
differed by 10 or more mmHg in at least one measurement set, because in such cases, subclavian
stenosis is possible.7 Lowest leg ABI was used in analyses.

Measuring Calf Skeletal Muscle Cross-Sectional Area
Calf muscle area was selected for study because the superficial femoral artery is the most
common site of lower extremity atherosclerosis,8,9 and calf musculature receives blood supply
from the superficial femoral artery. Furthermore, the calf muscles are those that classically are
symptomatic in patients with PAD.10 Using a CT scanner (LightSpeed, General Electric
Medical Systems, Waukesha, WI), 2.5-mm cross-sectional images of the calves were obtained
at 66.7% of the distance from the distal to the proximal tibia, based on previous study.11 Cross-
sectional images were analyzed using BonAlyze (BonAlyze Oy, Jyvaskyla, Finland), a
software for processing CT images that identifies muscle tissue, fat, and bone.11 The muscle
outline was traced manually and excluded subcutaneous fat and bone. When quantifying
muscle area, the BonAlyze software quantifies voxels within a range corresponding to muscle
density (9–271 mg/cm3) and excludes voxels that correspond to fat density (−270–8 mg/
cm3). Intramuscular fat is quantified by summing voxels corresponding to fat within muscle
tissue. Previous cadaver studies have demonstrated that these methods provide an estimate of
muscle cross-sectional area that is highly correlated with direct anatomic measures.12 Because
larger individuals require greater muscle mass to support their larger frame, muscle area was
adjusted for the square of individual tibia length.

Functional Data
6-Minute Walk—Patients with PAD are particularly impaired in walking endurance. PAD
patients experience more-significant declines in 6-minute walk performance over time than in
other measures of lower extremity functioning than do persons without PAD.2 Thus, the 6-
minute walk is particularly sensitive to the functional limitations experienced by persons with
PAD. Following a standardized protocol,1,2,13 participants walk up and down a 100-foot
hallway for 6 minutes after instructions to cover as much distance as possible.

Repeated Chair Rises—Participants sit in a straight-backed chair with arms folded across
their chest and stand five times consecutively as quickly as possible. Time to complete five
chair rises is measured.1,2,14,15

Standing Balance—Participants were asked to hold three increasingly difficult standing
positions for 10 seconds each: standing with feet together side-by-side and parallel (side-by-
side stand), standing with feet parallel with the toes of one foot adjacent to and touching the
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heel of the opposite foot (semi-tandem stand), and standing with one foot directly in front of
the other (tandem stand).14,15

Four-Meter Walking Velocity—Walking velocity was measured using a 4-meter walk
performed at usual and fastest pace. For the usual-paced walk, participants were instructed to
walk at their usual pace, “as if going down the street to the store.” Each walk was performed
twice. The faster walk in each pair was used in analyses.14,15

Short Physical Performance Battery—The Short Physical Performance Battery (SPPB)
combines data from the usual-paced 4-meter walking velocity, time to rise from a seated
position five times, and standing balance. Individuals receive a score of 0 for each task they
are unable to complete. Scores of 1 to 4 are assigned for remaining tasks, based upon quartiles
of performance for more than 5,000 participants in the Established Populations for the
Epidemiologic Study of the Elderly.14,15 Scores are summed to obtain the SPPB score, ranging
from 0 to 12.

Objective Physical Activity Measures—Physical activity levels were measured
objectively over 7 days using a pedometer (Digiwalker, Yamax Inc., Tokyo, Japan) and a
vertical accelerometer (Caltrac, Muscle Dynamics Fitness Network, Inc., Torrence, CA).16,
17 The pedometers measured the number of steps walked.18,19 The Caltrac accelerometers
are designed to calculate the number of kilocalories expended based on activity (vertical
movement), age, weight, height, and sex. Data from each measure were included in the
analyses. To compare activity between participants irrespective of individual variation in age,
weight, height, and sex, accelerometers were programmed using identical weight, height, age,
and sex for each participant.16,17 Thus, the accelerometers measured “activity units.”16,17
After wearing activity monitors continuously for 7 days, participants reported the number of
activity units and steps displayed on the accelerometer and pedometer by telephone and mailed
their activity monitors back to investigators.

Seventy-four percent of participants wore activity monitors. Systematic data on reasons that
some participants did not wear monitors were not collected. Some participants refused to wear
monitors; others wore monitors but did not return them and could not be reached at 7-day
follow-up; some participants’ monitors malfunctioned; and in some instances, no monitors
were available.

Leg Symptom Categories—Leg symptoms were classified into one of five groups using
the San Diego Claudication Questionnaire, based on previous study.2,20 Leg symptom groups
were as follows: classic intermittent claudication, leg pain on exertion and rest, atypical
exertional leg pain/carry on, atypical exertional leg pain/stop, and asymptomatic (no exertional
pain).

Comorbidities—Algorithms developed for the Women’s Health and Aging Study and the
Cardiovascular Health Study were used to document comorbidities.21 These algorithms
combine data from patient report, physical examination, medical record review, medications,
laboratory values, and a primary care physician questionnaire. Criteria developed by the
American College of Rheumatology were used to diagnose knee and hip osteoarthritis.22,23
Comorbidities assessed were angina pectoris, diabetes mellitus, myocardial infarction, stroke,
heart failure, pulmonary disease, cancer, spinal stenosis, and disk disease.

Other Measures—Height and weight were measured at the study visit. Body mass index
was calculated as weight (kg)/(height (meters2)). Cigarette smoking history was based on self-
report.
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Statistical Analyses
Differences in continuous variables and dichotomous variables were compared between
participants with and without PAD using analyses of variance and chi-square tests,
respectively.

Differences in calf muscle area and percentage fat were evaluated across ABI categories using
analyses of covariance, adjusting for age, race, sex, cigarette smoking, BMI, tibia length, leg
symptoms, prior lower extremity revascularization, recruitment cohort (original WALCS vs
newly identified), and comorbidities. In these analyses, the ABI level in the leg with lower
ABI was the independent variable of interest, and the corresponding muscle characteristic in
the leg with lower ABI was the dependent variable. Tibia length was a covariate, because longer
tibia length is associated with greater calf muscle area.24 Analyses were repeated separately
with additional adjustment for each measure of physical activity. Differences in muscle area
and percentage fat were compared between legs with higher versus lower ABI levels using
paired t tests in participants with PAD whose right and left leg ABIs differed by 0.20 units or
more.

In participants with PAD, lower extremity performance was compared across quintiles of calf
muscle area and calf muscle percentage fat using analyses of covariance, adjusting for age,
sex, race, ABI, leg symptoms, BMI, tibia length, cigarette smoking, recruitment cohort,
comorbidities, height, and physical activity. In these models, muscle characteristics
corresponding to the leg with higher and lower ABI were separately entered into the model.
These models were repeated with additional adjustment for calf muscle percentage fat and calf
muscle area.

Analyses were performed using SAS Statistical Software version 9.0 (SAS Institute, Inc., Cary,
NC).

RESULTS
Table 1 shows characteristics of participants according to the presence or absence of PAD.
Participants with PAD were older and included higher prevalences of men, cardiovascular
diseases, diabetes mellitus, and pulmonary disease than those without PAD. Participants with
PAD had lower BMI and a greater pack-year history of cigarette smoking than participants
without PAD. Lower extremity arthritis was more prevalent in participants without PAD.

Seventy-four percent of participants had activity monitor data. Participants with PAD who
wore activity monitors had a lower prevalence of lower extremity arthritis (48.2% vs 61.5%,
P =0.01) than participants without activity monitor data. Participants without PAD with activity
monitor data had better SPPB scores (10.4 ± 2.1 vs 9.3 ± 3.1, P =.0.025), and included a higher
prevalence of African Americans (22.0% vs 9.8%, P =0.049) and a higher prevalence of angina
pectoris (22.3% vs 9.3%, P =0.045).

Within the entire cohort, lower ABI levels were associated with smaller calf muscle area
(ABI<0.50, 5,193 mm2; ABI 0.50–0.90, 5,536 mm2; ABI 0.91–1.30, 5,941 mm2; P trend<.
001), adjusting for age, sex, race, comorbidities, BMI, tibia length, recruitment cohort, lower
extremity revascularization, and cigarette smoking. Lower ABI levels were associated with
higher calf muscle percentage fat, adjusting for confounders (ABI<0.50, 12.8%; ABI 0.50–
0.90, 11.4%; ABI 0.91–1.30, 9.2%, P trend =.02).

Figure 1 shows associations between ABI levels and adjusted muscle area in participants who
wore activity monitors. These associations remained statistically significant even after
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additional adjustment for physical activity (P<.001) (Figure 1). Findings were not substantially
changed after additional adjustment for calf muscle percentage fat (data not shown).

In participants who wore activity monitors, independent associations between lower ABI levels
and higher calf muscle percentage fat remained statistically significant after additional
adjustment for accelerometer scores (P =.02) but were not statistically significant after
adjustment for pedometer-measured activity (Figure 2). When Figure 2 data were additionally
adjusted for calf muscle area, associations between ABI and calf muscle percentage fat were
significant for the model including adjustment for pedometer-measured physical activity (P =.
043).

Calf muscle area was also compared between the legs with higher and lower ABI in participants
with PAD with significant discrepancies between their right and left leg ABI. In 92 participants
with PAD with no history of lower extremity revascularization whose left and right leg ABI
values differed by 0.20 or more, calf muscle area was lower in the leg with lower ABI than in
the leg with higher ABI (5,283 ± 1,403 mm2 vs 5,511 ± 1,230 mm2, P =.001). In 198 participants
with PAD with no history of lower extremity revascularization whose right and left leg ABI
values differed by less than 0.20, there were no differences in calf muscle area between legs
with higher and lower ABI (5,417 ± 1,452 mm2 vs 5,436 ± 1,479 mm2, respectively, P =.59).

Figure 3 compares muscle area between the legs with higher and lower ABI in participants
whose right and left leg ABI values differed by 0.20 or more, stratifying by the lower leg ABI.
Muscle area differences between the legs with higher and lower ABI were greatest in
participants with the lowest ABI levels (Figure 3), although these differences were statistically
significant only for participants with lower leg ABI of 0.50 to 0.70.

Of the 92 nonrevascularized participants with PAD whose right and left leg ABIs differed by
at least 0.20, calf muscle percentage fat was greater in the leg with lower ABI (11.4% ± 15.1%
vs 9.47% ± 10.1%, P =.04). Differences in percentage fat between legs with lower and higher
ABI values were greatest in participants with lower ABI values (data not shown). Of the 198
nonrevascularized participants with PAD whose right and left leg ABI values differed by less
than 0.20, there were no differences in calf muscle percentage fat between the legs with higher
and lower ABI (11.3% ± 12.4% vs 11.4% ± 12.3%, P =.69).

Table 2 shows associations between quintiles of calf muscle area and calf muscle percentage
fat in the legs with higher and lower ABI and 6-minute walk performance in participants with
PAD who wore pedometers. Adjusting for age, sex, race, BMI, smoking history, tibia length,
ABI, leg symptoms, recruitment cohort, lower extremity revascularization, height, and activity
level, calf muscle area in the leg with higher ABI was associated with significantly poorer
performance on the 6-minute walk test (Table 2). After additional adjustment for calf muscle
percentage fat, associations between quintiles of calf muscle area in the leg with higher ABI
and lower extremity functioning were statistically significant for 6-minute walk performance
(Table 2). Higher calf muscle percentage fat in the leg with higher ABI was associated with
poorer performance on the 6-minute walk (Table 2). After additional adjustment for calf muscle
area, associations between calf muscle percentage fat in the leg with higher ABI and 6-minute
walk performance were not substantially changed (Table 2). Calf muscle characteristics in the
leg with lower ABI were not associated significantly with 6-minute walk performance after
adjusting for confounders (Table 2). These associations between lower calf muscle area in the
leg with higher ABI and higher calf muscle percentage fat in the leg with higher ABI with
poorer 6-minute walk performance were similar to those observed for other functional
measures (i.e., usual- and fast-paced 4-meter walk and SPPB) (data not shown).
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DISCUSSION
Results reported here show that lower ABI levels are associated with lower adjusted calf muscle
cross-sectional area and higher adjusted calf muscle percentage fat. These associations were
largely independent of differences in physical activity across the ABI spectrum. Furthermore,
participants with PAD whose right and left leg ABIs differed by 0.20 or more had significantly
lower calf muscle area and higher calf muscle percentage fat in the leg with lowest ABI than
in the leg with higher ABI. Differences in calf muscle characteristics between the right and left
legs were not observed in participants with PAD whose right and left leg ABIs differed by less
than 0.20. These data provide evidence for a direct detrimental effect of ischemia on calf
skeletal muscle, because the potential problem of incomplete adjustment for confounding
variables should be eliminated by comparing legs in the same participant.

In persons with PAD, lower calf muscle area and higher percentage calf muscle were associated
with poorer lower extremity functioning, independent of ABI, physical activity, and other
confounders. Muscle characteristics in the leg with higher ABI, but not those corresponding
to the leg with lower ABI, were significantly associated with lower extremity performance.
This latter finding, not previously studied to the authors’ knowledge, suggests that the leg with
higher ABI compensates for impairments in the leg with lower ABI and ultimately determines
the degree of functional impairment. Findings reported here suggest that interventions to
increase calf muscle area in patients with PAD should focus particularly on the leg with higher
ABI.

Although supervised treadmill walking exercise improves treadmill walking performance in
patients with PAD,25 less is known about the benefits of lower extremity resistance training
for persons with PAD. A previous study randomized 29 men with claudication to 12 weeks of
supervised treadmill exercise, lower extremity resistance training, or no exercise. Participants
in both exercise groups improved their treadmill walking performance significantly more than
the control group, although the treadmill-trained group achieved greater gains in treadmill
walking than the strength training group.26 A separate study of 20 patients with PAD
demonstrated that lower extremity resistance training increased calf muscle fibers and calf
muscle capillary density at 24-week follow-up.27 Based on these studies and data presented
here, further study is needed to determine the role of strength training in patients with PAD.

The degree of calf muscle percentage fat in the leg with higher ABI was associated with lower
extremity performance independent of calf muscle area. One potential mechanism for this
finding is that calf muscle percentage fat influences calf muscle quality. Furthermore, as calf
muscle cells atrophy or die, fat cells may proliferate to replace calf muscle. This study did not
measure subcutaneous fat, because the manual outlines of muscle images deliberately excluded
subcutaneous fat. Additional study is necessary to identify the mechanism of the association
between higher calf muscle percentage fat and impaired leg functioning.

This study had limitations. First, the study was cross-sectional. Associations reported here
cannot be construed as causal. Second, a large number of potential participants did not respond
to a mailed invitation, although rates of nonparticipation were comparable with those of other
large epidemiological cohort studies involving older participants.21,28 Third, activity data
were not available for 26% of participants. The findings may not be generalizable to
participants who did not wear activity monitors. Finally, a ceiling effect for SPPB score, which
has a maximum of 12, may limit the ability to identify significant associations between calf
muscle characteristics and SPPB score.
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CONCLUSION
In summary, lower ABI levels are associated with lower calf muscle cross-sectional area and
higher calf muscle percentage fat. These ischemia-associated changes in calf muscle
characteristics were associated with impaired leg functioning in participants with PAD. Muscle
characteristics of the leg with higher ABI are more closely associated with the degree of
functional impairment than muscle characteristics of the leg with lower ABI, suggesting that
the leg with higher ABI compensates for the leg with lower ABI. Findings reported here support
the hypothesis that direct, adverse effects of lower extremity ischemia on calf muscle area and
percentage fat composition mediate PAD-related functional impairment in part.
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Figure 1.
Calf skeletal muscle area according to ankle brachial index (ABI) in men and women aged 59
and older who wore an activity monitor (n =523). Model 1 adjusts for age, sex, race,
comorbidities, body mass index, tibia length, and smoking history. Model 2 adjusts for Model
1 covariates plus physical activity measured using a pedometer. Model 3 adjusts for Model 2
covariates plus physical activity measured using a Caltrac vertical accelerometer.
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Figure 2.
Calf skeletal muscle percentage fat according to ankle brachial index (ABI) in men and women
aged 59 and older who wore an activity monitor (n =523). Model 1 adjusts for age, sex, race,
comorbidities, body mass index, and smoking history. Model 2 adjusts for Model 1 covariates
plus physical activity measured using a pedometer. Model 3 adjusts for Model 2 covariates
plus physical activity measured using a Caltrac vertical accelerometer.
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Figure 3.
Calf skeletal muscle area in legs with higher versus lower ankle brachial index (ABI) values
in participants with peripheral arterial disease with significant discrepancies in their left and
right leg ankle brachial index values (n =92). *Data are categorized according to the leg with
lower ABI. Includes only participants with peripheral arterial disease with no history of lower
extremity revascularization.
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Table 1
Characteristics of Men and Women Aged 59 and Older with and without Lower Extremity Peripheral Arterial Disease

All Participants
(N =704)

PAD (N =439) Non-PAD (N =265) P-value

Age (years) 73.6 ± 8.2 74.9 ± 8.2 71.5 ± 7.7 <0.001

Male (%) 49.2 53.1 42.6 0.007

African-American Race (%) 17.9 16.9 19.6 0.354

Ankle brachial index 0.803 ± 0.26 0.63 ± 0.16 1.088 ± 0.09 <0.001

Body mass index, (kg/m2) 28.3 ± 5.4 27.8 ± 5.0 29.2 ± 5.8 0.001

Cigarette smoking (pack-years) 28.3 (33.5) 35.5 (35.7) 16.2 (25.1) <0.001

Angina (%) 29.4 35.1 19.9 <0.001

Myocardial infarction (%) 21.9 26.3 14.7 <0.001

Stroke (%) 16.1 20.7 8.3 <0.001

Diabetes (%) 28.6 31.7 23.4 0.019

Lower extremity arthritis (%) 56.4 52.3 63.4 0.004

Pulmonary disease (%) 41.1 44.2 35.9 0.029

Six-minute walking distance (feet) 1229 (433) 1116 (397) 1411 (429) <0.001

Four-meter normal walking velocity
(meters/second)

0.887 (0.22) 0.854 (0.21) 0.940 (0.21) <0.001

Four-meter fast walking velocity
(meters/second)

1.198 (0.30) 1.151 (0.29) 1.273 (0.28) <0.001

Summary performance score 9.8 (2.5) 9.5 (2.6) 10.2 (2.4) 0.002
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