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Abstract
Objectives—This study determined whether increased levels of inflammatory blood markers, D-
dimer, and homocysteine were associated with smaller calf skeletal muscle area, increased calf
muscle percent fat, reduced calf muscle density, and poorer calf strength in persons with lower
extremity peripheral arterial disease (PAD).

Background—Elevated levels of inflammatory markers and D-dimer are associated with greater
functional impairment and functional decline in persons with PAD. Mechanisms of these associations
are unknown.

Methods—Participants were 423 persons with PAD. Calf muscle area, percent fat, and density were
measured with computed tomography. Physical activity levels were measured objectively over 7
days with the Caltrac (Muscle Dynamics Fitness Network, Inc., Rocklin, California) vertical
accelerometer. Isometric plantarflexion strength was measured. Analyses were adjusted for age,
gender, race, comorbidities, the ankle-brachial index, and other potential confounders.

Results—Higher levels of D-dimer (p = 0.014), C-reactive protein (CRP) (p = 0.002), interleukin
(IL)-6 (p < 0.001), and soluble vascular cellular adhesion molecule (sVCAM)-1 (p = 0.008) were
associated with smaller calf muscle area. Higher sVCAM-1 (p = 0.004) and IL-6 (p = 0.017) were
associated with higher calf muscle percent fat. Higher D-dimer (p < 0.001), sVCAM-1 (p < 0.001),
and homocysteine (p = 0.014) were associated with lower calf muscle density. These associations
were generally unchanged after additional adjustment for physical activity. Higher sVCAM-1 (p =
0.013) was associated with lower calf strength.
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Conclusions—These data show, for the first time, that higher levels of inflammation, D-dimer,
and homocysteine are associated with more adverse calf muscle characteristics in persons with PAD.
These associations may contribute to previously established associations between elevated
biomarkers and functional impairment and functional decline in PAD.

Chronic inflammation has been proposed as a biologic mechanism underlying aging-related
functional decline. An inflammatory state characterized by increased levels of inflammatory
cytokines and markers may contribute to sarcopenia, an age-related reduction in muscle
strength and mass (1–5). Persons with peripheral arterial disease (PAD) have increased levels
of inflammatory blood markers and increased functional impairment compared with persons
without PAD (6–8). We previously reported (9) that increased levels of D-dimer and C-reactive
protein (CRP) are associated with poorer lower extremity functional performance in persons
with PAD, independent of confounders. Elevated levels of inflammation and D-dimer are
associated with faster rates of functional decline in persons with PAD (10). Mechanisms of
these associations are unclear. Therefore, we studied associations of elevated levels of
inflammatory blood markers with calf skeletal muscle characteristics and leg strength in
persons with PAD. D-dimer and homocysteine were also studied. We studied D-dimer because
it is an end product of fibrinolysis and may promote the inflammatory cascade by activating
neutrophils and monocytes, inducing secretion of inflammatory cytokines (including
interleukin [IL]-6), and promoting hepatic synthesis of acute-phase proteins (11–14). We
studied homocysteine because it may contribute to skeletal muscle weakness and atrophy by
affecting the ability of cells to regenerate and respond to trophic stimuli (15,16). Calf muscle
characteristics studied were calf muscle area, calf muscle percent fat, and calf muscle density.
Calf muscle density is a measure of muscle fiber number per unit area and may be a measure
of muscle quality. We hypothesized that higher levels of each blood marker would be associated
with smaller muscle area, higher calf muscle percent fat, lower calf muscle density, and lower
calf muscle strength in persons with PAD. To determine whether significant associations of
blood markers with strength were specific to the calf muscle, we also studied associations
between blood markers with grip strength.

Methods
Participant identification

The protocol was approved by the Institutional Review Boards of Northwestern University
Feinberg School of Medicine and Catholic Health Partners Hospitals. Participants gave
informed consent. Participants included persons with PAD attending their fourth annual
follow-up visit in the WALCS (Walking and Leg Circulation Study) (8,17) and newly identified
PAD participants for the present study (WALCS II). In both WALCS and WALCS II, PAD
participants were identified consecutively from among patients diagnosed with PAD in 3
Chicago-area noninvasive vascular laboratories. Data were collected between November 2002
and May 2004. Because participants in the original WALCS cohort were age 59 and older at
the time of this data collection, an inclusion criterion for newly identified participants was age
59 or older.

Of 238 PAD participants returning for their fourth annual follow-up visit for the WALCS, 214
underwent computed tomography (CT) scanning and were included in the present analyses.
An additional 240 participants with PAD were newly identified for WALCS II and underwent
CT scanning. Of these, 202 (85%) from WALCS and 221 (92%) of those newly identified
underwent blood draw at their visit and were eligible for the present study.
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Exclusion criteria
Peripheral arterial disease was defined as ankle-brachial index (ABI) <0.90 (17–20). Patients
with recent major surgery were excluded. At the time of enrollment for both WALCS and
WALCS II, the following exclusion criteria were applied. 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 had severely impaired functioning. Non–English-speaking patients were excluded
because investigators were not fluent in non-English languages.

ABI measurement
The ABI was measured using established methods (8,17–20). After participants rested supine
for 5 min, a hand-held Doppler probe (Nicolet Vascular Pocket Dop II, Golden, Colorado) was
used to measure systolic pressures in the right brachial artery, right dorsalis pedis and posterior
tibial arteries, left dorsalis pedis and posterior tibial arteries, and left brachial artery. Each
pressure was measured twice: in the order listed and then in reverse order. The ABI was
calculated in each leg by dividing average pressures in each leg by the average of the 4 brachial
pressures (17,20). Average brachial pressures in the arm with highest pressure were used when
1 brachial pressure was higher than the opposite brachial pressure in both measurement sets
and the 2 brachial pressures differed by 10 or more mm Hg in at least 1 measurement set,
because in such cases subclavian stenosis was possible (21). Lowest leg ABI was used in
analyses.

Measuring calf muscle characteristics
Using a CT scanner (LightSpeed, General Electric Medical Systems, Waukesha, Wisconsin),
we obtained a 2.5-mm cross-sectional image of the calves at 66.7% of the distance from the
distal to the proximal tibia (22). BonAlyse software (BonAlyse Ltd., Jyvaskyla, Finland) was
used to measure characteristics of muscle, as follows. The muscle outline was traced manually
and excluded subcutaneous fat and bone. When measuring muscle area, the BonAlyse software
quantifies voxels within a range corresponding to muscle density (9 to 271 mg/cm3) and
excludes voxels corresponding to fat density (−270 to 8 mg/cm3). Intramuscular fat is
quantified by summing voxels corresponding to fat within muscle tissue. Muscle density
measures the amount of muscle per volume, within the range corresponding to muscle (9 to
271 mg/cm3), and is a measure of muscle quality. Previous cadaver studies (23) demonstrate
that these methods provide an estimate of muscle area that is highly correlated with direct
anatomic measures.

Isometric leg strength
Leg strength was measured using a computer-linked strength chair (Good Strength Chair,
Metitur Oy, Jyvasklya, Finland) (24). This strength chair was developed for measurement of
isometric strength. Transducers were placed for measurement of hand grip and ankle extension.
Data are collected over 6 s, and results are electronically collected by the computer. Strength
measurements using the Good Strength Chair have high test-retest reliability (0.88 to 0.96)
(24). Maximum strength was used in analyses.

Blood marker levels
Blood specimens were collected at the same study visit at which leg strength and muscle
characteristics were measured. Blood specimens were stored at −70°C until the time of
measurement. Interleukin-6 was measured by an ultrasensitive enzyme-linked immunosorbent
assay from R & D Systems (Minneapolis, Minnesota). The assay has a sensitivity of 0.094 pg/
ml. Enzyme-linked immunosorbent assays (ELISA) from R & D Systems were used to measure
soluble intracellular adhesion molecule (sICAM)-1 and soluble vascular cellular adhesion
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molecule (sVCAM)-l. An Asserachrom D-Di kit (Diagnostica Stago, Parsippany, New Jersey)
was used to measure fibrin D-dimer using an ELISA procedure. The Asserachrom D-Di kit
has a lower detection limit of 5 ng/ml. Concentrations of high-sensitivity C-reactive protein
were determined using an immunoturbidimetric assay on the Hitachi 917 analyzer (Roche
Diagnostics, Indianapolis, Indiana), using reagents and calibrators from Denka Seiken
(Niigata, Japan). This assay has a sensitivity of 0.003 mg/dl. The concentration of
homocysteine was determined using an enzymatic assay on the Hitachi 917 analyzer (Roche
Diagnostics), using reagents and calibrators from Catch Inc. (Seattle, Washington).

Total cholesterol and high-density lipoprotein levels
Total cholesterol levels were measured using enzymatic reaction with peroxidase/phenol-4-
aminoiphenazone indicator reaction (25). High-density lipoprotein (HDL) cholesterol was
measured using a direct enzymatic colorimetric assay (26).

Accelerometer-measured physical activity
Physical activity was measured objectively and continuously over seven days using a vertical
accelerometer (Caltrac, Muscle Dynamics Fitness Network, Inc., Rocklin, California) (27–
31). After 7 days, participants reported the number of activity units displayed on the
accelerometer by telephone to investigators and returned their accelerometer by mail. We
programmed the accelerometer identically for all participants, allowing us to compare physical
activity levels between participants, irrespective of individual variation in age, weight, height,
and gender (27–31). Programmed in this way, the accelerometers measured “activity
units” (27–31). The validity of the Caltrac accelerometer for measuring physical activity in
patients with PAD has been demonstrated (27–31). In one study, there were no differences in
accelerometer scores between persons with and without PAD over a fixed distance of 800 ft.
However, over 7 days PAD participants had substantially lower Caltrac-assessed activity than
non-PAD participants (28).

Fifty-nine percent of participants with PAD who were eligible for this study wore a Caltrac
monitor for 7 days. 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 symptoms
Leg symptoms were classified into 1 of 5 groups using the San Diego Claudication
Questionnaire (17,32): 1) intermittent claudication; 2) leg pain on exertion and rest; 3) atypical
exertional leg pain/carry on; 4) atypical exertional leg pain/stop; or 5) asymptomatic.

Comorbidities
Algorithms developed for the Women's Health and Aging Study and the Cardiovascular Health
Study were used to document comorbidities, combining data from patient report, physical
examination, medical record review, medications, laboratory values, and a primary care
physician questionnaire (33). Comorbidities assessed were angina, diabetes mellitus,
myocardial infarction, stroke, heart failure, pulmonary disease, cancer, spinal stenosis, and
disk disease. American College of Rheumatology criteria were used to adjudicate knee and hip
osteoarthritis (34,35). History of hypertension was based on patient report of physician-
diagnosed hypertension or a physician's indication of hypertension on the primary care
physician questionnaire.
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Other measures
Height and weight were measured at the study visit. Body mass index (BMI) was calculated
as weight (kg)/(height [m])2. Cigarette smoking history was based on sell-report.

Statistical analyses
Associations between quartiles of each blood factor and calf muscle characteristics (muscle
area, muscle percent fat, and muscle density) as well as strength outcomes were evaluated using
analyses of covariance and statistical tests for trend, adjusting for age, gender, race, cigarette
smoking, BMI, leg symptoms, recruitment cohort (original WALCS vs. newly identified),
hypertension, total cholesterol, HDL cholesterol, and comorbidities. Tibia length was included
as a covariate for analyses of calf muscle area because a previous study (36) shows that greater
tibia length is associated with greater calf muscle area. Statin use was included as a covariate
for analyses of CRP because statin use can lower CRP values. These analyses were next
repeated within the subset of participants with Caltrac physical activity data, with and without
adjustment for physical activity. Significant associations between blood markers and
plantarflexion strength were repeated with additional adjustment for muscle characteristics.
This allowed us to determine whether muscle characteristics might be in the causal pathway
of associations between elevated blood markers and lower plantarflexion strength. We
considered p < 0.05 as the threshold for statistical significance. All statistical analyses were
performed using SAS Statistical Software version 9.0 (SAS Inc., Cary, North Carolina).

Results
The average age of the 423 PAD participants was 74.9 ± 8.2 years. Forty-six percent were
women and 16.6% were African American. The average ABI was 0.63 ± 0.01. Among
participants, 32.1% had diabetes, 16.1% were current smokers, and 57.4% had other clinically
evident cardiovascular disease.

There were no significant differences in age, gender, race, ABI, BMI, prevalence of diabetes
mellitus, strength measures, or muscle characteristics between participants with (n = 256) and
without (n = 167) Caltrac accelerometer data. Accelerometer wearers were average age 74.45
± 8.25 years versus 75.57 ± 8.10 years for nonwearers (p = 0.170). Among accelerometer
wearers versus nonwearers, average prevalences of men were 52.2% versus 56.3% (p = 0.405),
and average ABIs were 0.63 ± 0.15 versus 0.62 ± 0.17 (p = 0.585), respectively. Average
muscle area was 5,540.1 ± 1,360 cm2 versus 5,297.53 ± 1,445 cm2 (p = 0.09), average muscle
percent fat was 10.34 ± 11.42% versus 12.04 ± 13.54% (p = 0.177), and average muscle density
was 32.69 ± 4.01 mg/cm3 versus 32.34 ± 4.16 mg/cm3 (p = 0.392) among wearers and
nonwearers, respectively.

Figure 1 shows associations between quartiles of each blood marker and calf muscle area,
adjusting for age, gender, race, smoking, BMI, tibia length, recruitment cohort, leg symptoms,
ABI, statin use (CRP only), total and HDL cholesterol, and comorbidities. Higher levels of D-
dimer, CRP, IL-6, and sVCAM-1 were associated with lower calf muscle area (Fig. 1).

Figure 2 shows associations between each blood marker and calf muscle percent fat, adjusting
for confounders. Higher levels of sVCAM-1 and IL-6 were associated significantly with higher
calf muscle percent fat. Associations of D-dimer with calf muscle percent fat were nearly
statistically significant.

Figure 3 shows associations between each blood marker and calf muscle density, adjusting for
confounders. Significant associations were observed between higher levels of D-dimer,
sVCAM-1, and homocysteine with lower muscle density, adjusting for confounders.
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Significant associations were observed between higher levels of sVCAM-1 (p trend = 0.013)
with poorer plantarflexion strength, adjusting for age, gender, race, BMI, smoking,
comorbidities, ABI, recruitment cohort, total and HDL cholesterol, and leg symptoms (Fig. 4).
Associations of higher homocysteine levels with poorer plantarflexion strength were nearly
statistically significant (Fig. 4). No significant associations were observed between elevated
blood marker levels and grip strength (data not shown).

Table 1 shows results of associations between blood markers levels and calf muscle
characteristics in the subset of participants with 7-day physical activity data, adjusting for age,
gender, race, BMI, smoking, comorbidities, ABI, recruitment cohort, total and HDL
cholesterol, and leg symptoms. Results are presented with and without additional adjustment
for physical activity. Most associations between blood markers and calf muscle characteristics
remained statistically significant after additional adjustment for physical activity (Table 1).

Table 2 shows associations of sVCAM-1 and homocysteine with plantarflexion strength after
additional adjustment for calf muscle area, calf muscle percent fat, and calf muscle density.
These analyses help elucidate whether calf muscle characteristics may be in the causal pathway
for associations of blood marker levels with isometric strength. The significant association of
sVCAM-1 and the nearly statistically significant association of homocysteine with
plantarflexion strength were attenuated after additional combined adjustment for muscle area,
muscle density, and muscle fat percent (Table 2). Results suggest that calf muscle
characteristics may be in the causal pathway from elevated blood marker levels to lower
plantarflexion strength.

Discussion
Mechanisms of functional impairment and decline in patients with PAD are not well
understood. Although elevated levels of inflammation and D-dimer are associated with greater
functional impairment and faster functional decline in persons with PAD (9,10), mechanisms
of these associations are unknown.

Among 423 men and women with PAD, results reported here show, for the first time, that
higher levels of inflammatory markers and D-dimer are associated with smaller calf muscle
area and lower calf muscle density. Higher levels of homocysteine were associated with
reduced calf muscle density, and elevated sVCAM-1 and IL-6 were associated with higher calf
muscle percent fat. Most of these associations remained statistically significant after additional
adjustment for physical activity levels. These associations may contribute to previously
established associations of elevated biomarkers and functional impairment and functional
decline in PAD.

Prior animal studies and studies in persons without PAD suggest that inflammatory cytokines
directly alter muscle homeostasis by inhibiting repair after muscle tissue injury and by
promoting muscle proteolysis (2–5). These associations may explain associations of elevated
CRP, IL-6, and sVCAM-1 with more adverse calf muscle characteristics. Further, both D-
dimer and homocysteine can induce inflammatory responses, and this may account for
associations of elevated D-dimer and homocysteine with more adverse muscle characteristics
(11–14,37). D-dimer promotes neutrophil and monocyte activation, including secretion of IL-6
(11–14). Anhydrous thiolactone, derived from homocysteine, is a potent inducer of
inflammation (37). Alternatively, results reported here may result from associations of higher
biomarker levels with greater atherosclerosis in the superficial femoral artery. In support of
this latter hypothesis, previous study demonstrates that lower ABI values are associated
independently with more adverse calf muscle characteristics (38), and higher levels of
inflammation, D-dimer, and homocysteine are associated with more severe atherosclerosis
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(6,39). Although our analyses adjusted for the ABI, the ABI is an imperfect measure of the
degree of lower extremity atherosclerosis.

Although associations of sVCAM-1, sICAM-1, D-dimer, and IL-6 with the 3 calf skeletal
muscle characteristic were generally consistent for each of these biomarkers, not all
associations for the remaining biomarkers were consistent across the 3 calf measurements.
Reasons for this latter phenomenon are unclear. However, determinants of each calf muscle
characteristic may be variable. Further study is needed to continue to identify biologic
characteristics associated with calf muscle outcome in PAD.

This study is limited by its cross-sectional design. Associations reported here may not be causal
and should not be taken as definitive evidence that muscle characteristics are in the causal
pathway between elevated blood markers and lower plantarflexion strength. Second, our
measures did not include CT assessment of skeletal muscle characteristics in the upper
extremities. We cannot rule out the possibility that elevated biomarker levels are also associated
with more adverse CT-assessed upper extremity muscle characteristics, which would suggest
a systemic association of elevated biomarkers with adverse skeletal muscle characteristics.
Finally, we considered a p value <0.05 indicative of statistical significance because this study
is the first to assess associations of blood markers with calf muscle characteristics in persons
with PAD, and we aimed to ensure that we did not miss meaningful associations of blood
markers with calf muscle characteristics. However, a more conservative approach employing
Bonferroni adjustment and a corresponding p value <0.005 criterion for statistical significance
would have resulted in slightly fewer statistically significant findings.

Conclusions
Among persons with PAD, increased levels of inflammatory markers, D-dimer, and
homocysteine are associated with adverse calf muscle characteristics in persons with PAD.
Elevated levels of inflammation and homocysteine are associated with lower isometric plantar
flexion strength. Prospective study is needed to identify mechanisms of functional decline in
persons with PAD and to determine whether blood marker-associated adverse calf muscle
characteristics are in the causal pathway of functional impairment and decline in persons with
PAD.
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ABI  
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BMI  
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HDL  
high-density lipoprotein

IL  
interleukin

PAD  
peripheral arterial disease

slCAM-1  
soluble intracellular adhesion molecule

sVCAM-1  
soluble vascular cellular adhesion molecule
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Figure 1. Associations Between Blood Marker Quartiles and Calf Muscle Area in Participants With
PAD
Data are adjusted for age, gender, race, cigarette smoking, body mass index, ankle-brachial
index, leg symptoms, recruitment cohort, comorbidities, statin use (C-reactive protein [CRP]
only), total cholesterol, high-density lipoprotein cholesterol, hypertension, and tibia length (n
= 423). Red bars = first quartile; yellow bars = second quartile; green bars = third quartile;
blue bars = fourth quartile. IL = interleukin; PAD = peripheral arterial disease; sICAM-1 =
soluble intracellular adhesion molecule; sVCAM-1 = soluble vascular cellular adhesion
molecule.
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Figure 2. Associations Between Blood Markers and Calf Muscle Percent Fat in Participants With
PAD
Data are adjusted for age, gender, race, cigarette smoking, body mass index, leg symptoms,
ankle-brachial index, recruitment cohort, comorbidities, total cholesterol, high-density
lipoprotein cholesterol, hypertension, and statin use (C-reactive protein only) (n = 423). Red
bars = first quartile; yellow bars = second quartile; green bars = third quartile; blue bars =
fourth quartile. Abbreviations as in Figure 1.
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Figure 3. Associations Between Blood Markers and Calf Muscle Density in Participants With PAD
Data are adjusted for age, gender, race, cigarette smoking, body mass index, leg symptoms,
ankle-brachial index, recruitment cohort, comorbidities, total cholesterol, high-density
lipoprotein cholesterol, hypertension, and statin use (C-reactive protein only) (n = 423). Red
bars = first quartile; yellow bars = second quartile; green bars = third quartile; blue bars =
fourth quartile. Abbreviations as in Figure 1.
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Figure 4. Associations Between Blood Markers and Plantarflexion Strength in Participants With
PAD
Data are adjusted for age, gender, race, cigarette smoking, body mass index, leg symptoms,
ankle-brachial index, recruitment cohort, comorbidities, total cholesterol, high-density
lipoprotein cholesterol, and statin use (C-reactive protein only) (n = 403). Red bars = first
quartile; yellow bars = second quartile; green bars = third quartile; blue bars = fourth quartile.
Abbreviations as in Figure 1.
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