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Objectives We hypothesized that low-density lipoprotein (LDL) reduction regardless of mechanism would improve calf mus-
cle perfusion, energetics, or walking performance in peripheral arterial disease (PAD) as measured by magnetic
resonance imaging and magnetic resonance spectroscopy.

Background Statins improve cardiovascular outcome in PAD, and some studies suggest improved walking performance.

Methods Sixty-eight patients with mild to moderate symptomatic PAD (age 65 � 11 years; ankle-brachial index [ABI]
0.69 � 0.14) were studied at baseline and annually for 2 years after beginning simvastatin 40 mg (n � 20) or
simvastatin 40 mg/ezetimibe 10 mg (n � 18) if statin naïve, or ezetimibe 10 mg (n � 30) if taking a statin.
Phosphocreatine recovery time was measured by 31P magnetic resonance spectroscopy immediately after
symptom-limited calf exercise on a 1.5-T scanner. Calf perfusion was measured using first-pass contrast-
enhanced magnetic resonance imaging with 0.1 mM/kg gadolinium at peak exercise. Gadolinium-enhanced
magnetic resonance angiography was graded. A 6-min walk and a standardized graded Skinner-Gardner exercise
treadmill test with peak VO2 were performed. A repeated-measures model compared changes over time.

Results LDL reduction from baseline to year 2 was greater in the simvastatin 40 mg/ezetimibe 10 mg group (116 � 42
mg/dl to 56 � 21 mg/dl) than in the simvastatin 40 mg group (129 � 40 mg/dl to 90 � 30 mg/dl, p � 0.01).
LDL also decreased in the ezetimibe 10 mg group (102 � 28 mg/dl to 79 � 27 mg/dl, p � 0.01). Despite this,
there was no difference in perfusion, metabolism, or exercise parameters between groups or over time. Resting
ABI did improve over time in the ezetimibe 10 mg group and the entire study group of patients.

Conclusions Despite effective LDL reduction in PAD, neither tissue perfusion, metabolism, nor exercise parameters improved,
although rest ABI did. Thus, LDL lowering does not improve calf muscle physiology or functional capacity in PAD.
(Comprehensive Magnetic Resonance of Peripheral Arterial Disease; NCT00587678) (J Am Coll Cardiol 2011;
58:1068–76) © 2011 by the American College of Cardiology Foundation

Peripheral arterial disease (PAD) is an independent predic-
tor of cardiovascular disease morbidity and mortality (1) and

is associated with a decrease in functional ability over time
(2). Accordingly, for patients with PAD, it is critical to
focus medical therapy on reducing their underlying cardio-
vascular risk as well as improving their functional status.
Despite great strides in medical progress for the treatment
of coronary artery disease, the therapeutic options and
corresponding evidence base remain limited in PAD (3).

See page 1077

Lipid-lowering therapy with 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitors (statins) in PAD reduces
all-cause and cardiac mortality (4), and the benefit is related
to both the dose of statin and degree of low-density
lipoprotein (LDL) lowering. As a result, it is recommended

From the *Department of Medicine, University of Virginia Health System, University of
Virginia, Charlottesville, Virginia; †Department of Radiology, University of Virginia
Health System, University of Virginia, Charlottesville, Virginia; ‡Department of Bio-
medical Engineering, University of Virginia Health System, University of Virginia,
Charlottesville, Virginia; §Department of Biostatistics, Bioinformatics, and Biomathe-
matics, Georgetown University, Washington, DC; and the �Department of Surgery,
Johns Hopkins University, Baltimore, Maryland. Supported by the National Heart, Lung,
and Blood Institute R01 HL075792 (to Dr. Kramer), M01RR000847 from the National
Center for Research Resources, and National Institute of Biomedical Imaging and
Bioengineering T32 EB003841 (to Drs. West and Anderson). Study drugs were supplied
by Merck/Schering-Plough. Drs. Epstein, Meyer, Hagspiel, and Kramer receive research
support from Siemens Healthcare. All other authors have reported that they have no
relationships relevant to the contents of this paper to disclose.

Manuscript received November 22, 2010; revised manuscript received March 2,
2011, accepted April 19, 2011.

Journal of the American College of Cardiology Vol. 58, No. 10, 2011
© 2011 by the American College of Cardiology Foundation ISSN 0735-1097/$36.00
Published by Elsevier Inc. doi:10.1016/j.jacc.2011.04.034

http://www.clinicaltrials.gov/ct2/show/NCT00587678


that patients with PAD (5) receive statins with a goal LDL
level of �100 mg/dl. Statins have been shown to improve
pain-free walking performance in patients with PAD (6);
however, the mechanisms remain unclear. Additional stud-
ies have failed to corroborate an improvement in functional
ability in patients with PAD treated with statins; however,
there was evidence of less decline in walking performance in
this group (7). Ezetimibe, a nonstatin drug, is effective in
lowering LDL cholesterol when added to statin therapy (8)
but is of uncertain value in PAD. Ezetimibe has been
studied in atherosclerotic plaque regression trials involving
carotid artery intimal medial thickness (9–11); however, it
has not previously been evaluated in a clinical trial in lower
extremity PAD.

Previous work by our group (12) used magnetic resonance
imaging (MRI) techniques to demonstrate the multiple
determinants of functional status in patients with PAD. We
found that abnormal mitochondrial function is independent
of calf muscle tissue perfusion; however, both correlate with
impaired exercise capacity in patients with PAD and symp-
tomatic claudication. Given the complexity of functional
capacity in PAD and the pleiotropic (noncholesterol low-
ering) effects of statins (13), including improved endothelial
function, stabilization of atherosclerotic plaque, and de-
creased vascular inflammation, they may have particular
therapeutic benefit in this disease. Our study of superficial
femoral artery plaque volume in this patient group demon-
strated plaque regression with new statin therapy with or
without ezetimibe, but progression when adding ezetimibe
to ongoing statin therapy, although there was no placebo for
the latter group (14). The potential benefits of LDL
lowering with statins and/or ezetimibe on the underlying
physiology in PAD remain incompletely understood.

Thus, we aimed to investigate the role of LDL lowering
on the following parameters in PAD patients: 1) calf muscle
perfusion with first-pass contrast-enhanced MRI; 2) calf
muscle energetics with measurement of phosphocreatine
(PCr) recovery time constant by 31P magnetic resonance
spectroscopy (MRS); 3) macrovascular disease measured
with magnetic resonance angiography (MRA); and 4) ex-
ercise capacity with functional testing. Two parallel studies
were performed with the same primary endpoints. In the
first study, statin-naïve patients were randomized to receive
either simvastatin or a combination of simvastatin plus
ezetimibe. The second part of the study evaluated patients
already taking a statin with LDL �80 mg/dl who received
open-label ezetimibe in addition to ongoing statin therapy.

Methods

Study design. Patients between the ages of 30 and 85 years
with symptoms of intermittent claudication and an ankle-
brachial index (ABI) between 0.4 and 0.9, based on vascular
laboratory testing done during the screening period, were
eligible. Exclusion criteria included rest pain, critical limb
ischemia, contraindication to MRI, pregnancy, and comor-

bidities that severely limited the
patient’s ability to perform a
walking treadmill test. Approxi-
mately 350 vascular laboratory
patients were screened for partic-
ipation over the 15-month re-
cruitment period. Screened pa-
tients who did not enroll in the
study refused to participate due
to travel concerns, the extended
nature of the study, or antici-
pated difficulty with functional
testing due to musculoskeletal is-
sues or frailty. Patients provided
written informed consent before
study enrollment. The study pro-
tocol was approved by the Hu-
man Investigation Committee at
the University of Virginia. The
present study was performed as a
pre-specified secondary endpoint
in a study of atherosclerotic
plaque regression.

In the randomized study,
statin-naïve patients (no statin therapy for at least the
previous 6 months) regardless of baseline LDL cholesterol
underwent a double-blind randomization to simvastatin 40
mg (S group) or a combination pill of simvastatin 40 mg �
ezetimibe 10 mg (S � E group) daily using a block
randomization scheme. For the parallel direct treatment
study, patients were enrolled already on statin therapy but
with LDL �80 mg/dl and had open-label ezetimibe 10
mg/day added (E group) to their usual statin. For the
randomized study, the investigators and study subjects were
blinded to therapy, and all results until follow-up studies
and data analysis were complete.
Study protocol. As previously described, the study was
divided over 2 days to allow sufficient time between exercise
portions of the protocol to avoid fatigue and ischemic
pre-conditioning. Patients were admitted overnight to the
General Clinical Research Center. Due to imaging time
constraints, only the more symptomatic leg was studied by
MRI/MRS. Patients returned at yearly intervals twice and
underwent repeat testing each year using the same
protocols.
Magnetic resonance protocols. MRI protocols were com-
pleted on an Avanto 1.5-T scanner and MRS protocols on
a Sonata 1.5-T scanner (both Siemens Healthcare, Erlan-
gen, Germany) because MRS hardware and software were
only available for the latter. Calf muscle perfusion was
immediately measured at peak plantar flexion exercise using
a magnetic resonance–compatible foot pedal ergometer at a
rate of 10 to 12 rpm with first-pass gadolinium-enhanced
imaging as previously described (15) (Fig. 1). Time-
intensity curves were generated with Argus software (Sie-
mens Healthcare) for a region of interest in the calf muscle
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