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STRUCTURED ABSTRACT

Background—-~Peripheral arterial disease (PAD) is an atherosclerotic vascular disease that affects
over 200 million worldwide. The hallmark of PAD is ischemic leg pain and this condition is also
associated with an augmented blood pressure response to exercise, impaired vascular function, and
high risk of myocardial infarction and cardiovascular mortality. In this study, we tested the
hypothesis that coronary exercise hyperemia is impaired in PAD.

Methods—Twelve patients with PAD and no overt coronary disease (65 £ 2 yr, 7 men) and 15
healthy control subjects (64 + 2 yr, 9 men) performed supine plantar flexion exercise (30
contractions/min, increasing workload). A subset of subjects (N = 7 PAD, N = 8 healthy) also
performed isometric handgrip exercise (40% maximum voluntary contraction to fatigue).
Coronary blood velocity in the left anterior descending artery was measured by transthoracic
Doppler echocardiography; blood pressure and heart rate were monitored continuously.

Results—Coronary blood velocity responses to 4 minutes of plantar flexion exercise (PAD: A 2.4
+ 1.2, healthy: A 6.0 £ 1.6 cm/s, £=0.039) and to isometric handgrip exercise (PAD: A 8.3 + 4.2,
healthy: A 16.9 + 3.6, = 0.033) were attenuated in PAD patients.

Conclusions—These data indicate that coronary exercise hyperemia is impaired in PAD, which

may predispose these patients to myocardial ischemia.
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1. INTRODUCTION
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Peripheral arterial disease (PAD) is an atherosclerotic vascular disease that affects over eight
million people in the United States and 202 million worldwide [1, 2]. PAD is characterized
by progressive narrowing of the lower extremity arterial vasculature and ischemic leg pain
that occurs with walking, termed “intermittent claudication” [3]. Whether or not patients

Corresponding Author: Matthew D. Muller, Ph.D., Penn State University College of Medicine, Heart and Vascular Institute, H047,
500 University Drive, Hershey, PA, 17033, Telephone: 717-531-0003 x 281226, FAX: 717-531-1792, mmullerl@hmc.psu.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ross et al.

Page 2

experience claudication, a diagnosis of PAD heightens overall cardiovascular risk. Patients
with PAD have a five times greater incidence of cardiovascular mortality in 10 years
compared to healthy individuals of similar age [4]. Myocardial infarction accounts for 60%
of all deaths in PAD [3] and it is suspected that impaired coronary vasomotor control
contributes to these outcomes. A recent study found that occluding the femoral arteries in
swine blunts coronary vasodilation [5]. However, very few studies have evaluated coronary
blood flow responses in patients with PAD [6].

The coronary blood vessels play a vital role in maintaining oxygen (O5) and substrate
delivery to the myocardium. In healthy humans, physiological stress increases myocardial
O, demand, which is compensated by an increase in coronary blood flow since the
myocardium cannot significantly increase O, extraction [7]. Changes in peak coronary blood
velocity (CBV) reflect changes in coronary blood flow [8, 9]. Furthermore, CBV responses
to pharmacological stimuli are predictive of adverse cardiovascular events in healthy
subjects and patients with coronary artery disease [10-14]. PAD patients also have
attenuated coronary vasodilation to pharmacological stimuli [6], but whether coronary
hyperemia is impaired in these patients during physiological stress is unknown.

Previous studies show that patients with PAD have augmented blood pressure (BP)
responses to low-intensity exercise [15-18], which is prognostic of cardiovascular events
and all-cause mortality [19]. While the mechanisms contributing to mortality are unknown,
an augmented rise in myocardial metabolism coupled with impaired O, delivery may lead to
myocardial ischemia. Therefore, the main purpose of this study was to investigate coronary
blood velocity (CBV) responses to plantar flexion exercise in patients with PAD. A subset of
subjects also performed isometric handgrip exercise to assess coronary exercise hyperemia
without exercising an ischemic leg. We hypothesized that PAD patients have attenuated
coronary exercise hyperemia despite an augmented rise in myocardial O, demand.

2. MATERIAL AND METHODS
2.1 Subjects and Design

These laboratory studies used an independent-subjects design whereby physiological
parameters were compared between groups (PAD patients, healthy control subjects). Twelve
PAD patients (65 + 2 yr, 7 men) and 15 healthy control subjects (64 £ 2 yr, 9 men) were
enrolled. The sample size was determined after the first four subjects in each group had
completed testing. Specifically, we determined that if the true difference in the mean ACBV/
Arate pressure product (RPP = HR x SBP; an index of myocardial O, demand) from
baseline to plantar flexion exercise at 2.0 kg was 5.6 a.u. with a standard deviation of 4.0 a.u.
then we would need to study 12 subjects in each group to reject the null hypothesis with
90% power and a. = 0.05. In order to account for attrition and potential missing data, we
enrolled 12 PAD patients and 15 healthy subjects. Subsequently, for the handgrip
experiments we determined after the first three subjects that if the true difference in the
mean ACBV/ARPP from baseline to peak handgrip was 5.27 a.u. with a standard deviation
of 2.5 a.u. then we would need to study 6 subjects in each group to reject the null hypothesis
with 90% power and a = 0.05. We enrolled 7 PAD patients and 8 healthy controls to account
for potential missing data.
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PAD patients were recruited from the Penn State Hershey Medical Center vascular
outpatient clinic lists and from our database of subjects who had previously participated in
our studies. We made an effort to match PAD patients to healthy subjects from our database
(first by sex, then by age, then BMI). All PAD patients had an ankle-brachial index (ABI) <
0.9 and were classified as Fontaine stage Il. All PAD patients in the current study did not
have clinically active coronary artery disease, aortic stenosis, or prior myocardial infarction
based on medical history, symptoms (no angina with exertion), EKG and resting
echocardiogram interpreted by a cardiologist (U. Leuenberger). More specifically, all PAD
patients had normal ejection fraction (55-70%) and left ventricle wall thickness (< 1.1 cm)
as well as no wall motion abnormalities. Patients with diabetes or were not excluded from
the study; two PAD patients were diabetic and one PAD patient was pre-diabetic. Most PAD
patients (9/12) had undergone at least one leg vascular intervention prior to enrollment but
remained symptomatic with ABI < 0.9. These procedures included femoral-popliteal bypass
(N=4), peripheral stents (N=3), angioplasty without stenting (N=3), aortic-bifemoral bypass
(N=1), and popliteal endarterectomy (N=1). PAD patients were on several medications
including antiplatelet medications (N=8), statins (N=8), aspirin (N=8), ACE inhibitors
(N=7), hydrochlorothiazide (N=6), fish oil supplements (N=5), amlodipine (N=4), selective
B1 blockers (N=4), proton pump inhibitors (N=3), Angiotensin Il receptor blockers (N=2),
cilostazol (N=3), and metformin (N=1). PAD patients withheld cardiovascular medications
for at least 12 hours prior to the plantar flexion exercise trials but stayed on medications for
the handgrip trials. Two PAD patients were active smokers and we did not ask that they
refrain from smoking before the study. Healthy subjects were normotensive, non-obese, and
non-smokers who were not on any medications and had no chronic illnesses. Healthy
subjects were recreationally active but not competitive athletes. All subjects refrained from
caffeine, alcohol, and vigorous exercise for 24h prior to the study.

2.2 Study Protocol

All study protocols were approved in advance by the Institutional Review Board of Penn
State Hershey and conformed to the Declaration of Helsinki. All subjects provided written
and informed consent. The study protocols were performed in the supine position in a
thermoneutral laboratory (20-21°C). First, ABIs were assessed at rest in all subjects.
Subjects were then instrumented with a three-lead EKG (Cardiocap/5, GE Healthcare), a
finger BP cuff (Finometer, FMS), and pneumotrace to monitor respiratory activity; these
variables were continuously collected at 200 Hz by PowerLab (ADInstruments) and
analyzed offline. Resting BPs were obtained in triplicate by automated oscillometry of the
right brachial artery (Phillips Sure Signs VS3) after 15 min of quiet rest and these values
were used to verify the Finometer values as previously described [20]. A transthoracic
echocardiogram (GE Vivid 7) was performed at rest in the supine posture to determine left
ventricular size and function, mitral inflow at the mitral leaflet tips, and Doppler velocities at
the septal mitral annulus (table 1). Peak diastolic CBV in the left anterior descending artery
(LAD) was obtained from the adjusted apical four-chamber view using a 7S probe (all
images acquired by Z. Gao). The specific procedures for measuring CBV in LAD have been
previously described by our laboratory and the reproducibility within subjects has been
verified [21-24]. Subjects also completed the walking impairment questionnaire (WIQ), a
pen and paper test to evaluate walking performance that correlates to peak walking time and
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absolute claudication distance in PAD [25]. The WIQ contains 14 questions and each
response is weighted based on the difficulty of the task; scores range from 0 to 100 with
lower scores indicating worse walking ability (greater impairment).

To test our hypothesis, subjects performed plantar flexion exercise by contracting the calf
muscles of a single leg 30 times per minute with increasing amounts of resistance attached
to the device. The resistance started at 0.5 kg and increased by 0.5 kg every minute until 7
kg, fatigue, significant pain, or inability to maintain the cadence occurred as previously
performed in our lab [15, 26, 27]. Ratings of perceived exertion and pain were obtained each
minute using the Borg scales [28]. PAD patients performed the exercise with their most
symptomatic limb. In a subsequent study on a separate day, a subset of subjects who were
willing to participate in another experiment (N=7 PAD, N=8 healthy) performed isometric
handgrip exercise at 40% maximal voluntary contraction until fatigue by squeezing a
handgrip dynamometer using their right forearm muscles. This stressor was chosen because
it raises sympathetic nervous system activity, HR, and BP without evoking ischemic leg pain
[29].

2.3 Data collection and statistical analysis

All variables were measured continuously and analyzed offline. An average of the last 20 s
of each minute is presented. Rate pressure product (RPP, the product of HR and systolic BP)
was used as an index of myocardial O, demand. CBV was used as an index of myocardial
Oy supply. Our primary outcome variable was the ACBV to ARPP ratio from baseline to
exercise, which was calculated as ACBV/ARPP x 1000. This ratio has been used previously
to quantify coronary hyperemia normalized to cardiac metabolism; higher numbers indicate
greater myocardial O, supply relative to demand [30-33]. Statistical analysis was performed
using SPSS 22. Mann-Whitney U tests were used to compare anthropometric and non-
parametric data between groups. To analyze responses to plantar flexion exercise, two group
(PAD, healthy) by 6 time point (baseline, exercise at 0.5 kg, 1.0 kg, 1.5 kg, 2.0 kg, fatigue)
repeated measures ANOVA were conducted on the raw physiological variables (figure 1).
For significant interactions, post-hoc Tukey-Kramer tests were employed. Changes (A) from
baseline to plantar flexion exercise at 2.0 kg and from baseline to peak handgrip exercise
were compared between groups using Student’s #tests for independent samples. Cohen’s d
(mean 1- mean 2/ combined standard deviation) was calculated on primary outcomes to
determine effect size. We also conducted planned correlations between WIQ scores, ABIs,
and physiological responses to exercise. All data are shown as mean + standard error mean
(SEM) unless otherwise stated. Significance was set at £< 0.05 for all tests.

3. RESULTS

Table 1 shows anthropometric measurements and resting hemodynamics in PAD patients
and healthy control subjects. Age, height, weight, diastolic BP, and mean BP were similar
between groups. While BMI was not statistically different between groups, BMI tended to
be higher in PAD patients compared to healthy subjects. Systolic BP was higher in PAD
patients compared to healthy subjects. The median WIQ score in PAD was 51 (range: 16 to
100). All healthy subjects scored 100 (i.e. no impairment) on the WIQ. There were no
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significant correlations between WIQ scores, ABIs, and physiological responses to exercise.
More specifically, the CBV response to plantar flexion did not correlate to worst ABI (R =
-0.093, P=0.785) or to WIQ scores (R = -.060, A= 0.860).

During plantar flexion exercise, PAD patients experienced more pain and stopped at a lower
workload compared to healthy subjects; yet ratings of perceived exertion were similar
between groups during the last stage of exercise (table 2). All PAD patients completed the
2.0kg workload (4 minutes) therefore statistical comparisons were made up to this time
point. Significant group x time interactions were found for systolic BP and HR, which were
higher in PAD compared to healthy subjects at all analyzed time points (Figure 1). Yet, CBV
over time was not different between groups (Figure 1). The changes from baseline to
exercise at 2.0 kg in systolic BP (PAD: A 18 + 2, healthy: A 12 £ 2 mmHg, A= 0.020) and
HR (PAD: A9+ 1, healthy: A 3 + 1 beats/min, £=0.001) were higher in PAD. However, the
change in mean BP from baseline to exercise at 2.0kg was not different between groups
(PAD: A 12 + 2, healthy: A 8 + 2 mmHg, £=0.089). The change in CBV (ACBV) from
baseline to exercise at 2.0kg was attenuated in PAD vs. healthy subjects (A 2.4 £ 1.2 vs. A
6.0 £ 1.6 cm/s, P=0.039, Cohen’s d= 0.7). In addition, ACBV/ARPP (slope of the line from
baseline to exercise at 2.0kg) was lower in PAD vs. healthy subjects (A 1.0+ 0.6 vs. A 7.3
2.9 a.u., P=0.013, Cohen’s d= 0.9, figure 2A).

In response to isometric handgrip exercise, maximum voluntary contraction of the forearm
and ratings of perceived exertion at fatigue were similar between groups although healthy
subjects exercised about one minute longer (table 2). There were no group differences in
mean BP (PAD: A 35 =+ 3, healthy: A 30 £ 4 mmHg, £=0.223), HR (PAD: A 14 + 2,
healthy: A 14 + 3 beats/min, P=0.701), or RPP (PAD: A 5450 * 487, healthy: A 4307 + 408
beats/min, £=10.093) responses to handgrip exercise. Despite comparable increases in
myocardial O, demand, ACBYV from baseline to peak handgrip was attenuated in PAD vs.
healthy subjects (A 8.3 + 4.2 vs. A 16.9 + 3.6, P=0.033, Cohen’s d=1.2). The ACBV/
ARPP ratio from baseline to peak grip was also attenuated in PAD vs. healthy subjects (A 1.7
+09vs. A4.5+1.0, P=0.030, Cohen’s d= 1.1, figure 2B).

4. DISCUSSION

The purpose of this study was to investigate coronary responses to exercise in patients with
PAD and in healthy subjects of similar age. Consistent with our hypothesis, we found that
the increase in myocardial O, supply (CBV) to single leg dynamic plantar flexion exercise is
attenuated in PAD patients compared to healthy subjects despite a larger increase in
metabolic O, demand (RPP). In addition, we found that the change in CBV to isometric
handgrip exercise is also attenuated in PAD, despite similar increases in RPP compared to
healthy subjects. These findings indicate that PAD is associated with impaired coronary
exercise hyperemia, which may partially explain the high risk of adverse cardiovascular
events in this population.

In humans, peak CBV responses to pharmacological agents are predictive of adverse
cardiovascular events in healthy subjects and patients with coronary atherosclerosis [10-14].
Specifically, CBV reserve (CBVpeak/CBVhaseline) IS lower in patients with coronary artery
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disease. One study found that PAD patients also have an attenuated increase in CBV to
intravenous dipyridamole [6]. However, CBV responses to physiological stimuli in PAD
were previously unknown.

With respect to BP and HR, the current plantar flexion experiments are consistent with
previous studies from our laboratory, which found that systolic BP and HR responses to
plantar flexion exercise up to 2.0kg were augmented in PAD [15, 26, 34]. The primary
finding of the current study, which used a longer exercise protocol, is that ACBV from
baseline to exercise is attenuated in PAD despite higher myocardial metabolism (RPP). In
addition, the ACBV/ARPP ratio was also attenuated in PAD patients compared to healthy
subjects as shown by the blunted slope of the line in figure 2. This suggests that reflex
increases in systemic hemodynamics during exercise elicit different coronary vascular
responses between PAD patients and healthy subjects. To our knowledge, this is the first
study to evaluate CBV during plantar flexion or isometric handgrip exercise in PAD patients.
We believe our data are clinically important because they imply that PAD patients with local
leg atherosclerosis likely have impairments in coronary perfusion during exertion.
Furthermore, the PAD patients in the current study were relatively healthy; all had
intermittent claudication (Fontaine stage 2), none had rest pain (critical limb ischemia), they
were medically stable, and only 3/12 subjects had low walking performance based on WIQ
scores < 42.5 [25]. We speculate that coronary exercise hyperemia is further impaired in
patients with critical limb ischemia.

It is unlikely that impaired coronary exercise hyperemia in PAD is the result of an altered
reflex originating from the leg due to ischemia or pain. Indeed, we found that coronary
hyperemia is also impaired in PAD during isometric handgrip exercise. While CBV
responses to handgrip were attenuated in PAD, the increase in BP and HR were similar to
healthy subjects, which is consistent with other studies [16]. The pressor response generated
during plantar flexion exercise is greater in PAD. Thus, the lower coronary velocity
responses to plantar flexion exercise in PAD may have been due to greater coronary
myogenic influences [35]. However, the handgrip data demonstrates that even when BP
responses are not augmented in PAD, coronary velocity responses remain attenuated. These
findings suggest that the lower coronary velocity responses observed in PAD are unlikely to
be caused by an augmented myogenic flow control in the coronary circulation.

Previous studies found that PAD patients and animal models of peripheral artery
insufficiency have decreased coronary blood flow responses to pharmacological stimuli [5,
6]. Our data extend these findings, by showing that PAD patients also have impaired
coronary vasomotor responses to physiological stimuli (i.e., exercise). The mechanism of
impaired coronary vasodilation in PAD is unknown but may be attributed to global
endothelial dysfunction, subclinical coronary atherosclerosis, or altered sympathetic vascular
control. Future studies are needed to elucidate the mechanisms of coronary blood flow
regulation in PAD.

While our sample size was relatively small, our study was powered to assess differences in
the primary outcome variable (ie. the ACBV/ARPP) and our effect size was large for our
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primary findings (Cohen’s ¢> 0.7). With transthoracic Doppler echocardiography we are
only able to measure CBV not coronary blood flow since we are unable to measure diameter
accurately. However, previous studies found that adenosine-induced increases in CBV are
correlated to increases in coronary blood flow and the percent change in velocity is 10-fold
greater than the increase in diameter [8, 9]. Therefore increases in LAD flow are largely
attributed to changes in velocity. It is possible that some of the PAD patients in the current
study had significant but subclinical coronary atherosclerosis since atherosclerosis is a
systemic disease. However, all PAD patients in this study did not have clinically active
coronary atherosclerosis and were screened for coronary artery disease via medical history,
EKG, and resting echocardiography. Since coronary vasodilation is impaired in swine with
femoral artery occlusion in the absence of any atherosclerosis it is possible that impaired
coronary vasodilation in PAD could be an adaptation to leg ischemia rather than generalized
atherosclerosis [5]. However, our PAD patients did not have isolated leg ischemia. Some
patients in the study did have diabetes, hypertension, hyperlipidemia, and/or history of
tobacco use, which may have contributed to changes in coronary flow. Two PAD patients
were also active smokers, which may have altered vasomotor tone. In addition, all patients
were on medications that could have affected our measurements because it is unethical to
have patients withhold medications for enough time to washout the effects. More
specifically, four subjects took amlodipine, a dihydropyridine, that can produce vasodilation.
While CBV responses were impaired in PAD patients, even ones on amlodipine, it is
possible that the impairment of coronary hyperemia was underestimated in these patients.
We did not measure disease markers such as HbA1c or lipid levels in our subjects and
cannot determine if these influenced their physiological responses. The ratio of early mitral
inflow to early diastolic velocity of mitral annulus (E/e’ ratio, Table 1) at rest was higher in
PAD patients, which suggests higher left ventricular filling pressure [36]. Yet, left
ventricular wall thickness, fractional shortening, and ejection fraction were normal in all
PAD patients in the current study and the subjects had no signs of prior myocardial
infarction based on resting EKG and echocardiography. In addition, PAD patients did not
perform plantar flexion or handgrip exercise as long as healthy subjects but perceived
exertion was similar between groups at the end of exercise.

5. CONCLUSIONS

This is the first study to show that coronary blood flow responses to leg and forearm exercise
are impaired in patients with peripheral artery disease (PAD) without overt coronary disease.
Additional studies with larger sample sizes are needed to validate these findings. Since
coronary blood velocity indicates oxygen supply to the myocardium, these findings may
partially explain the high risk of myocardial ischemia in PAD. However, whether decreased
coronary hyperemia during exercise is associated with greater cardiovascular morbidity or
mortality is yet to be determined. Further studies are also needed to elucidate the mechanism
of impaired coronary exercise hyperemia in PAD and develop strategies to improve
myocardial perfusion during exercise in these patients.
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Figurel.
Systolic blood pressure (BP), heart rate, and coronary blood velocity responses to plantar

flexion exercise in patients with peripheral arterial disease (PAD) and healthy control
subjects (N = 12 in each group). The fatigue time point represents the last workload
performed by each PAD patient and the corresponding workload of each matched healthy
subject. *P < 0.05 between groups.
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Top graph. Change in coronary blood velocity / rate pressure product from baseline to
plantar flexion exercise at 2.0 kg in peripheral arterial disease patients (PAD, N= 12, solid
lines) and healthy control subjects (N = 14, dashed lines). Bottom graph. Change in coronary
blood velocity / rate pressure product from baseline to peak fatiguing isometric handgrip
exercise (40% maximal voluntary contraction) in PAD (N = 7, solid black lines) and healthy
subjects (N = 8, gray dashed lines). Gray arrows represent individual responses and black
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arrows show group averages. A steeper slope indicates better myocardial O, supply for a
given amount of increased metabolic demand.
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Baseline anthropometric measurements and resting hemodynamics

Table 1

PAD Healthy P-values
(N=12) (N =15)

Male / female 715 9/6
Age, yr 65+ 2 64+2 0.940
Height, m 1.67+£0.03 1.72+0.02 0.104
Weight, kg 787+36 752%33 0.481
Body Mass Index, kg/m?  281+12  252+0.7 0.072
ABI exercising leg 058+.03% 109+.03 <0.001
ABI non-exercisingleg 972+ 0g* 1.07%.03 <0.001
Pack years 29+8% 0£0 <0.001
Systolic BP, mmHg 143+7% 123+3 0.014
Diastolic BP, mmHg 74 +2 76+ 2 0.351
Mean BP, mmHg 96 +3 90+2 0.194
Heart Rate, beats/min 63+3% 55+2 0.020
S’ cm/s 9.1+£07 85+05 0.497
e’, cm/s 8.7+0.6 9.8+0.6 0.209
a’, cm/s 102+08 10.0+0.7 0.877
E, cm/s 86.1+43% 727+33 0.024
A, cmis 904+77% 68816 0.021
E-to-A ratio 1.00£0.05 1.06+0.05 0.383
Etoe’ 107+09% 7604 0.012

Page 14

Values are mean + SEM. ABI, ankle-brachial index; BP, blood pressure; S, systolic mitral annulus velocity; e’, early diastolic mitral annulus

velocity; @’, late diastolic mitral annulus velocity; E, early diastolic mitral inflow; A, late diastolic mitral inflow.

*
P<0.05 compared to healthy control subjects
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Table 2

Perceived Exertion, Pain, and Exercise Duration

PAD Healthy  P-values

Dynamic Plantar Flexion (N=13) (N=14)

Last workload completed (kg) 40+05% 7.0+£00 <0.001
RPE at end of exercise (a.u., 6 — 20) 14+1 161 0.212
Pain at end of exercise (a.u., 0 - 10) 4+1% 00 0.011
Isometric Handgrip (N=8) (N=7)

Time to fatigue (seconds) 204+15% 280+24 0.010
MVC forearm (kg) 34+3 37+2 0.252
RPE at fatigue (a.u., 6 — 20) 19+1 19+0 0.694

Values are mean + SEM. RPE, rating of perceived exertion; MVC, maximum voluntary contraction.

*
P < 0.05 compared to healthy control subjects
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