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Abstract
Background: To determine whether muscle contraction-induced leg blood
flow (LBF) during exercise may be altered in a patient with an ischemic limb
due to peripheral arterial disease (PAD) compared with the non-PAD limb.
Case Presentation: A 66-year-old male patient with intermittent claudication
due to PAD in the right leg (ankle brachial pressure index, 0.69) showed
complete obstruction in both common iliac arteries including internal/external
segments with collaterals above the femoral artery and popliteal artery with
collaterals, and in the healthy left non-PAD-leg (1.06). He attempted unilateral repeat isometric knee extensions at a target contraction rhythm with
each leg at incremental contraction intensities (5%, 10%, and 30% of maximum voluntary contraction [MVC] for 3 min at each intensity). Blood velocity/flow (Doppler ultrasound) in the femoral artery, blood pressure, and leg
vascular conductance (LVC) were measured. Isometric thigh MVC strength
pre-exercise was similar between the PAD-leg (48.0 kg) and non-PAD-leg
(48.7 kg). Pre-exercise LBF (ml/min) was also similar between the PAD-leg
(316) and non-PAD-leg (327). Blood pressure increases were similar during
exercise. Average exercising LBF in ml/min in the last 1 min at each intensity
was higher in the PAD-leg than the non-PAD-leg: 1087 vs. 471 at 5%, 2097
vs. 712 at 10%, and 2656 vs. 1517 at 30% MVC with a close positive linear relationship between LBF and %MVC in the non-PAD-leg (r = 0.999, P < 0.01),
in agreement with previous findings, but less significant in the PAD-leg (r =
0.879, P = NS), indicating intense vasodilation (increasing LVC) in the
PAD-leg compared with the non-PAD-leg. Conclusion: Knee extensor exercising LBF in the femoral artery was dissimilar between the PAD-leg and
non-PAD-leg at the same exercise intensity, even though pre-exercising LBF
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was the same. Further research on the time-course in hemodynamics during
leg exercise in PAD might potentially provide insight for the cardiovascular
adjustment in severity of arteriosclerosis, stenosis and/or collaterals reserve.
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1. Introduction
Peripheral arterial disease (PAD), resulting in intermittent claudication, is associated with low exercise tolerance [1]. This can reduce levels of daily physical activity (for example, low walking ability), lead to poor health, and impair quality
of life [2]. Long-term, habitual exercise improves walking distance with less pain
in the leg [3] [4]. This may potentially be due to alteration (or adjustment) of the
peripheral hemodynamics in the leg and/or improvement in the muscle oxidative capacity or potential oxygen supply via developed collateral circulation by
exercise training [5]. Therefore, it might be important to understand the role of
the blood flow circulatory effect related to voluntary muscle contractions such as
knee and/or plantar exercise thorough hemodynamic imaging using real-time
recording with a non-invasive method.
In 1976, Nicolaides reported the ability of blood velocity tracing in the femoral artery to predict the state of the proximal aortoiliac segment in PAD. Furthermore, an illustration of changes in femoral artery blood velocity after exercise was described [6]. There have been numerous previous studies on the time
course of muscle contraction-induced blood flow hyperemia in the limb conduit
artery due to exercise in healthy subjects [7], but less acknowledgement of the
reference values for exercising blood flow in the leg conduit artery with lesion of
vascular disease.
Recent advances in ultrasonography with two-dimensional anatomical imaging of monitored pulse flow and Doppler waveform can precisely evaluate arterial lesions. Thus, the measurement of (changes in) blood velocity profile can
provide valuable information on the severity of stenosis due to arteriosclerosis as
well as existence of collaterals induced by ischemia with obstruction of artery
flow and to evaluate alterations in the magnitude of peak systolic blood velocity
and/or diastolic blood velocity profile in a basal non-exercising state in PAD [8].
In addition, Doppler imaging can provide high temporal resolution of blood
velocity in a conduit artery at rest. Moreover, rapid changes in blood velocity in
a conduit artery located in a gap into a major muscle group can also be detected
with muscle contraction and relaxation and/or cardiac beat-by-beat during exercise, muscle contraction frequency and workload, and in relation to vasodilatation/vasoconstriction [9] [10] [11] [12]. In previous studies in healthy legs on
exercise leg blood flow (LBF), there were positive linear correlations between
DOI: 10.4236/wjcd.2020.1012076
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unilateral LBF and workload during steady state dynamic leg exercise with a validated operator technique [13] [14] [15] [16].
Limited information is available on whether the muscle contraction-induced
ischemic limb flow response in PAD may be altered during leg exercise. Thus, in
the present case with PAD, we sought to determine the magnitude of thigh muscle strength-dependent blood flow in the femoral artery located above an arteriosclerotic lesion using Doppler ultrasound.

2. Case Presentation
A male (66 yr 3 mo, 173.8 cm, 69.5 kg) had been diagnosed 5 years previously
with hypertension and PAD in the right leg with intermittent claudication (Fontaine classification II). The intermittent claudication had appeared 2 years prior
to the study. In the patient’s right leg there was a region of complete obstruction
due to arteriosclerosis in the right common iliac artery, including the internal-external iliac artery and the developed collaterals above the common femoral
artery as well as complete obstruction of the popliteal artery with collaterals, as
determined by angiography, and the patient’s left leg was healthy and without
PAD. Ankle brachial pressure index (ABI) was 0.69 for the PAD-leg and 1.06 for
the non-PAD-leg (CAVIpluse VaSera VS-1000, Fukuda Denshi, Tokyo, Japan).
A normal ABI is defined as a resting measurement greater than 0.9. Any value of
0.9 or less indicates the presence of PAD, with lower ABI values indicating more
severe PAD. Patients with ABI values of 0.70 to 0.90 may be asymptomatic or
have very mild symptoms of intermittent claudication [17].
The patient had been taking oral cilostazol, an antiplatelet agent with vasodilatory properties, and valsartan, as an antihypertensive agent. He has continued
hospital-based rehabilitation with 30-min aerobic bicycle ergometer exercise approximately 2 times per week for 2 years 3 months. Cardiopulmonary ergometer
exercise tests indicated a maximum oxygen consumption of 21.69 ml/kg/min
(6.2 Mets), with a maximum workload as 121 watts and maximum heart rate of
141 beat per minute. The present trial was conducted according to the principles
of the Declaration of Helsinki (1964) and with approval (approval No. 958) of
the Institutional Ethics Committee of our institution. The patient gave written
consent and was informed of the nature and purpose of the study, as well as potential risks and discomfort. The patient also understood that they could withdraw from the study at any time without consequence.

3. Protocol
3.1. Exercise Model
The patient performed incremental unilateral (one-legged) isometric knee extensor exercise in a sitting position, which is an appropriate model for the determination of comprehensive LBF in the femoral artery during limb muscle contractions
(Figure 1). This exercise model allows stable measurements of femoral arterial
blood velocity using Doppler ultrasound, whereas usual walking/running models
DOI: 10.4236/wjcd.2020.1012076
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Figure 1. One-legged knee extensor exercise model. Repeat isometric muscle contraction
performed as 5-s voluntary (active) isometric knee muscle contraction and 5-s muscle relaxation pause (10 s/duty cycle) for 3 min at 5%, 10%, 30%, and 50% MVC. The knee extensor contraction rhythm was maintained by following the pace of a visible and audible
metronome. The knee extensor contraction strength (target intensity) was performed by
visualizing the contraction strength displayed in real time on a force monitor. Simultaneous recording of hemodynamic parameters was measured for the whole experiment.

do not easily allow LBF measurement in the leg conduit artery, due to the difficulty of fixing the scanning probe to the hip joint [16] [18] [19] [20]. The patient
performed exercise with the hips at a 100˚ angle, the thigh positioned horizontally with the knee joint bent at an approximately 110˚ angle, and their foot and
ankle secured to upper and lower rods with the use of a custom-designed Meiko-100 knee-extension ergometer (Meiko Co. Ltd., Tokyo, Japan) [13].

3.2. Exercise Intensity and Muscle Contraction-Relaxation
Frequency
Prior to exercise, the maximum voluntary contraction force (MVC) expressed as
the maximum muscle strength throughout a single muscle contraction bout in
each leg was measured using a knee-extension ergometer connected to a
strain-gauge (Meiko Co. Ltd. ST-200, Tokyo, Japan). The MVC was determined by
the averaging over five repetitions for a bolus of MVC. The target intensity at isometric muscle contraction phase increased every 3 min corresponding to 5%, 10%,
30%, and 50% MVC. The recovery phase lasted 10 min (Figure 2). A duty cycle
for muscle contraction–relaxation was at a rate of 5-s isometric knee extensor contractions at the target exercise intensity and consequently 5-s muscle relaxation
(pause) corresponding to a cycle of 10 s (6 cycles per minutes) with recording of
the muscle strength curve. The patient attempted to maintain the target intensity
using a digital visualization of the intensity displayed in real time on a monitor.
The duration of muscle contraction and muscle rhythm followed the pace of an
audible metronome (Quartz Metronome SQ 70, SEIKO, Tokyo Japan). The patient performed the exercise until they reached all-out exhaustion with leg fatigue.
DOI: 10.4236/wjcd.2020.1012076
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Figure 2. Exercise protocol. The maximum voluntary contraction (MVC) strength was
measured for each leg at pre-exercise. There were four different target exercise intensities
in the multi-stage incremental unilateral isometric knee extensor exercise sessions, 5%,
10%, 30%, and 50% of MVC, and each target intensity for 3 min. A 10-min recovery was
taken after the end of exercise. The participant attempted to exercise to exhaustion with
leg fatigue.

3.3. Blood Velocity and Vessel Diameter in the Femoral Artery
An ultrasonograph (SONOS 1500, ultrasound imaging system, HP 77035A,
Hewlett Packard, Tokyo Japan) with a 2-dimensional ultrasonic imager and a
pulse Doppler flowmeter using linear array prove (7.5 MHz) was used. Measurement in the proximal femoral artery was at a site with minimum turbulence
and without influence of the inguinal region on hemodynamics above the bifurcation, thereby enabling easy and reliable measurement during leg exercise [10]
[11] [12] [13]. In the present patient, there was no pathology (severe stenosis or
collateral vessel) in the target femoral artery (sampling point) monitoring arterial pulsation color images above the bifurcation into the superficial and profunda
femoral branch (see 2-D image for PAD in Figure 3). Validated blood velocity
measurement in the femoral artery has been reported previously during repeated
muscle contractions using Doppler ultrasound [9] [10] [11].
Prior to exercise, the vessel diameter at pre-exercise (basal state) was measured only for determination of the cross-sectional area. The systolic and diastolic
vessel diameters were also measured under perpendicular insonation and calculated in relation to the temporal duration of the ECC recording curve as [(systolic vessel diameter × 1/3) + (diastolic vessel diameter × 2/3)] [9] [10] [11]. LBF
was calculated by multiplying the cross-sectional area [area = π × (vessel diameter/2)2] by mean blood velocity.

3.4. Blood Pressure, Heart Rate and Leg Vascular Conductance
Blood pressure was monitored continuously using an auricular plethysmography device with oscillometric calibration, with a cuff tourniquet placed on the
upper arm (RadiaPress RBP-100, KANDS, Aichi, Japan) with data stored using a
DOI: 10.4236/wjcd.2020.1012076
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Figure 3. Comparison in blood velocity profile in femoral artery between PAD and non-PAD. The blood velocity in the femoral
artery above the bifurcation monitored in B-mode was clearly different between the PAD-leg (a monophasic pattern with low
resistance component) and the non-PAD-leg (normal triphasic pattern) at pre-exercise in the left panel. The upper panels are for
the PAD-leg and the lower panels for the non-PAD-leg. The blood velocity profile showed the restricted blood flow due to increases in intramuscular pressure during muscle contraction (→), and hyperemic increasing blood flow during muscle relaxation
(←). Marked higher blood velocity in the diastolic component was obviously seen in the PAD-leg than the non-PAD-leg at
30%MVC in the middle panel (note the higher scale on the vertical axis in the PAD-leg compared with the non-PAD-leg). The
magnitude of the hyperemic state after the end of exercise was enhanced in the PAD-leg compared with the non-PAD-leg in the
right panel. PAD: peripheral arterial disease, %MVC: percentage of maximum voluntary contraction.

PowerLab data acquisition system (Chart v.4.2.3 software; AD Instruments,
Sydney, Australia). Heart rate was measured using the beat-by-beat from continuous recording of the blood pressure wave. Leg vascular conductance was calculated as LBF divided by blood pressure (LBF/blood pressure) using the unit
ml/min/mmHg.

3.5. Sampling Collections and Evaluations
We collected the samples for hemodynamic measures at pre-exercise and during
exercise (every 5-s muscle contraction phase, every 5-s muscle relaxation phase,
and every 10-s muscle contraction–relaxation duty cycle) and recovery (immediately at the end of the exercise point, and every 1 min). Furthermore, the average LBF value during steady state exercise was also determined as a mean value (6th duty muscle contraction–relaxation cycles) in the last 1 min of exercise at
each exercise intensity. Statistical comparisons were examined using a linear fitting regression correlation coefficient (r), and P-value were conducted between
mean LBF and the mean muscle contraction strength (relative value as %MVC)
in the last 1 min of exercise at each exercise intensity (Microsoft 365 Excel). A
P-value < 0.05 was considered significant.
DOI: 10.4236/wjcd.2020.1012076
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4. Results
ABI was lower in the ischemic PAD-leg (0.69) than the healthy non-PAD-leg
(1.06), which may indicate the existence of stenosis and/or obstruction in the limb
artery below 0.9. The MVC in one-legged isometric knee extensor muscle contraction was similar between the PAD-leg (48.0 kg) and non-PAD-leg (48.7 kg), which
indicated the same relative target muscle contraction intensity (%MVC). The
pre-exercise LBF in a basal resting state was similar between 316 ml/min in the
PAD-leg and 327 ml/min in the non-PAD-leg. In the PAD-leg in a pre-exercise
basal state there was a monophasic blood velocity profile, but a triphasic blood velocity pattern was seen in the non-PAD-leg (Figure 3). The duration of unilateral
leg exercise for achieving to exhaustion (leg fatigue but not intermittent claudication) was shorter in the PAD-leg at 10 min than the non-PAD-leg at 11 min 40 sec
and it was not to possible to accomplish the whole session at 50% MVC.
The magnitude of the average LBF was higher in the PAD-leg than the
non-PAD-leg during exercise (Figure 4). The average exercise LBF in ml/min in
the last 1 min of each exercise intensity was higher in the PAD-leg than the
non-PAD-leg: 1087 vs 471 at 5% MVC, 2097 vs 712 at 10% MVC, and 2656 vs
1517 at 30% MVC in Figure 4A, which may indicate excess vasodilation (increasing LVC) in the PAD-leg compared with the non-PAD-leg in Figure 4B.
The increase in blood pressure was similar in the PAD-leg and non-PAD-leg
during exercise (Figure 4C). The increase in heart rate was similar between the
PAD-leg and non-PAD-leg in Figure 4D, which can be used to validate the physiological response using the same muscle contraction strength (Figure 4E).
The LBF in both legs increased in a manner almost dependent on muscle contraction intensity, furthermore the non-PAD-leg showed that the increase in
LBF was statistically significant (r = 0.999, P< 0.01) with positive linearity
by %MVC, but not in the PAD-leg (r = 0.879, P = NS) (Figure 5).

5. Discussion
The present trial may provide unique insights on patients with PAD that pathophysiologically have a limitation in perfusion blood flow to skeletal muscles in
the periphery, although this result is only for one patient without consideration
of the reserve capacity in the vasculature (oxygen delivery compensated by collateral flow, etc.) following long-term morbidity with impairment of the blood
flow pathway between upstream and downstream and/or other interventions
such as medication effectiveness or exercise therapy (changes in exercise tolerance and/or muscle strength).

5.1. Muscle Contraction-Induced Hyperemia in PAD and Non-PAD
Impairment from stenosis and atherosclerosis due to an obstructed conduit artery in PAD should functionally be a limitation in perfusion flow via the muscle
capillary, and there have been recent report evaluating the microcirculation using
contrast-enhanced ultrasound [21] [22] [23] and oxygenation using near-infrared
DOI: 10.4236/wjcd.2020.1012076
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Figure 4. Time-course of hemodynamics parameter at rest, during exercise, and recovery. The time-course in LBF (A) as well as
LVC (B) was higher in the PAD-leg (red line) than the non-PAD-leg (black line). The oscillation in LBF indicated restricted flow
during muscle contraction (below circles) and non-restricted flow during muscle relaxation (above circles). Average value of muscle contraction and relaxation in a duty cycle appeared rectangular in the PAD-leg (blue color) and the non-PAD-leg (green color).
Average value of blood pressure (C) and heart rate (D) determined by muscle contraction and relaxation in a duty cycle during
exercise were similar between the PAD-leg and non-PAD-leg. In both the PAD-leg and the non-PAD-leg, the muscle strength
corresponding to target intensity as relative muscle strength (%MVC) was stable in each voluntary isometric muscle contraction
(E). Muscle strength during muscle relaxation was not plotted because the value was zero. Muscle strength was almost same at
each contraction intensity (%MVC) because of similarity in MVC between the PAD-leg (48.0 kg) and non-PAD-leg (48.7 kg).
Average LBF during last 1 min of steady state exercise (↔) was used for the relationship with %MVC in Figure 5. LBF: leg blood
flow, LVC: leg vascular conductance, PAD: peripheral arterial disease, %MVC: percentage of maximum voluntary contraction.
DOI: 10.4236/wjcd.2020.1012076
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Figure 5. Relationship between LBF and %MVC during exercise. There was a statistically
significant (r = 0.999, P < 0.01 in black solid line) positive linear relationship between
LBF and %MVC in the non-PAD-leg despite fewer sample, but no significance in the
PAD-leg (r = 0.879, P = NS in dashed red line). The LBF at 50% MVC was not included
because the whole exercise secession was not completed. LBF: leg blood flow, %MVC:
percentage of maximum voluntary contraction, PAD: peripheral arterial disease.

spectroscopy [24] in the lower limb muscles during exercise. These studies investigated the relationship between muscle metabolism and perfusion flow in the
vascular bed because PAD is associated with severe exercise intolerance related
to impaired endothelial function and/or alterations in skeletal muscle phenotype
rather than hemodynamic impairment in the conduit artery.
On the other hand, during exercise the magnitude of hemodynamics in the leg
conduit artery from the upper stream around the lesion segment in PAD may
speculatively detect any physiological changes due to remodeling of the peripheral circulation via development of significant collaterals with a change in
chronic ischemic state over time.
In fact there have been few previous reports to evaluate the time-course of exercising LBF in a conduit artery coordinated using precise repeat voluntary
muscle contraction strength (every muscle contraction-relaxation duty cycle)
even if the flow profile in the sampling area might be directly influenced by the
collaterals surrounding the obstructive lesion connected to the upper stream
and/or downstream during exercise. Possible reasons for the paucity of reports
are that it may not be easy to quantify and/or quality the role of comprehensive
blood flow supply via the development of collaterals from the upper stream
above the lesion to downstream with an intervention such as exercise therapy,
medication, and/or the collateral development in a cohort study.
The spectrum of lesions in the leg arteries in PAD with claudication is varied.
A long segmental obstruction can coexist with almost normal arterial segments
[8]. Thus, it was acceptable that the present patient also had a lesion in the right
common iliac artery including the internal-external iliac artery and the developed collaterals above the common femoral artery as well as complete obstruction of the popliteal artery with collaterals, whereas almost normal arteries in the
DOI: 10.4236/wjcd.2020.1012076
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left leg showed a normal ABI range.
In a present case with the above-mentioned PAD affecting a unilateral leg,
there was a clear difference in exercise LBF during incremental repeat isometric
knee extension between the PAD-leg and non-PAD-leg despite LBF in the basal
pre-exercise state being similar (Figure 4). The mechanism of muscle contraction-induced hyperemia in the PAD-leg compared with the non-PAD-leg shown
in a present case was naturally unclear in the cross-sectional analysis.
The present characteristics in both leg hemodynamics might be acceptable
because of the statistically significant (P< 0.01, n = 3) relationship between LBF
and %MVC as non-PAD leg in Figure 5 in agreement with our previous finding
in healthy participants [11] [12]. Moreover, accurate performance of each leg
exercise at the precise target contraction intensities (almost same MVC both leg)
may give credible data with a uniform oscillation in LBF value influenced by the
fluctuation in each muscle contraction strength (Figure 4E). Furthermore, during exercise the physiological cardiovascular response both blood pressure and
heart rate was almost similar between the PAD-leg and non-PAD-leg (Figure 4C
and Figure 4D).
Exercise hyperemia with vasodilation is related to intrinsic (endothelial-related
factors, autacoid substances, metabolite and myogenic response) as well as extrinsic (autonomic nerve regulation, signal/reflexes with central command and exercise pressor reflexes with mechanical muscle contraction/accumulated metabolite
product) regulation, as well as changes in arteriovenous pressure gradient due to
the mechanical muscle pump.
Thus, the promoted hyperemic state in the present PAD case can speculatively
be expressed as vessel dilation in the vascular bed due to multiple above-mentioned
factors enhanced by collaterals, medication control (vasodilatory properties in
disease leg), and/or long term of habitual exercise training [17].

5.2. Changes in Doppler Waveform during Exercise
PAD is often diagnosed by noting a change in the blood velocity pattern (waveforms) on the Doppler spectrum sampled above or distal to the site of an arterial
lesion. The artery blood velocity profile in a proximal region may appear normal; however, the downstream blood velocity profile will typically show a monophasic pattern, with a low resistance component if there is sufficient vasodilation. Moreover, the monophasic pattern showed low-systolic forward flow velocities persists during the cardiac cycle [8].
Furthermore, significant hemodynamics in the arterial lesion cause a period of
early diastolic flow reversal (backward negative flow) to decrease and ultimately
disappear as the lesion becomes more severe; consecutively the late diastolic
component of the forward flow increases in magnitude as the severity of the
proximal lesion worsens [8].
In Figure 3 at pre-exercise, the blood velocity profile in the present PAD patient was in agreement with such alterations in waveform, which is a loss of
DOI: 10.4236/wjcd.2020.1012076
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backward flow at the second dicrotic notch as well as slight increase in forward
flow at the end-diastolic phase. In addition, the peak systolic blood velocity was
lower in the PAD-leg (approximately 40 cm/s) than the non-PAD-leg (approximately 60 cm/s).
These changes may represent a combination of factors such as progressive dilatation and recruitment of peripheral arterioles within the distal vascular bed of
the leg as well as the development of many small collateral branches, which correspond to the surrounding popliteal artery in the present patient.
During repeat isometric muscle contraction exercise, the peak systolic blood
velocity increased in both the PAD-leg and the non-PAD-leg, although a restricted blood velocity profile was shown due to high intramuscular pressure
without changes in blood velocity in the diastolic phase. Conversely, the blood
velocity profile increased dramatically in both systolic and diastolic components
during muscle relaxation with strong vasodilation in the entire diastolic component in both the PAD-leg and non-PAD-leg (see 30% MVC in Figure 3). The
higher blood velocity profile in the entire cardiac cycle was notably detected in
the PAD-leg than the non-PAD-leg. The post exercise hyperemic state after the
end of exercise, the blood velocity declined as exponential decay during recovery
in Figure 4A.
Doppler ultrasound can non-invasively detect with beat-to-beat high resolution the temporal pulsatile blood velocity profiles in the conduit artery at rest as
well as during muscle contractions for a patient with PAD.

6. Conclusion
This is an initial case trial in PAD for the determination of a time-course in LBF
in the femoral artery with surrounding collaterals during voluntary thigh muscle
contractions with knee extensor exercise using Doppler ultrasound. To investigate rapid changes in exercise LBF in the conduit artery with the obstructive lesion in the vasculature above and/or below may be a new insight for consideration of cardiovascular remodeling as a collateral flow with hyperemic state due
to transient exercise and/or possible effectiveness due to hospital-based rehabilitation. Further research on the peripheral circulatory response due to exercise is
necessary in PAD.
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