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etection of Peripheral Vascular
tenosis by Assessing Skeletal Muscle Flow Reserve
hanjuvar Bragadeesh, MB, CHB, Ibrahim Sari, MD, Marco Pascotto, MD, Antonio Micari, MD,
anjiv Kaul, MD, FACC, Jonathan R. Lindner, MD, FACC
harlottesville, Virginia

OBJECTIVES We sought to determine whether the severity of peripheral arterial disease (PAD) can be
assessed by measuring blood flow reserve in limb skeletal muscle with contrast-enhanced
ultrasound (CEU).

BACKGROUND Noninvasive imaging of distal limb perfusion could improve management of patients with
PAD by evaluating the impact of large and small vessel disease, and collateral flow.

METHODS In 12 dogs, blood flow in the quadriceps femoris was measured by CEU at rest and during
either electrostimulated contractile exercise or adenosine infusion. Femoral artery blood flow
was measured by Doppler ultrasound. Studies were performed in the absence and presence of
either moderate or severe stenosis (pressure gradient of 10 to 20 mm Hg and �20 mm Hg,
respectively).

RESULTS Resting femoral artery blood flow progressively decreased with stenosis severity, while resting
skeletal muscle flow was reduced only with severe stenosis (52 � 21% of baseline, p � 0.05),
indicating the presence of collateral flow. Skeletal muscle flow reserve during contractile
exercise or adenosine decreased incrementally with increasing stenosis severity (p � 0.01).
The stenotic pressure gradient correlated with skeletal muscle flow reserve for exercise and
adenosine (r � 0.70 for both, p � 0.01).

CONCLUSIONS Contrast-enhanced ultrasound of limb skeletal muscle can be used to assess the severity of
PAD by measuring muscle flow reserve during either contractile exercise or pharmacologic
vasodilation. Unlike currently used methods, this technique may provide a measure of the
physiologic effects of large- and small-vessel PAD, and the influence of collateral
perfusion. (J Am Coll Cardiol 2005;45:780–5) © 2005 by the American College of

ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.11.045
Cardiology Foundation
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urrent methods that are routinely used to diagnose pe-
ipheral arterial disease (PAD) and evaluate its severity
ely on imaging the degree of large vessel stenosis, measur-
ng pressure gradients, or identifying abnormalities in pulse-
olume recordings. These approaches do not measure nu-
rient blood flow and are, thereby, limited in their ability
o evaluate diffuse or small vessel disease and the influence
f collateral perfusion. A noninvasive method for assessing
keletal muscle perfusion and flow reserve could potentially
mprove the management of patients with PAD by
roviding information on the physiologic impact of the
isease. Although noninvasive imaging methods such as
ositron emission tomography and contrast-enhanced mag-
etic resonance imaging can be used to evaluate limb
erfusion (1,2), they do not meet many of the requirements
eeded for routine patient screening such as low cost,
ortability, and rapid protocol implementation necessary for
igh throughput.
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id-Atlantic Affiliate; and a Fellowship Training Grant from the Italian Society of
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f
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In this study, we hypothesized that the severity of PAD
an be quantified by measuring limb skeletal muscle blood
ow reserve with contrast-enhanced ultrasound (CEU).
his technique relies on the measurement of microvascular

ed blood cell velocity (VRBC) and microvascular blood
olume (3). It is uniquely suited for evaluating the physio-
ogic impact of PAD because it directly assesses nutritive

icrovascular flow that can originate from multiple sources,
ncluding stem artery inflow, collateral vessel networks, or
edistribution from other limb tissues and nonnutritive
athways (4,5). Contrast-enhanced ultrasound has recently
een used in animal models and humans to study insulin-
ediated changes in skeletal muscle nutritive blood flow

hat occur independent of changes in large vessel inflow
6–8). In the current study, limb skeletal muscle flow
eserve was determined by performing CEU at rest and
uring stress produced by either moderate contractile exer-
ise or vasodilator administration in a canine model of
eripheral arterial stenosis.

ETHODS

nimal preparation. The study was approved by the An-
mal Research Committee at the University of Virginia and
onformed to the “American Heart Association Guidelines

or the Use of Animals in Research.” Twelve dogs (20 to 30
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g) were anesthetized, mechanically ventilated, and warmed
y a heating blanket. Arterial O2 saturation and the elec-
rocardiogram were continuously monitored. Catheters
ere placed in the femoral veins for administration of drugs,
uids, and microbubbles. A catheter was advanced to the
orta via a carotid artery for pressure measurement. An
djustable screw occluder was placed on the common
emoral artery, and a catheter was placed in the proximal
ortion of the lateral circumflex femoral artery to measure
ressure distal to the stenosis.
EU. Imaging of the distal quadriceps femoris in the axial
lane was performed with intermittent ultraharmonic

maging (Sonos 5500, Philips Ultrasound, Bothell Wash-
ngton) at a transmission frequency 1.3 MHz, and a

echanical index of 1.0. The compression was set at
aximal, and gains were optimized and held constant. For
EU, lipid-shelled decafluorobutane microbubbles were
repared by sonication of an aqueous dispersion of 1
g·ml�1 polyethyleneglycol stearate, 2 mg·ml�1 distearoyl

hosphatidylcholine, and decafluorobutane gas. Micro-
ubble concentration was determined by electrozone sens-
ng with a Coulter Multisizer IIe (Beckman-Coulter, Ful-
erton, California). Microbubbles were suspended in saline
4 � 106 ml�1) and infused intravenously at 2.5 ml·min�1.
mages were acquired digitally during continuous imaging
t 30 Hz and at pulsing intervals (PI) ranging from 0.2 to
5 s.
Images were transferred off-line to a computer, and the

ackscatter for each pixel was transformed from a logarith-
ic to linear scale using known dynamic range scales in

rder to derive acoustic intensity values. Background frames
cquired during continuous imaging were aligned, averaged,
nd digitally subtracted from averaged frames obtained at
ach PI in order to eliminate signal from tissue and from
arge intramuscular vessels (6). Background-subtracted
coustic intensity at each PI was measured from a region-
f-interest placed over the quadriceps muscle; PI versus
ntensity data were fit to the function:

y � A(1 � e��t)

here y is acoustic intensity at a PI of t ; A is the plateau
coustic intensity reflecting relative microvascular blood
olume, and � is the rate constant reflecting VRBC (3).
emoral artery blood flow. Femoral artery blood flow was
etermined by two-dimensional and Doppler ultrasound
HDI-5000, Philips Ultrasound) with a linear-array trans-
ucer. Vessel cross-sectional area was determined from
ideocaliper measurement of vessel diameter. The centerline

Abbreviations and Acronyms
CEU � contrast-enhanced ultrasound
PAD � peripheral arterial disease
PI � pulsing interval
VRBC � microvascular red blood cell velocity
ime-averaged peak velocity was determined from arterial e
ulsed-wave Doppler and multiplied by 0.625 to correct for
arabolic flow profile. Heel-toe angulation was performed
o align the Doppler cursor along the long-axis of the vessel
t an angle correction of 60°. Femoral artery blood flow was
easured by the product of cross-sectional area and mean

elocity.
xperimental protocols. Thirty minutes after surgical
reparation, heart rate and hemodynamics were recorded,
emoral artery blood flow was measured, and CEU of the
roximal hindlimb skeletal muscle was performed. All
easurements were then repeated during exercise or vaso-

ilator stress. For contractile exercise, needle electrodes
ere placed in the proximal and distal portions of the
uadriceps femoris and connected to a pulse generator
model 5345, Medtronic, Shoreview, Minnesota). Contrac-
ions were stimulated at 1 Hz using 10 mA monophasic
quare-wave pulses 1 ms in duration. Measurements were
ade 5 to 10 min after starting exercise. For vasodilator stress,

denosine was infused intravenously at 70 �g·kg�1·min�1. All
easurements at rest and during stress were repeated after

reation of a moderate or severe femoral artery stenosis,
efined by pressure gradients of 10 to 20 or �20 mm Hg,
espectively. These pressure gradients reflect an approximate
rea narrowing of 75% to 85% for moderate stenosis, and
85% for severe stenosis (4,9).

tatistical methods. Data were analyzed in RS/1 (Domain
anufacturing Corp., Burlington, Massachusetts). Com-

arisons between stages were made using repeated measures
nalysis of variance. Individual comparisons were performed
sing paired Student t test. Correlations were performed
sing least-squares fit regression analysis. The relationship
etween stenotic pressure gradient and flow reserve best fit
o an exponential function using a least-squares fit. Linear
egression analysis was used for the correlation between
ressure gradient and femoral artery blood flow. Differences
ere considered significant at p � 0.05 (two-sided).

ESULTS

esting heart rate and systemic blood pressure were similar
etween stages (Table 1). The pressure gradient increased,
nd both distal arterial pressure and femoral artery blood
ow decreased incrementally with increasing stenosis sever-

ty (Table 1). The pressure gradient at rest correlated
inearly with the percent reduction in femoral artery blood
ow (Fig. 1). The mean pressure gradient across both
oderate and severe stenoses increased with adenosine-
ediated hyperemia (Table 2) due to augmentation in

emoral artery blood flow. The pressure gradients did not
ignificantly change with contractile exercise, primarily be-
ause contraction of a single muscle group produced little
hange in femoral artery blood flow.

Figure 2 illustrates examples of background-subtracted
EU images obtained at increasing PIs, and corresponding
I versus intensity data. These images demonstrate typical

xamples of normal and impaired flow reserve in response to
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ontractile exercise. In the absence of a stenosis, skeletal
uscle blood flow increased approximately three-fold,
hich was attributable to both an increase in the microvas-

ular blood volume (plateau intensity or A value) and VRBC
rate constant or �). Severe stenosis resulted in a decrease in
esting blood flow, indicated by a lower plateau intensity
nd VRBC compared with no stenosis. These parameters did
ot increase substantially during contractile exercise, indi-
ating complete loss of flow reserve.

Skeletal muscle blood flow data from CEU at rest and
tress for all animals are shown in Figure 3. Unlike femoral
rtery blood flow, skeletal muscle blood flow was preserved
ith moderate stenosis but reduced significantly with severe

tenosis. The reduction in resting muscle flow with severe
tenosis was primarily due to a 39 � 24% (p � 0.001)
ecrease in VRBC with little change in microvascular blood
olume. Muscle flow reserve in the absence of stenosis was
etween 2.5 and 3.5 for both moderate contractile exercise
nd adenosine (Fig. 3). Flow reserve in response to either
xercise or adenosine was reduced with moderate and severe
tenosis. The relation between muscle flow reserve and
tenosis gradient was nonlinear due to near-total exhaustion
f flow reserve with moderate stenosis (Fig. 4). Despite the
resence of a severe stenosis that was flow-limiting at rest,

small amount of flow reserve was still present with
ontractile exercise but not with adenosine.

The percent changes in microvascular blood volume and
n VRBC are shown in Figures 5A and 5B, respectively.
xercise produced an increase in both VRBC and microvas-

igure 1. Relation between the stenotic pressure gradient at rest and
emoral artery blood flow normalized to baseline values. Data points at a

able 1. Heart Rate, Hemodynamic, and Blood Flow Data at Re

No Stenosis

eart rate (min�1) 92 � 20
ean aortic pressure (mm Hg) 92 � 18

tenotic pressure gradient (mm Hg) 2 � 2
emoral artery blood flow (ml·min�1) 140 � 46
istal pressure (mm Hg) 92 � 18

p � 0.05 compared with no stenosis; †p � 0.05 compared with no stenosis and m
ressure gradient of 0 to 1 mm Hg represent baseline values in the absence
f a stenosis. *
ular blood volume, which was attenuated in the presence of
tenosis. The effect of stenosis was greater for myocardial
lood volume than VRBC. In the absence of a stenosis,
yperemic response with adenosine was due solely to an

ncrease in VRBC, the degree of which was incrementally
educed with progressive stenosis severity.

ISCUSSION

n this study, we have demonstrated that noninvasive
maging of limb skeletal muscle flow reserve with CEU can
e used to evaluate the physiological significance of periph-
ral arterial stenosis. We intentionally utilized a modest
evel of exercise that, in the absence of stenosis, produced a
hreefold increase in skeletal muscle flow rather than the

10-fold increase possible with maximal exercise (4,10) in
rder to reproduce the expected low exercise capacity in
atients with claudication. The degree of flow reserve with
xercise was similar to that achieved with intravenous
dministration of adenosine, which increases skeletal muscle
ow primarily through activation of adenosine-A1 and A2a

eceptors (11). Progressive degrees of stenosis, which were
esigned to mimic moderate-to-severe symptomatic PAD
n patients (9,12), produced an incremental reduction in
keletal muscle flow reserve.
dvantages of perfusion imaging for PAD. In the clinical

etting, a technique for assessing skeletal muscle perfusion
ill likely provide incremental information not available
ith noninvasive diagnostic techniques currently used to

valuate PAD. Imaging the anatomic severity of stenosis or
easuring the Doppler pressure gradient is often unreliable

or quantifying disease severity in the presence of diffuse
tenosis or multiple sequential lesions. Plethysmography
nd ankle brachial index measurements can provide infor-
ation on the physiologic impact of diffuse large-vessel

isease, but they are not sufficient for evaluating microvas-
ular disease and can be inaccurate in patients with severely

Moderate Stenosis Severe Stenosis

89 � 19 85 � 16
94 � 19 88 � 17
12 � 3* 28 � 7†
98 � 52* 72 � 38†
83 � 19 61 � 20*

stenosis.

able 2. Mean Pressure Gradients (mm Hg) at Rest and Stress

Contractile
Exercise Adenosine

Rest Stress Rest Stress

o stenosis 2 � 1 2 � 1 1 � 1 2 � 2
oderate stenosis 12 � 4 15 � 5 13 � 4 27 � 11*

evere stenosis 30 � 7 32 � 8 24 � 3 40 � 15*
st
p � 0.05 compared with corresponding rest data.
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educed vascular compliance that occurs with aging and
ypertension (13).
There are other reasons why direct assessment of nutrient

erfusion may be more accurate for noninvasively assessing
AD than techniques that rely on pressure gradients or flow
ithin the large vessels. As schematically illustrated in
igure 6, nutrient flow can derive from several sources other

han the major limb inflow vessel. In the proximal extrem-
ties, there is an extensive and preexistent circuit of

igure 2. Examples of background (BG)-subtracted color-coded contrast-e
ntervals (PI), and corresponding PI versus acoustic intensity curves in the
t rest (solid lines) and during contractile exercise (dashed lines). Exer �

igure 3. Skeletal muscle blood flow measured by contrast-enhanced
ltrasound at rest, and during either contractile exercise or adenosine.
alues are normalized to baseline values at rest. *p � 0.05 compared with

o stenosis; †p � 0.05 compared with moderate stenosis. Open bars �
est; solid bars � contractile exercise; ruled bars � adenosine.

t
w

edium- and large-size arteries that are capable of provid-
ng collateral flow in the presence of stem-vessel stenosis
4). Muscle perfusion can also be augmented by redistribu-
ion of flow from other limb tissues and from nonnutritive
hannels that exist within the muscle (5). Flow redistribu-
ion occurs during both modest exercise and physiologic
yperinsulinemia where nutrient flow increases independent
f changes in limb inflow (5–8). Consequently, perfusion
maging is likely to provide the most accurate information
n the total physiologic impact of PAD by taking into
ccount all sources of flow.

ced ultrasound images of the quadricep muscle group at increasing pulsing
ce of a stenosis and in the presence of a severe stenosis. Data are shown
ractile exercise.

igure 4. Relation between stenotic pressure gradient and mean flow reserve
n skeletal muscle measured by contrast-enhanced ultrasound during contrac-
nhan
ile exercise (open circles) or adenosine (solid circles). *p � 0.05 compared
ith no stenosis; †p � 0.05 compared with moderate stenosis.
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Techniques such as ankle-brachial index and Doppler
hat rely on the evaluation of pressure loss have inherent
imitations in detecting stenoses and evaluating their sever-
ty. Unlike the coronary circulation, in major proximal limb
essels, a pressure drop is not detected until there is �75%
o 80% stenosis, at which point resting arterial flow also
ecreases (4,9). One potential explanation for this finding is
he extensive large-vessel collateral circuit that can maintain
istal pressure (4,9). Although not reported in our results,
e consistently found a distal pressure �40 mm Hg even
uring total vessel occlusion. An alternative explanation is
hat, based on hydrodynamic principles, energy loss in the
orm of pressure drop across a stenosis is determined by the
elationship between the flow rate and vessel radius. Under
esting conditions, these relationships are more favorable for
roducing pressure drops with lesser degrees of stenosis in
oronary than peripheral arteries (9). Exercise or other
timuli that reduce distal vascular resistance can increase the
ressure gradient in large-limb vessels when there is severe
tenosis and can enhance diagnostic accuracy in symptom-
tic patients (14). However, pressure losses are often still

igure 5. Percent change in (A) microvascular blood volume (A value) and
B) microvascular red blood cell velocity (VRBC) (� value) compared with
aseline for contractile exercise and intravenous adenosine. *p � 0.05
ompared with no stenosis; †p � 0.05 compared with mild stenosis.
inimal in the presence of moderate disease (4,9). c
EU for assessment of PAD. Because it measures nutri-
ive perfusion, CEU is likely to be more accurate for
ssessing the severity of PAD and the combined effects of
arge- and small-vessel disease and collateral perfusion. In
his study, we have demonstrated that peripheral stenosis
an be detected by measuring alterations in skeletal muscle
ow reserve. Stenoses were created that were classified as
oderate or severe according to resting pressure gradients

hat reflect 75% to 85% and �85% stenosis, respectively
4,9). At each level of stenosis, resting arterial inflow was
educed to a much greater degree than skeletal muscle blood
ow determined by CEU. The discrepancy between large
rterial inflow and microvascular blood flow indicates that
EU can assess the contribution of the alternate sources of
erfusion illustrated in Figure 6. The contribution of these
lternative sources to flow reserve was also detected by
EU. With severe stenoses that reduced microvascular
lood flow at rest, contractile exercise of the quadriceps
onsistently produced a small increase in tissue perfusion.

e believe that this likely represented shunting from other
imb tissue or from adjacent nonexercise muscle groups
ecause femoral artery blood flow and distal pressure did not
hange.

Although the degree of muscle flow reserve was similar
or exercise and adenosine, the microvascular changes re-
ponsible for the increase in flow were different. Contractile
xercise, which increases muscle oxygen consumption, pro-
uced an increase in both microvascular blood volume and
RBC, the degree of which was greater for the latter. These
ndings are in agreement with changes in capillary density
nd capillary RBC flux rate observed by intravital micros-

igure 6. Schematic illustration depicting potential sources of limb skeletal
uscle blood flow. Besides inflow from the major limb feeding artery (1),
uscle perfusion can be derived from proximal large vessel collateral

ircuits (2), redistribution from other limb tissues (3), or redistribution
rom nonnutritive sources that may be extramuscular or intramuscular (4).
opy during contractile work (15,16). The presence of a
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tenosis during exercise tended to blunt changes in micro-
ascular blood volume more than VRBC. Although the exact
echanism for this hierarchal response is not known,

eduction in capillary blood volume during exercise could
ccur from an active derecruitment to preserve precapillary
ressure and maintain red blood cell flux in remaining
apillaries (17,18). During adenosine, augmentation in
uscle flow was primarily attributable to an increase in

RBC, similar to that described for the intact coronary
irculation (19,20). The adenosine-mediated increase in
RBC was reduced in proportion to stenosis severity. Unlike

he coronary system, however, skeletal muscle microvascular
lood volume was unchanged in the presence of a critical
ow-limiting stenosis at rest, and during adenosine in the
resence of stenosis. Although the reason for these differ-
nces is not known, it is possible that further adaptive
eduction in capillary density did not occur because of
qualization of precapillary pressure across all vascular beds
r to direct flow from nonnutritive sources, which would
reserve precapillary pressures. These adaptations would
erve to maintain capillary blood volume in resting skeletal
uscle, which is already very low under basal conditions.

tudy limitations. We used a model of single large-vessel
tenosis, and only one level of exercise. Further studies will
e needed to examine the effect of different levels of exercise
nd whether the physiologic impact of diffuse multiple
tenosis can be accurately determined. Validation of flow
hanges by an independent method was not performed.
owever, CEU-derived flow and flow-reserve measure-
ents have previously been shown to correlate closely with

adiolabeled microsphere measurements (3,21), and relative
hanges in microvascular blood volume by CEU have
orrelated with those made by assessing capillary endothelial
anthine oxidase availability (6). One limitation regarding
he exercise protocol is that electrostimulation results in
ontractile exercise in one muscle group rather than an
ntire limb. Whether relative changes in VRBC and micro-
ascular blood volume produced by stenosis are influenced
y the metabolic status of the entire limb will need to be
etermined in conscious animals or human studies. Finally,
lthough CEU was able to detect the presence of alternate
ources of nutritive flow at rest when femoral artery flow was
educed, it cannot differentiate the relative contributions
rom these potential sources.

onclusions. In summary, we have demonstrated that the
hysiologic effect of PAD can be assessed by microvascular
erfusion imaging with CEU. This technique is well-suited
or this application because of its ability to assess nutritive
erfusion, and has great potential for clinical implementa-
ion because of its portability, low cost, and requirement for
quipment already in place in most vascular laboratories.
uture studies are needed to characterize the incremental
alue of this technique for evaluating patients in whom
isease pathophysiology is more complex than animal mod-

ls of stenosis.
eprint requests and correspondence: Dr. Jonathan R. Lindner,
ox 800158, Cardiovascular Division, University of Virginia
edical Center, Charlottesville, Virginia 22908. E-mail:

lindner@virginia.edu.
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