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Jasperse JL, Shoemaker JK, Gray EJ, Clifford PS. Positional
differences in reactive hyperemia provide insight into initial phase of
exercise hyperemia. J Appl Physiol 119: 569575, 2015. First pub-
lished July 2, 2015; doi:10.1152/japplphysiol.01253.2013.—Studies
have reported a greater blood flow response to muscle contractions
when the limb is below the heart compared with above the heart, and
these results have been interpreted as evidence for a skeletal muscle
pump contribution to exercise hyperemia. If limb position affects the
blood flow response to other vascular challenges such as reactive
hyperemia, this interpretation may not be correct. We hypothesized
that the magnitude of reactive hyperemia would be greater with the
limb below the heart. Brachial artery blood flow (Doppler ultrasound)
and blood pressure (finger-cuff plethysmography) were measured in
10 healthy volunteers. Subjects lay supine with one arm supported in
two different positions: above or below the heart. Reactive hyperemia
was produced by occlusion of arterial inflow for varying durations: 0.5
min, 1 min, 2 min, or 5 min in randomized order. Peak increases in
blood flow were 77 = 11, 178 = 24,291 = 25, and 398 = 33 ml/min
above the heart and 96 £ 19, 279 = 62, 550 £ 60, and 711 = 69
ml/min below the heart (P < 0.05). Thus a standard stimulus (vascular
occlusion) elicited different responses depending on limb position. To
determine whether these differences were due to mechanisms intrinsic
to the arterial wall, a second set of experiments was performed in
which acute intraluminal pressure reduction for 0.5 min, 1 min, 2 min,
or 5 min was performed in isolated rat soleus feed arteries (n = 12).
The magnitude of dilation upon pressure restoration was greater when
acute pressure reduction occurred from 85 mmHg (mimicking pres-
sure in the arm below the heart; 28.3 = 7.9, 37.5 = 5.9, 55.1 £ 9.9,
and 68.9 = 8.6% dilation) than from 48 mmHg (mimicking pressure
in the arm above the heart; 20.8 = 4.8, 22.6 = 4.4, 31.2 = 5.8, and
49.2 *= 7.1% dilation). These data support the hypothesis that arm
position differences in reactive hyperemia are at least partially medi-
ated by mechanisms intrinsic to the arterial wall. Overall, these results
suggest the need to reevaluate studies employing positional changes to
examine muscle pump influences on exercise hyperemia.

muscle blood flow; muscle contraction; skeletal muscle pump; func-
tional hyperemia

AT THE ONSET OF DYNAMIC EXERCISE, there is a rapid increase in
blood flow [30, 31, 41, and see Fig. 2 in Clifford and Hellsten
(5)]. In fact, even a single muscle contraction produces a
prompt increase in blood flow (1, 7, 14, 26, 36, 39). There has
been a debate over the last few decades about whether this
rapid hyperemia is due to the muscle pump mechanism or to
rapid vasodilation (5, 35).

The muscle pump, as described by Laughlin (20), depends
on an increased pressure gradient across the skeletal muscle
vascular bed. Muscle contraction compresses the veins within
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the contracting muscle, expelling blood from the veins. Upon
muscle relaxation, venous pressure is lower than it was prior to
contraction (possibly even negative), increasing the pressure
gradient across the muscle. This mechanism could increase
blood flow without any change in vessel diameter (20). The
best evidence supporting the muscle pump is the greater blood
flow response to muscle contractions when the limb is below
the heart, when veins should be full due to gravity, compared
with the above heart position when veins are empty (e.g., Refs.
12, 22, 25, 31, 36).

On the other hand, a number of studies over the last decade
have provided evidence that muscle contraction causes rapid
vasodilation. Experiments performed using the hamster cre-
master (2, 24) or retractor muscles (39) demonstrate that
muscle contraction causes vasodilation of arterioles within
2-3 s of the onset of muscle contraction. Experiments per-
formed in the human forearm (34, 36) and dog hindlimb (26)
indicate that the muscle pump cannot explain the entire hyper-
emic response to muscle contraction. Additionally, experi-
ments measuring blood flow to the canine hindlimbs (14, 15)
indicate that vasodilation is necessary for the immediate hy-
peremia at the onset of muscle contraction. Studies published
over the last decade have provided evidence for the involve-
ment of adenosine (2), potassium (8, 9), and vascular compres-
sion (6, 16, 37) in rapid vasodilation of the skeletal muscle
resistance vasculature.

Thus the published literature regarding the mechanism for
immediate exercise onset hyperemia is inconclusive. The clas-
sic study by Tschakovsky et al. (36) suggested that a combi-
nation of rapid vasodilation and the muscle pump cause exer-
cise hyperemia. In this study, a single handgrip contraction
with the arm above the heart caused a rapid increase in blood
flow following the contraction, suggesting that rapid vasodila-
tion was responsible. When a single handgrip of the same
intensity was performed with the arm below the heart, the rapid
increase in blood flow was about twice the magnitude of the
previous trial. The authors interpreted this increased hyperemia
to be evidence for involvement of the muscle pump (36).

From our perspective, a crucial piece of evidence has been
lacking. Since the strongest evidence in support of the muscle
pump theory comes from experiments in which limb position
has been manipulated, it is essential to determine whether
vascular challenges other than muscle contraction also produce
different responses when limb position is altered. Previous
experiments in humans in which changes in body position were
used to alter femoral artery perfusion pressure during passive
leg movement (13, 33) indicate that altered perfusion pressure
changes both leg blood flow and vascular conductance inde-
pendent of muscle contraction. Additionally, changing arm
position during muscle contractions caused a change in fore-

8750-7587/15 Copyright © 2015 the American Physiological Society 569


https://europepmc.org/articles/pmc4556838

570

arm vascular conductance that was attributed to vascular
smooth muscle myogenic responses because it was indepen-
dent of changes in muscle contraction or metabolism (40).
Thus, the primary goal of the current experiments was to apply
a standardized vascular occlusion stimulus (to elicit reactive
hyperemia) with the arm positioned above or below the heart.
We hypothesized that the magnitude of reactive hyperemia
would be greater with the arm below the heart.

We also performed a second set of experiments to determine
whether positional differences in reactive hyperemia were due
to mechanisms that are intrinsic to the vascular wall. Koller
and Bagi (17, 18) previously demonstrated that brief periods of
pressure reduction in isolated arterioles cause dilation. Since
vessel diameter can be directly monitored in isolated vessels
and because no parenchymal tissue is present in this model, we
employed acute pressure changes in isolated vessels to mimic
the pressure changes and durations that occurred in the forearm
reactive hyperemia experiments. We hypothesized that the
magnitude of reactive hyperemia would be greater when in-
traluminal pressure was reduced from a higher pressure (mim-
icking intra-arterial pressure with the arm below the heart) than
when intraluminal pressure was reduced from a lower pressure
(mimicking intra-arterial pressure with the arm above the
heart).

METHODS

Protocol 1. After being informed of the procedures and risks
associated with the study, 10 healthy, recreationally active adult
volunteers (6 males, 4 females) agreed to participate and signed
informed consent. The experimental protocol was approved by the
ethics committee at the University of Western Ontario where all
human experiments were performed. The average age of the partici-
pants was 36.2 * 3.7 years, height 173.1 = 3.6 cm, and weight 68.0 =
4.0 kg. The subjects reported to the laboratory after fasting for 8 h and
abstaining from exercise and caffeine for 24 h.

Subjects lay supine in a quiet room with temperature controlled at
~22 °C. A blood pressure cuff was placed on the upper arm of the
experimental limb. This arm was supported in two different positions:
extended ~50° above the heart or 50° below the heart. On average,
the difference in height of the midpoint of the forearm was 38.3 = 1.0
cm. Reactive hyperemia was elicited by occlusion of arterial inflow
with a blood pressure cuff rapidly inflated to 200 mmHg (Hokanson
cuff inflator, Bellevue, WA) for varying durations presented in ran-
dom order: 0.5 min, 1 min, 2 min, 5 min. No measurements were
made until the arm was in the selected position for at least 5 min. This
allowed adequate time between cuff inflations for blood flow to return
to baseline levels (see Table 2). The cuff was inflated while the arm
was in the above or below heart position, and the arm was not moved
between cuff inflation and blood flow measurements.

In the experimental limb, brachial blood flow was measured beat by
beat using Doppler ultrasound (GE Vingmed, System Five, Horten,
Norway) and a hand-held linear array transducer operating at 5 MHz
with a <60° insonation angle. The transducer was held in position by
an investigator following application of a small amount of acoustic
couplant gel. Arterial pressure was measured continuously by finger-
cuff plethysmography (Finometer, Ohmeda, Louisville, CO) on the
middle finger of the contralateral arm which was maintained at heart
level. All analog signals were recorded in real time at 100 Hz
(PowerLab, AD Instruments, Colorado Springs, CO) and stored on a
computer for subsequent analysis. Beat-by-beat forearm blood flow
was calculated as the product of mean blood velocity and the vessel
cross-sectional area (m72), where r is the vessel radius. Brachial artery
diameter was measured with the arm above and below the heart. After
the arm was in the selected position for at least 5 min, triplicate
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brachial artery diameter measurements were made in duplex mode at
end diastole and averaged. Blood flow was monitored for 1 min before
occlusion (baseline) and 5 min after release of the cuff. The data were
analyzed in three ways. The peak blood flow response was determined
as the peak blood flow after release of the cuff. The percent change in
blood flow was calculated for each individual as [(peak blood flow —
the baseline blood flow)/baseline blood flow] X 100. Total hyperemia
was calculated by integrating the blood flow response for 1 min
following cuff release. Vascular conductance was calculated as bra-
chial blood flow divided by the calculated mean arterial pressure at the
midpoint of the forearm.

Differences in responses across time for all variables measured
(peak blood flow, percent change in blood flow, total hyperemia, mean
arterial pressure, and vascular conductance) were determined by a
repeated measures two-way ANOVA. An « level = 0.05 was used to
determine statistical significance in all cases. Data are presented as
means * SE.

Protocol 2. Male Sprague-Dawley (300-400 g) rats were obtained
(Charles River, Wilmington, MA) and housed two animals per cage
with food and water provided ad libitum. Temperature was controlled
at 23°C and the room was lit for 12 h/day. All animal experiments
were performed at Pepperdine University, and all experimental pro-
cedures were approved by the Pepperdine University Institutional
Animal Care and Use Committee. Experimental procedures were
consistent with the principles established in the Guide for the Care and
Use of Animals.

Rats were anesthetized with sodium pentobarbital (50.0 mg/kg) and
the calf muscle group was removed and transferred to a dissection
chamber filled with cold (4°C) physiological saline solution (PSS), as
described previously (6). PSS contained (in mM) 145.0 NaCl, 4.7
KCl, 2.0 CaCl,, 1.17 MgSO.4, 1.2 NaH>PO4, 5.0 glucose, 2.0 sodium
pyruvate, 0.02 EDTA, and 3.0 MOPS (pH 7.4). Soleus feed arteries
were carefully dissected, removed, and placed in a Lucite vessel
chamber filled with PSS. The arteries were cannulated on one end
with a glass micropipette and secured to the pipette using 11-0
opthalmic suture. Blood was flushed from the vessel lumen using
PSS-albumin (1 g/100 ml) and the other end was secured to a second
micropipette. The vessel chamber was then transferred to the stage of
an inverted microscope (UNICO, Dayton, NJ) coupled with a video
camera (Pulnix, San Jose, CA), monitor (Sony, San Jose, CA), and
video micrometer (Colorado Video, Longmont, CO). Luminal diam-
eter was continuously monitored throughout the experiment and
recorded on a computer using a data acquisition system (PowerLab,
AD Instruments). The vessel bath was gradually warmed and temper-
ature was maintained at 37°C for the duration of the experiment. The
micropipettes were connected to independent reservoirs, and the
vessels were pressurized by raising the reservoirs to the specified
height. Intraluminal pressure was initially set at 44 mmHg and raised
to 66 mmHg after 30 min. This pressure was selected based on in vivo
rat soleus feed artery pressures measured by Williams and Segal (42).
There was no flow through the lumen at any time during the experi-
ments, to obviate potential effects of shear stress. The vessel bath
solution was replaced with new PSS every 15 min during the 1-h
equilibration period. All vessels developed spontaneous tone during
the equilibration period.

At the end of the equilibration period, acute reductions in pressure
were accomplished by rapidly switching between a fluid reservoir set
at a pressure of either 48 or 85 mmHg and a fluid reservoir set at 10
mmHg. These pressure differences were intended to mimic the in vivo
reactive hyperemia protocols and were chosen based on the intravas-
cular pressure differences between arm positions reported by Tscha-
kovsky et al. (36). Pressure was reduced to 10 mmHg for periods of
0.5 min, 1 min, 2 min, or 5 min, the same time periods used in the in
vivo experiments, and then returned to the previous baseline pressure
while luminal diameter was continuously recorded (see Fig. 4). Each
feed artery underwent acute pressure reductions for each time period
from each baseline intraluminal pressure (48 and 85 mmHg) in
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randomized order. A recovery period of at least 5 min was allowed
between pressure reductions.

Data are presented as change in diameter (in pm) from the original
baseline or as percent change in diameter, calculated as [(Dp —
Dg)/Dg] X 100, where Dp is diameter post-pressure restoration and
Dg is baseline diameter prior to the pressure reduction. Differences in
responses across time and between pressures were determined by a
repeated measures two-way ANOVA. An « level = 0.05 was used to
determine statistical significance in all cases. Data are presented as
means * SE.

RESULTS

Prorocol 1. Blood pressures at baseline and at peak hyper-
emia are shown in Table 1. There were no significant changes
in blood pressure from baseline to peak hyperemia under any
experimental conditions. As shown in Table 2, baseline blood
flows were generally higher when the arm was above the heart.

Ensemble averages of the continuous brachial blood flow
measurements are displayed in Fig. 1. The figure shows that the
increases in blood flow following release of the cuff were
graded, with longer durations of occlusion evoking larger
increases in flow. In addition, the curves show blood flow
responses were generally greater when the arm was below the
heart than when the arm was above the heart.

Figure 2A displays the peak blood flows achieved following
release of occlusion. After 0.5 min occlusions, there were no
significant differences in the peak blood flow with the arm
below vs. above the heart. However, for occlusions of 1, 2, and
5 min, the peak blood flows were significantly higher with the
arm below the heart compared with the arm above the heart.
The peak vascular conductance (Fig. 2C) was significantly
higher with the arm below the heart for occlusions of 2 and 5
min. The percent change in blood flow (Fig. 2B), vascular
conductance (Fig. 2D), and the total hyperemia (Fig. 3) were
significantly greater with the arm below the heart compared
with the arm above the heart at occlusion durations greater than
0.5 min. The time to peak brachial blood flow was not different
between arm positions (between 2.5 and 3.9 s), except for the
5 min occlusion where the peak was substantially delayed
when the arm was positioned above the heart (2.6 = 0.2 s
below vs. 10.2 = 0.9 s above).

Protocol 2. Soleus feed artery maximal diameter was
185.3 = 8.2 pm (n = 12). Feed arteries developed an average
spontaneous tone of 42.4 * 3.3% and had similar starting
diameters prior to each pressure manipulation (Table 3). When
intraluminal pressure was restored after pressure reduction, all
feed arteries dilated to a diameter larger than the initial baseline
diameter (Fig. 4). As shown in Fig. 5, increasing the duration
of pressure reduction produced a larger increase in diameter
(Fig. 5A) and a larger percent dilation (Fig. 5B). Importantly,

Table 1. Blood pressure measurements

0.5 Min 1 Min 2 Min 5 Min
Arm Above Heart
Baseline 93.9 = 1.7 93.6 = 1.7 95.1 £ 1.5 947 = 1.7
Peak hyperemia 92.7 £ 1.8 90.7 £ 1.5 927+ 13 92.1 £ 1.6
Arm Below Heart
Baseline 924 +2.1 954 +34 933 +25 95.6 2.4
Peak hyperemia 952 £3.2 94.5 =2.7 91.3 £2.7 96.1 £2.5

Values are means = SE in mmHg.
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Table 2. Baseline brachial artery blood flow before reactive
hyperemia

0.5 Min 1 Min 2 Min 5 Min
Arm above heart  46.9 = 3.7 48.0 = 3.8 47235 48.6 £4.1
Arm below heart  39.8 = 3.7% 412 £3.0% 43.1 =43 389 x34*

Values are means = SE in ml/min. *P < 0.05.

feed arteries dilated more at the higher pressure than at the
lower pressure following pressure reduction periods >0.5 min
(Fig. 5).

DISCUSSION

This investigation employed two complimentary protocols
to investigate the influence of limb position on blood flow
responses to vascular challenge. The salient results are as
follows. First, a standard stimulus vascular occlusion elicits
different reactive hyperemia responses depending on limb
position, with the increase in blood flow being greater with the
arm below the heart compared with the arm above the heart.
Second, reducing intraluminal pressure for a brief time (mim-
icking vascular occlusion) in isolated vessels reveals that the
magnitude of vasodilation is dependent on the value to which
intraluminal pressure is restored. In light of these findings,
there is a need to reevaluate studies employing positional
changes to examine muscle pump influences on exercise hy-
peremia. Position-related differences in blood flow responses
to contraction cannot be used as ipso facto evidence for the
existence of a muscle pump effect.

The rationale for this study was that the primary evidence for
a muscle pump effect in exercise hyperemia comes from results
of experiments which have demonstrated that limb position
influences the blood flow response to muscle contraction (12,
22,25, 31, 36). We reasoned that a critical control experiment
has been lacking, i.e., testing whether the response to vascular
challenges other than contraction elicit positional differences in
blood flow. Thus our primary intention with these experiments
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Fig. 1. Ensemble average of individual subjects’ brachial blood flow responses
to release of cuff pressure after occlusion of varying periods of time. The
experimental arm was positioned either above the heart or below the heart.
Point zero represents a 30-s mean of baseline data.
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Fig. 2. Peak brachial blood flow (A), peak vascular conductance (C), percentage change in peak brachial blood flow (B), and percentage change in vascular
conductance (D) following release of cuff pressure after varying periods of occlusion. In A and C, O represents the values prior to occlusion. The graph compares
the responses when the experimental arm was positioned above the heart vs. below the heart. *Significant differences between above and below (P < 0.05).

was to apply a standardized stimulus to the resistance vascu-
lature of the forearm at different limb positions. We chose to
employ a widely used and reproducible stimulus, i.e., vascular
occlusion (28). The increase in blood flow following vascular
occlusion is termed reactive hyperemia and is thought to occur
primarily as a result of metabolites that accumulate in the
ischemic tissues, although there is some evidence that other
mechanisms may contribute (see later).
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Fig. 3. Total hyperemia following release of cuff pressure after varying periods
of occlusion. The graph compares the responses when the experimental arm
was positioned above the heart vs. below the heart. *Significant differences
between above and below (P < 0.05).

The results of the current study show that the increase in
blood flow and vascular conductance following release of
occlusion is strongly dependent on limb position. One previous
study examined the effects of limb position on reactive hyper-
emia. With the use of strain gauge plethysmography, Krishnan
et al. (19) observed that peak blood flow was highest with the
limbs down or horizontal and lowest with the limbs up. These
authors provided little mechanistic explanation for their results,
attributing them to position-dependent differences in “vascular
transmural pressure.” Our in vivo data suggest that driving
pressure after cuff release and vascular dilation are both key
factors determining the blood flow response, because a greater
increase in blood flow was associated with a higher driving
pressure and a higher vascular conductance (Fig. 2).

The rationale for using isolated soleus feed arteries was to
determine whether the different dilation responses observed in
humans with varying arm position could result from inherent
properties of the arterial wall. Therefore, we mimicked the
human experiments as closely as possible by choosing periods
of pressure reduction identical to the time periods employed in

Table 3. Soleus feed artery diameters at each baseline
pressure prior to pressure manipulations

0.5 Min 1 Min 2 Min 5 Min
48 mmHg 94.5 £ 10.8 93.0 =104 1003 £ 11.6 872+ 7.5
85 mmHg 97.5 £ 84 913 £ 8.5 953 £ 8.8 86.3 = 9.3

Values are means = SE in pm.
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min exposure to low pressure (10 mmHg) starting at
baseline pressures of 48 mmHg (leftl) and 85
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pressure.
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the human protocols (0.5 min, 1 min, 2 min, and 5 min). When
intraluminal pressure was restored back to the prior baseline
pressure, arteries dilated to a diameter greater than the prior
baseline diameter. The magnitude of reactive dilation increased
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as the duration of the pressure reduction period increased
(Fig. 5). Similar to our findings, Koller and Bagi previously
found that isolated rat gracilis (17) or coronary (18) arterioles
exhibited reactive dilation to brief periods (30 s, 1 min, and 2
min) of pressure reduction and that the magnitude of dilation
was duration dependent. It is interesting to note that these
studies and our study demonstrate reactive dilation in isolated
vessels in the absence of any parenchymal tissue. Therefore,
the dilation results from mechanisms in the vascular wall and
not from metabolic factors released from parenchymal tissue.
The new finding in the current study is that the magnitude of
dilation was greater when the acute pressure reduction returns
to a higher baseline pressure (mimicking the arm below the
heart) than to a lower baseline pressure (mimicking the arm
above the heart; Fig. 5).

Together, the in vivo and in vitro data from the current study
indicate that the enhanced blood flow response with the arm
below the heart is due to a combination of the higher driving
pressure coupled with greater dilation in the resistance vessels.
An effect of body position on both perfusion pressure and
dilation has been noted previously in a different model (13,
33). In these experiments, alterations in body position (supine
vs. seated) were used to alter hemodynamic responses to
passive leg movement. The authors found that femoral perfu-
sion pressure was higher in the seated position at rest, and that
perfusion pressure, leg blood flow, and leg vascular conduc-
tance were all higher in the seated position during passive leg
movement. Our results using arm occlusion agree with the
results of Groot et al. (13) and Trinity et al. (33), in that the
below heart arm position, which increases perfusion pres-
sure (36), also increased arm vascular conductance during
reactive hyperemia (Fig. 2). Walker et al. (40), using a
forearm occlusion model, found that changing arm position
from the above heart to below heart position during isomet-
ric handgrip contraction rapidly increased both perfusion
pressure and forearm vascular conductance. Taken together,
the results of these studies and the current study indicate
that changes in body position which alter perfusion pressure
also alter limb vascular conductance.

The underlying mechanism for the observed differences in
hyperemia with different limb positions is uncertain, in part
because the mechanism for reactive hyperemia itself is uncer-
tain. Traditionally, the hyperemia has been attributed to the
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accumulation of metabolites released from ischemic skeletal
muscle, although a myogenic component has been shown
previously by Bjornberg et al. (3). Regardless of the initiating
event, the relaxation of vascular smooth muscle in the resis-
tance vessels appears to be due in part to activation of inwardly
rectifying potassium channels (Kjgr) (9). The results of most
(8, 11, 27, 32) but not all (10, 23) studies have found that
endothelium signaling pathways make little or no contribution
to peak reactive hyperemia in humans. In isolated vessels,
endothelium removal or inhibition of nitric oxide synthase
partially blocked both peak reactive dilation and the duration of
dilation (17, 18). How can we best explain the differences in
the magnitude of dilation with different arm positions? We
speculate that, regardless of limb position, resistance vessels in
the occluded arm lose smooth muscle tone (myogenic dilation)
due to the low pressure in the arm during the occlusion period.
Upon release of arm occlusion, the higher perfusion pressure
when the arm is in the below heart position causes a greater
distention of the resistance vessels, which results in a greater
hyperemia. This could be described as the passive component
of reactive hyperemia. There must also be an active compo-
nent, because a longer duration of arm occlusion caused a
greater hyperemic response. Although this is consistent with a
metabolic mechanism, our in vitro data show that longer
durations of reduced intraluminal pressure cause increased
dilation, even when no parenchymal tissue is present. Thus the
precise stimulus leading to activation of Kir channels is open
to question.

The concept underlying the muscle pump hypothesis is that,
during muscle contraction, the veins within the muscle are
compressed and the venous blood is expelled. Relaxation of the
muscle fibers (which are tethered to the walls of the veins)
opens the lumen of the compliant veins and creates low
pressure within them (20, 21). The reduction in venous pres-
sure increases the pressure gradient across the muscle vascular
bed and enhances muscle perfusion. Because of technical
limitations, it has not been feasible to perform experiments to
directly test this hypothesis, yet the idea has persisted despite
the lack of direct confirmation. Data from studies showing a
greater blood flow response to muscle contractions when the
limb is in the dependent position (12, 22, 25, 31, 36) have been
the primary evidence for a skeletal muscle pump contribution
to exercise hyperemia. We have argued previously that the
magnitude of contraction-elicited changes in blood flow is far
greater than can be accounted for by putative changes in
intravascular pressure (38) and that the time course of changes
in blood flow does not correlate with that predicted from the
muscle pump (4). Furthermore, the studies by Hamann et al.
(14, 15) clearly show that, in the absence of vasodilation,
muscle contractions do not evoke an increase in muscle blood
flow. Despite these arguments, explanations for the rapid rise
in blood flow at the onset of exercise often include the muscle
pump theory. The findings of the current study provide an
alternative interpretation to the observations of a greater blood
flow response to muscle contractions with the limb in the
dependent position. The enhanced blood flow response is likely
to result from a higher driving pressure and greater dilation of
the resistance vasculature rather than the muscle pump.

There are two experimental limitations that should be con-
sidered. First, vascular occlusion was employed as a standard
stimulus to probe vascular function. Because the durations of
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occlusion were the same with the arm below the heart and
above the heart, it is assumed that the metabolic stimulus was
the same. Another approach that could have been used is
intra-arterial administration of vasodilator drugs, but we chose
to use a less invasive approach. A second limitation is that we
used the initial baseline diameter to calculate blood flow and
vascular conductance in the human forearm experiments rather
than measuring diameter continuously. Because brachial artery
diameter changes relatively slowly in response to shear stress
(29), peak blood flow and vascular conductance (Fig. 2) should
be unaffected, but the total hyperemia (Fig. 3) may be under-
estimated.

Using both in vivo and in vitro approaches, we attribute the
positional variations in reactive hyperemia to differences in
driving pressure coupled with differences in the dilation of
resistance vessels in the forearm. The fact that the magnitude
of reactive hyperemia is greater with the arm below the heart
compared with above shows that position-related differences in
blood flow responses are not restricted to muscle contraction.
This raises questions about using position-related differences
in blood flow responses to contraction as ipso facto evidence
for the existence of a muscle pump effect. We conclude that
there is a need to reevaluate studies employing positional
changes to examine muscle pump influences on exercise hy-
peremia.
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