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The essential role of arterial pulse in venous return
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Abstract

The close proximity of arteries and veins is a well-known anatomical finding documented in the extremities of all vertebrates.
However, the physiological consequences of this arrangement are rarely given proper consideration nor are they covered in the
textbook list of mechanisms that aid blood flow. We hypothesized that arterial pressure pulsations can significantly increase
blood flow in the adjacent valve-containing vein segments. To demonstrate the existence of this mechanism, 10- to 15-cm sec-
tions of the bovine forelimb neurovascular bundle were isolated. The proximal and distal ends of the median artery and adjacent
veins were cannulated, their tributaries were tied off, and the dissected bundle was then inserted into an airtight enclosure to
mimic in vivo encasement by surrounding muscle. Pulsatile pressure was subsequently applied to the arterial segment while re-
cording venous flow. At pressure settings mimicking physiological scenarios, arterial pulsations caused a highly significant
increase in venous return. The amplitude of this effect was dependent on the arterial pulsation rate, stroke volume, and pressure
gradient across the vein segment.
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INTRODUCTION

At least four physiological mechanisms are known to help
the beating heart circulate blood through the body (1, 2).
First, the passive recoil of large arteries helps to redistribute
the systolic surge in blood pressure during diastole, known
as the Windkessel effect (3). The second mechanism is the
so-called skeletal muscle pump, which involves the compres-
sion of valve-containing vein segments by surrounding mus-
cle during walking, running, and other nonsedentary
activities (4). The third mechanism is the respiratory pump,
which involves an inspiration-related decrease in thoracic
pressure that in turn stretches the walls of the inferior vena
cava, helping to drive venous blood back to the heart (5). An
even stronger suctioning effect occurs during rapid cardiac
ejection periods following the downward movement of the
atrioventricular (AV) septum, a phenomenon called AV
plane displacement. The latter functions as a piston to draw
venous blood from the lower extremities (6, 7).

Herein, we explore yet another mechanism that can aid
blood circulation. It is based on physiological consequences
of the anatomical arrangement of veins and arteries in the
lower extremities. It is well known that these two types of
vessels run side by side, often enclosed in a common sheath
also containing a nerve. These structures are called neuro-
vascular bundles (NVBs) and can be readily seen using MRI,
high-resolution computer tomography scans, or ultrasonog-
raphy (8, 9). The immediate proximity of the veins to a pul-
sating artery and the fact that NVBs are surrounded by

muscle and other tissues suggest that transient increases in
arterial pressure also cause concurrent compressions of the
adjacent veins. Given that veins contain multiple one-way
valves, these periodic compressions may help increase ve-
nous return toward the heart. This overall concept is some-
what similar to the skeletal pump mechanism, albeit on a
smaller scale. This putative mechanism appears intuitively
obvious, and occasionally, a line or two in the literature may
mention a pulsating artery near a vein. However, we were
unable to locate research articles or textbook sections explic-
itly describing this phenomenon. Therefore, we conducted
proof-of-principle experiments to directly demonstrate how
arterial pulse can impact flow through an adjacent vein and
to evaluate the extent to which this can happen at physiolog-
ically relevant ranges of pressures and heart rates.

METHODS

Isolation of the Neurovascular Bundle

Bovine forelimbs were purchased from a local butcher shop
(Fig. 1A). The George Washington University Institutional
Animal Care and Use Committee guidelines (based on the
2015 US Animal Welfare Act, Title 7, Chapter 54, Section
2132 g) do not require committee approval for studies involv-
ing postmortem tissues from farm animals. The vessel open-
ings were clearly visible near the proximal end of the cross-
sectioned radius (Fig. 1B). The subcutaneous tissue and fascia
between the flexor carpi radialis and the superficial digital
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flexor, along with the deep digital flexor, were distally dis-
sected, with care taken to keep the vessels intact. Retracting
the flexor carpi radialis revealed the full course of the median
nerve, artery, and vein. The bundle was carefully dissected
from the surrounding tissue using a sharp scalpel blade, and
the side tributaries of the artery and its satellite veins were
tied using surgical thread. Custom-made cannulas were
inserted into the distal and proximal ends of the vessels,
labeled, and secured using surgical thread, creating leak-
free connections between the vessels and the attached tub-
ing (Fig. 1C).

Patency of the Venous Valves

To ensure that the tissue storage and dissection processes
had not damaged the fragile leaflets of the venous valves and
to confirm that all tributaries were tied off, the vessels were
examined for leakage and valve patency using gravity-driven
flow. For the latter purpose, the cannulated ends of the vein
were connected to a vertical column of saline, creating a
gravitational pressure of �90 mmHg. The saline readily
flowed in a distal-to-proximal direction (i.e., toward the
heart), while no flow was observed in the opposite direction,
confirming that the valves remained intact. Upon comple-
tion of the flow experiments, the presence of multiple valves
in both veins was confirmed by taking images of the longitu-
dinally cut vessels (Fig. 1D).

Arterial Pressure Pulsations

A schematic of the experimental setup is illustrated in Fig.
2A. To create pulse-like transient increases in pressure
within the arterial segment, the arterial cannula was con-
nected to a piston pump (Harvard Apparatus Rodent
Ventilator Model No. 683) with adjustable volume and rate
settings, whereas the other end of the cannula was sealed
off. The pump was turned on and off to create multiple
pulse/no pulse episode sequences, with each episode lasting
1 min (Fig. 2B). Pressure recordings were acquired using an
in-line pressure transducer connected to a LabChart station
from ADInstruments.

Flow Recordings

Once the integrity of the vessels and the venous valve pat-
ency had been checked, the bundle was tightly wrapped to
create an airtight enclosure mimicking surrounding muscle
tissue. The distal end of the vein was then connected to a
wide flask that was later elevated to create different values of
gravitational pressure. To convert the gravitational pressure
of the saline column from cmH2O to mmHg, the height of
the column in mmwas divided by the ratio of mercury to sa-
line density. The flowrate was calculated by dividing the
weight of the exiting saline by the corresponding time.
Notably, as the saline flowrate in our experiments was
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Figure 1. Bovine forelimb neurovascular bundle
(NVB). A: bovine forelimb. Flexor carpi radialis and
superficial digital flexor muscles distally to proximally
dissected, along with the deep digital flexor muscle.
Neuromuscular bundle (NVB) visualized and iso-
lated from surrounding tissue. Six bovine NVBs were
used to derive the quantitative and qualitative con-
clusions discussed in this report. B: blood vessel
openings as seen after dissection. Center, artery;
sides, veins. C: dissected NVB with marked cannu-
las (scale bar: 1 cm). D: longitudinal view of crosscut
NVB demonstrating multiple valves inside the veins
(scale bar: 1 cm).
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influenced by external resistances (i.e., custom-made cannu-
las), its absolute value has little physiological relevance.
Instead, attention should be paid to the relative changes in
flowrate in the presence of arterial pulsations.

Statistical Analysis

Six bovine NVBs were used to derive the quantitative and
qualitative conclusions discussed in this report. The experi-
ments included the dissection and visualization of NVB,
examining the observed phenomenon under different set-
tings including positioning of the bundle (vertical vs. hori-
zontal), pulse rate, lack/presence of the enclosure, and
changes in venous backpressure. Data are presented as
means ± SDs. A two-sided unpaired heteroscedastic t test
was used to derive P values for differences in the mean flow-
rates during pulse/no pulse conditions. Values of P < 0.5
were considered significant (�), values of P < 0.01 (��), and

P < 0.001 (���) were considered highly significant. The data
underlying our conclusions are available in the article and in
its figures.

RESULTS

Impact of Arterial Pulse on Venous Flowrate

To mimic physiological values typical for healthy individ-
uals, the piston pumpwas set to create transient �50-mmHg
pressure increases in a 1- to 2.5-Hz frequency range. These
values correspond to heart rates of 60–150 beats/min and
pulse pressure of �50 mmHg, typical for healthy adults (10).
Hydrostatic pressure across the distal and proximal ends of
the vein was varied from 0 to 40mmHg (Fig. 3).

At the lowest values of hydrostatic pressure across the
vein segment, no flow through a vertically positioned vein
was observed due to the combined resistance imposed by
the valves, the cannulas, and the vein segment itself. In these
conditions, compression of the vein by a pulsating arterial
wall did not yield any measurable flow. Once the pressure
gradient across the vein was increased to �25 mmHg, the
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Figure 2. Schematics of the experimental setup. A: distal end of the can-
nulated vein within a tightly wrapped neuromuscular bundle (NVB) was
connected to a saline reservoir positioned at different heights. Flow rate
was measured by timing the saline weight exiting the proximal end of the
vein. A piston pump was used to create rhythmic pulsations inside the ar-
tery. B: pressure recordings from an in-line transducer connected to an
ADInstruments bridge amplifier were displayed using ADI LabChart soft-
ware. Impacts of various variables, including pump rate, pump stroke vol-
ume, and height of the saline reservoir, were tested using three
sequential on/off pump sequences, each lasting 1 min.
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Figure 3. Impact of arterial pulsations on flowrate through the adjacent
vein segment. A: open bars correspond to the flowrate in the absence of
pulsations. Gray bars indicate flowrate when the arterial pulse was present.
The x-axis shows the pressure gradient values across a vertically posi-
tioned NVB. The gradient corresponds to the height difference between
the saline reservoir and the point where saline exited the vein. The individ-
ual experimental values are shown using black dots. B: whisk plot illustrat-
ing the impact of pulsation rate on the saline outflow through the vein. The
experiment was conducted three times at a 28-mmHg pressure gradient
across a vertically positioned NVB. �P< 0.5; ��P< 0.01; ���P< 0.001.
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arterial pulse-dependent flowrate effect became highly sig-
nificant. When the pressure difference across the vein seg-
ment reached 40 mmHg, the effect reversed its direction,
with arterial pulsations having a negative impact on venous
flow values (Fig. 3A).

When the venous pressure gradient was set within the 25-
to 35-mmHg range, doubling the pulse rate from 70 beats/
min to 140 beats/min led to a proportional increase in flow-
rate values (Fig. 3B).

Figure 3 shows quantitative data from an individual bun-
dle to which each setting was applied at least three different
times. The tight range of outflow values then enabled to
reveal the bell-shaped relationship between the hydrostatic
pressure across the vein versus change in venous flowrate
when arterial pulse was present (Fig. 4). Such relationship
would have been hidden by averaging the absolute values of
saline outflow from different bundle preparations. The vari-
ability in absolute outflow values can be attributed to hemo-
dynamic differences introduced by the insertion of cannulas
and ligation of multiple tributaries, multiplied by cross-ani-
mal variations in NVB anatomy.

Role of the Enclosure

For the effect of arterial pulsations on venous flow to take
place, the artery and adjacent veins must be enclosed in an
airtight environment or tightly bound together. To confirm
that, the cannulated bundle was tested without the enclo-
sure and the flowrates were recorded with and without the
pump providing pulsations. In the absence of an enclosure,
the pressure rises inside the artery led to visible outward
bulging of the arterial wall, which did not push on the walls

of the veins next to it. As a result, without the enclosure, ar-
terial pulsations did not yield any measurable increase in sa-
line outflow through the vein.

Beyond Physiological Values

When the frequency or stroke volume of the pump was
increased above physiologically relevant values, it led to
pressure buildupwithin the enclosure. This was due to insuf-
ficient time for the artery to dissipate the pressure, causing
the artery to balloon inside the enclosure. This dramatic
increase in arterial volume then compressed the adjacent
veins, narrowing their inner diameters and increasing their
resistance to flow. In this scenario, turning arterial pulsa-
tions off actually increased the venous flowrate as the veins
returned to their initial, uncompressed sizes. Although this
scenario is unlikely to occur physiologically, it seems impor-
tant to mention these observations to help others avoid arti-
facts or getting conflicting data.

DISCUSSION

This report presents direct evidence of an auxiliary, yet
fundamental physiological mechanism aiding blood circula-
tion on a beat-by-beat basis. This mechanism relies on the
anatomical proximity of arteries and valve-containing veins
in the lower extremities. Although this mechanism may
appear intuitively obvious, we could not find any published
studies that provided quantitative measurements of its
impact.

The cartoon in Fig. 4 attempts to explain the physiological
meaning of our quantitative observations. The graph below
the cartoon was derived from the data shown in Fig. 3A. At
very low backend pressure values, the leaflets of the venous
valves stick together, closing the valves. In these conditions,
a pulsating artery next to the vein has a negligible impact on
venous flow (Fig. 4, case a). When the pressure gradient
becomes sufficient to partially open the venous valves, an
extra push from the adjacent artery can increase the flow by
further opening the valves (Fig. 4, case b). When the pressure
gradient across the vein becomes sufficiently large to keep
the valves fully open, the arterial pulse effect disappears.
Moreover, as compression episodes reduce vein diameter,
the flowmay begin to decrease (Fig. 4, case c).

Conceptually, the effect of the arterial pulse is similar to
the effect of the skeletal muscle pump, external compression
devices, or massage therapy procedures commonly used to
treat venous insufficiency. Each involves the periodic com-
pression of the veins, which contain multiple one-way
valves. The main difference is that the arterial pulse is con-
stantly present. This constitutes a continuous impact on ve-
nous return and highlights yet another ingenious way in
which evolution has coupled anatomical structures with
their physiological function.

It is important to underscore that the described mecha-
nism does not involve peristaltic waves of pressure caused
by the coordinated contraction of smooth muscles, which
are known to drive intraluminal content of the digestive sys-
tem, esophagus, or ureter (1). In the case of a peristaltic
wave, the speed of compression is almost identical to the
speed of flow it creates. In contrast, compression of the

Figure 4. Physiological implications of the observed effect. The graph
shows the difference in flowrates through the vein in the absence and
presence of the arterial pulse. Individual value points represent the
difference between the flowrate in the presence of 70 beats/min pul-
sations and the average flowrate in absence of pulsations. Top: physi-
ological meaning of the presented quantitative data (see explanation
in DISCUSSION).
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adjacent vein by a pulsating artery constitutes a nearly in-
stantaneous event, estimated to be several orders of magni-
tude faster than the venous flow velocity.

The described hypothetical mechanism also did not
involve changes in tissue pressure. A gradual increase in tis-
sue pressure can occur when there is leakage of blood from
acutely damaged vessels into the surrounding tissue, clini-
cally known as a “compartment syndrome.” In our experi-
ments, there was no leakage of the fluid into the enclosure as
all the tributaries of the vessels were thoroughly ligated pre-
venting fluid escape from these vessels. The enclosure then
brought the vessels together to model the physiological sce-
nario of the neurovascular bundle being surrounded on all
sides by skeletal muscles.

One might also wonder about the opposite directions of
blood flow in the vein versus artery. Here, it is important
to reemphasize that here we focus on the arterial pressure
wave and not on the movement of arterial blood. In me-
dium-sized arteries, such as the ones considered in this pa-
per, the velocity of pulse wave propagation is many times
higher than the velocity of blood flow (11). For example,
published values for the human radial artery are �10 cm/s
for blood flow velocity (12) and �8 m/s for pulse pressure
wave velocity (10). Therefore, a passing pressure wave
expands the walls of a 15 cm long arterial segment almost
instantaneously (�20 ms from one end to another, based
on the abovementioned numbers). Consequently, for a pu-
tative mechanism depicted in Fig. 4, neither direction of
blood flow nor the direction of pulse pressure wave plays
any role.

One can suggest that in vivo measurements of pressure-
flow patterns using vascular ultrasoundmay serve as a better
way to demonstrate the existence of the described mecha-
nism. Indeed, published Doppler recordings of flow patterns
in the lower extremities have shown that each systole causes
a sharp burst in arterial flow velocity and an increase in ante-
grade venous flow in the adjacent vein (13, 14). As convincing
as these observations may appear, they cannot be used as
direct evidence of the describedmechanism. This is because,
during systole, the AV septum is swiftly pulled down by the
contracting ventricle, essentially acting as a piston to with-
draw blood from the venous compartment (7). Therefore,
transient increases in venous flow observed during systole
in large and medium veins are most likely due to a combi-
nation of AV plane movement and arterial pulse impact.
Consequently, the only way to clearly separate these two
processes is to take the movement of the AV plane out of
the picture by conducting ex vivo bench experiments, such
as those described in this report.

Perspectives and Significance

The described phenomenon raises several clinically rele-
vant questions. For example, does the impact of arterial
pulse on venous return decrease with age-related changes in
arterial stiffness (15)? How is this impact affected by a
decrease in the number of intact venous valves? It is well
known that a sedentary lifestyle and prolonged periods of
immobility are associated with the development of small
thrombi in the pockets formed by venous valve leaflets (16).
The resolution of these clots by the coordinated efforts of

neutrophils and macrophages (17) also damages the leaflets,
leading to valve incompetency (18). These processes are well-
established and commonly used to describe the pathophysi-
ology of deep venous insufficiency. Experiments presented
in this report suggest that a lack of competent valves would
negate the effect of the arterial pulse on venous return, lead-
ing to further expansion of the veins, increased venous pres-
sure, and subsequent edema. These and other questions
warrant further investigation into the largely overlooked role
of arterial pulse in venous return.
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