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Abstract

Passive exercise/movement has a long history in both medicine and physiology. Early clinical
applications of passive exercise/movement utilized pneumatic and direct limb compression to
stimulate the vasculature and evoke changes in blood flow to avoid complications brought about
by stasis and vascular disease. Over the last 50 years, passive exercise/movement has continued to
progress and has provided physiologists with a reductionist approach to mechanistically examine
the cardiorespiratory, hyperemic, and afferent responses to movement without the confounding
influence of metabolism that accompanies active exercise. This review, in addition to providing an
historical perspective, will focus on the recent advancements utilizing passive leg movement
(PLM), and how the hyperemic response at the onset of this passive movement has evolved from a
method to evaluate the central and peripheral regulation of blood flow during exercise to an
innovative and promising tool to assess vascular function. As an assessment of vascular function,
PLM is relatively simple to perform and provides a nitric oxide (NO)-dependent evaluation of
endothelial function across the lifespan that is sensitive to changes in activity/fitness and disease
state (heart failure, peripheral artery disease, sepsis). The continual refinement and
characterization of PLM is aimed at improving our understanding of blood flow regulation and the
development of a clinically-ready approach to predict and monitor the progression of
cardiovascular disease.

1. Introduction

Passive exercise/movement, simply defined as the manipulation of the body or a limb (e.g.
leg) without voluntary effort or muscle contraction, has a long and rich history in medicine
and physiology. This intentionally broad definition, encompasses insight gained from over
200 years of investigations utilizing exercise achieved without voluntary activation and
contraction, pneumatic or direct compression of a limb, and passive movement of a limb
over a given range of motion. Each of these unique uses of involuntary exercise/movement
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provide differing physiological insight, highlighting the clinical and investigative utility of
this reductionist approach. This review will first provide a brief historical overview of how
passive exercise/movement developed and was first used to treat abnormalities of the
circulatory system. Next, the focus will shift to the utilization of passive exercise as a
mechanistic approach to identify and understand reflex pathways involved in the
cardiorespiratory response to active exercise. Finally, the majority of this review will
concentrate on the recently developed body of literature examining the hyperemic and
vasodilatory response to passive leg movement (PLM), and how this novel approach may
provide a valid and reliable assessment of vascular function. The research presented will be
predominantly focused on passive exercise/movement, however, several investigations
providing valuable insight from pharmacological and mechanistic studies have been
included to better elucidate the pathways regulating blood flow and rapid vasodilation.

2. Historical Perspective

The use of passive exercise is deeply rooted in vascular medicine. Indeed, the earliest
documentation of such an approach being applied in practice dates back to 1812 when Sir
James Murray applied the principles of altering atmospheric pressure through an “air bath”
(pneumatic compression) to the whole body to elicit changes in the circulation [1]. Shortly
thereafter, in the 1830’s, Junod and Clanney independently reported the use of negative
pressure isolated to a limb to treat various diseases [2, 3]. In 1887, Bluck pioneered the use
of rhythmically alternating atmospheric pressure “to bring about an influx and efflux of the
blood in the part or parts effected” [4] and the first published investigation to use this
approach to treat peripheral artery disease (technically thrombo-angiitis obliterans) was
published in 1917 by Sinkowitz and Gottlieb [5]. Their conservative approach to improve
hyperemia through suction resulted in alleviation of pain and more rapid healing of
ulcerations in these patients. Reid and Herrman, in 1934, developed an apparatus termed the
PAVAEX, standing for passive vascular exercise, to non-surgically treat PAD and reported
improvements in circulation in patients with arteriosclerosis and foot ulcers [6-8].

More recently, in the early 1970’s, intermittent compressions and passive exercise began to
be routinely used post-surgery to prevent early post-operative deep venous thrombosis
(DVT) [9, 10]. In modern medicine, intermittent pneumatic compression (IPC) is now
commonly used to prevent DVT and thromboembolism during periods of reduced activity
such as recovery from surgery or acute hospitalization [11]. The application of mechanical
forces to the limb alters pressure within arteries and veins resulting in antegrade acceleration
of blood. Depending on the magnitude and pattern/rhythmicity of compression, peak
velocity of blood in the veins may increase by up to 200% while increases in popliteal blood
flow have been increased by nearly 100% [12-14]. Clearly, in terms of the cardiovascular
system, the use of passive exercise has evolved significantly from its earliest form as an
alternative to bloodletting to a standard treatment to prevent DVT. Through mechanistic
pharmacological studies passive movement continues to be better understood and potential
applications of this approach in clinical practice are still being developed.
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3. Passive exercise: gaining insight into the reflex nature of the
cardiorespiratory response to exercise

The notion that passive movement of the limbs evokes an increase in ventilation has been
studied for well over 100 years with the first report on this topic dating back to 1888 by
Geppert and Zuntz [15]. Utilizing a comprehensive amalgamation of various body
movements including passive arm movement and passive leg pedaling Dixon et al.
documented that ventilation increased in response to passive movement, however, the
mechanism responsible for this increase remained unidentified [16]. Not long after,
Flandrois et al., examined the ventilatory response to passive limb movement in lightly
anesthetized dogs and reported a significant contribution of limb mechanoreceptors to
movement-induced hyperpnea [17]. Collectively, these early studies emphasized that the
ventilatory response to passive exercise is in excess of the increase in metabolic demand,
independent of central command and, predominantly, involves a peripherally activated
afferent-derived neural mechanism. The central and peripheral cardiovascular responses to
passive exercise were largely ignored in these early respiratory-centric investigations.

Utilizing a tandem bicycle ergometer, Nobrega et al. compared the cardiovascular response
to active and passive cycling [18] (Figure 1). This creative model, in which two subjects sit
on a tandem bicycle ergometer, allowed one subject, although undergoing the cycling
motion, to remain completely passive while the other dictated their motion by performing
dynamic cycling exercise. An advantage of this model is that it avoids the potentially
confounding influence of pharmacological interventions and electrical stimulation which
had been used previously to investigate the reflex nature of the cardiovascular response to
exercise [19-27]. During passive exercise cardiac output (CO) increases as result of a
modest, yet significant, increase in stroke volume (SV), while mean arterial pressure also
increases [18]. Interestingly, heart rate (HR) did not change in this original passive cycling
study [18]. This lack of cardioacceleration (i.e. an increase in HR) may have been the result
of the timing of the HR measurements which were not performed until minutes 3 and 5 of
the passive exercise. Previous work by Waisbren et al. reported significant
cardioacceleration during the first minute of passive exercise which returned back to pre-
exercise levels by the 51 minute of exercise [28]. Similarly, Nobrega and Araujo reported
rapid cardioacceleration during 4 sec of fast passive cycling [29] (Figure 1). In combination,
these findings suggest a transient cardiovascular response to passive exercise that appears to
be evoked by stimulation of group 11 mechanoreceptors.

Despite promising clinical investigations that utilized passive exercise to augment blood
flow and mitigate the development of DVT after surgery [9, 10], the peripheral
hemodynamic response to passive exercise remained largely unexplored until the late 1990’s
when Radegran and Saltin sought to determine the temporal relationship between blood
flow, blood pressure, and muscle contractions during exercise [30]. Although not the
primary focus of these investigations, passive exercise was performed prior to dynamic
single leg knee extension and increases in blood flow were observed upon the first passive
movement (Figure 2). Blood flow increased 3.3 fold above baseline values and peaked 4-5
duty cycles after the onset of movement. In retrospect, given the long history of investigation
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with respect to the vascular effect of mechanical compression (reviewed above) it is not
surprising that passive exercise, which results in mechanical deformation of the vasculature
and skeletal muscle, resulted in a significant increase in blood flow. Nevertheless, this was
an interesting observation that inadvertently ignited a plethora of research aimed at
understanding both the interplay between central and peripheral hemodynamics during
passive exercise and the mechanisms contributing to the regulation of blood flow during
exercise when metabolism is removed from the equation.

4. Passive leg movement (PLM) as a reductionist approach to study
exercise hemodynamics

During the transition from rest to active exercise several mechanisms act in concert to
regulate the onset of exercise-induced hyperemia, including vasodilation, the exercise
pressor response, and the skeletal muscle pump. As a result of active exercise, metabolism
and O, demand increase and are matched by a concomitant increase in blood flow and O,
delivery. This increase in metabolism dominates the regulation of blood flow making it
difficult to ascertain which other vasodilatory pathways may be contributing to the exercise-
induced hyperemia. In order to better understand the vasodilatory, central hemodynamic, and
mechanical mechanisms contributing to this response, Wray et al. compared passive and
active knee-extension exercise in seated and supine positions [31]. Passive exercise, by
definition, is void of voluntary contraction and evokes only a minor increase in O,
consumption. This allows for the evaluation of exercise-induced hyperemia without an
increase in metabolism. Additionally, facilitated by the supine position, in one trial, the leg
was positioned above heart level to facilitate venous emptying and minimize the contribution
of the skeletal muscle pump. During the transition from rest to passive exercise a transient
cardioacceleration and hyperemic response were observed. It was concluded that passive
movement resulted in a reduction in vascular resistance as a result of mechanical
compression. Although cardioacceleration occurred it was assumed that CO was not
changed in response to passive movement, however, it should be noted that SV and CO were
not directly assessed. Gonzalez-Alonso et al., in an effort to further identify the role of
mechanical factors in exercising hyperemia, performed passive exercise (knee extension)
with and without external thigh compressions, and reported increases in LBF, HR, and SV,
but not CO [32]. When external thigh compressions were superimposed on passive exercise
the increase LBF was doubled without any impact on central hemodynamics. Collectively,
these findings suggested that the peripheral hyperemic response to PLM was disassociated
from the central hemodynamic response.

Building upon these studies, McDaniel et al. sought to determine the central hemodynamic
response to PLM and paid particular attention to the transient nature of the movement-
induced responses [33]. Notably, in an earlier study from our laboratory, it was observed that
after 1 minute of continuous PLM, blood flow returned to baseline and it was postulated that
a change in CO may follow a similar time course [31]. Using second by second assessment
of peripheral and central hemodynamics (HR, SV, CO, and MAP), McDaniel et al. reported
clear increases in LBF and CO during passive movement [33] (Figure 3). Interestingly, when
blood flow to the passively moved limb was inhibited by suprasystolic compression around

Sports Med. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trinity and Richardson Page 5

the thigh, the changes in HR, SV, and CO persisted, indicating a reflex-mediated central
hemodynamic response to PLM. The transient nature of both the peripheral and central
hemodynamic responses to PLM likely explains why previous investigations did not find an
increase in CO and, in some instances, an increase in LBF [34], during passive exercise.

Given the similar time course of central and peripheral hemodynamic responses to PLM, our
group next sought to further examine the link between these responses by altering the
communication between peripheral and central factors and by pharmacologically altering the
magnitude of the peripheral feedback about the movement. Specifically, building upon
earlier work utilizing anesthesia that identified a peripheral reflex driven central
hemodynamic response to active exercise [35, 21, 27] we sought to inhibit this afferent
feedback, from thinly myelinated group I11/1V skeletal muscle fibers, and examine the
impact on the central and peripheral response to PLM. In a group of healthy young men,
fentanyl, a p-opioid receptor antagonist, was administered via a lumbar intrathecal injection
to inhibit the central projection of group I11/IV afferent fibers [36]. Following fentanyl
administration, both the central and peripheral hemodynamic responses to PLM were
attenuated. Specifically, in healthy young individuals the hyperemic response to PLM was
reduced by ~ 30% while the magnitude and duration of the CO response was also attenuated
by ~50%. Additional work by our group in patients with a spinal cord injury, where afferent
feedback is absent, did not reveal an increase in HR and CO during PLM, further supporting
the afferent link between movement and the central hemodynamic response [37].

Building upon the finding that the mechanoreflex contributes to the magnitude of the
hemodynamic response to PLM, lves et al. examined the role of sex, as a biological variable,
on this response [38]. Normalizing for the smaller body surface area and leg volume of the
women revealed a similar peripheral hemodynamic responses to PLM between men and
women. However, the central hemodynamic response in women remained attenuated
suggesting a sex-specific attenuation of the mechanoreflex. Interestingly, and in contrast to
our findings in healthy young individuals, afferent blockade in individuals with
mechanoreflex hypersensitivity, such as heart failure, evokes an augmented, rather than
attenuated, hyperemic response to PLM [39]. Together, these studies reveal a significant role
of the mechanoreflex in the central and peripheral hemodynamic responses to PLM.

With the recognition that pressure (specifically, the arterial to venous pressure difference) is
a critical component of blood flow, according to Ohm’s law, we next compared PLM in the
upright seated and supine positions, as a means to manipulate perfusion pressure [40]. In the
upright seated position the increase in blood flow during PLM was markedly higher than the
supine position, interpreted to be consequence of the elevated perfusion pressure, due to the
increased hydrostatic pressure afforded by the upright position (Figure 4). Although the
mechanical stimulus (i.e. movement of the leg) was identical between body positions, the
upright position magnified the hyperemic response by setting in motion a series of cascading
events leading to greater vasodilation, including increased shear stress and subsequent
increase in nitric oxide (NO) bioavailability. Overall, these findings provide a rather
compelling evidence of a strong link between the peripheral and central hemodynamic
responses to PLM.
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5. Mechanistic studies to better understand and further identify central
and peripheral components

The vasodilatory and subsequent hyperemic response to PLM is robust and provides a
promising model to assess how factors such as aging and disease impact the regulation of
blood flow. During active exercise aging is associated with a reduction in leg blood flow
even after correcting for age-related differences in skeletal muscle oxidative capacity and
differences in absolute work rates [41, 42] . By comparing young and old subjects during
PLM we were able to remove the confounding influence of exercise metabolism and
observed that, with advancing age, the PLM-induced hyperemic and vasodilatory responses
were reduced by ~ 30 to 50% in the supine position [43]. Older subjects also exhibited
attenuated central hemodynamic responses, further linking the peripheral and central
responses during PLM.

The link between central and peripheral factors becomes more apparent when considered in
the context of the innovative study of Bada et al. that utilized atrial pacing to alter HR during
active exercise and further characterized the cause and effect relationship between central
and peripheral hemodynamics [44]. Specifically, by comparing the peripheral vasodilatory
and CO responses during rest, exercise, and ATP infusion with and without atrial pacing, it
became apparent that the magnitude of the CO response was dictated by the peripheral
vasodilatory response and not vice versa. Thus, in the context of PLM, the LBF and CO
responses are linked but it appears that the CO response does not dictate the peripheral
response [45, 40]. Rather, the CO response serves to prevent a precipitous drop in BP which
would be expected in response to peripheral vasodilation.

6. Nitric oxide studies of PLM

Although it was evident that the magnitude of the central hemodynamic response is
associated with, but does not dictate, the peripheral response to PLM, the vasodilatory
factors contributing to the robust increase in LBF remained largely unexplained. As
previously described, Radegran and Saltin, in their attempt to determine the temporal
relationship between blood flow, blood pressure, and muscle contraction during exercise,
reported an increase in LBF during passive exercise [30]. Shortly thereafter, these
investigators examined the role of NO as a regulator of vasomotor tone in skeletal muscle
during the transition from rest to exercise [46]. Interestingly, and in contrast to more recent
work, the inhibition of nitric oxide synthase (NOS) with N¢-Methyl-L-arginine (L-NMMA)
was reported to have no effect of LBF during passive exercise. While, as published, the exact
timing of the LBF measurements were not entirely clear in this experiment, it is now
apparent that the assessment of LBF was likely made after the initial peak response, thereby
missing any impact of NOS inhibition. Indeed, with greater temporal resolution employed to
assess LBF, combined with direct intra-arterial infusion of L-NMMA to inhibit NOS, Trinity
et al. [40] and Mortensen et al. [45] independently, but in a similar time frame, reported that
up to 80% of the overall increase in LBF during PLM was NO-dependent in healthy young
individuals (Figure 5). Interestingly, the central hemodynamic response remained unchanged
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during NOS inhibition, again, indicating that peripheral factors, predominantly NO in
healthy young people, dictate the hyperemic response to PLM.

As aging is associated with vascular dysfunction [47-50], our group performed an initial
study which included older subjects and documented an age-related reduction in hyperemia
during PLM [43]. To confirm the role of NO in these age-related findings and advance our
understanding of the potential clinical role of PLM, we performed a series of studies
investigating the role of NO in the PLM-induced hyperemic response in young and old
individuals. Specifically, Trinity et al. [51] reported that NOS inhibition in healthy older
individuals had an insignificant impact on the already diminished hyperemic response to
PLM. Groot et al. [52] expanded upon this finding and reported that older subjects, unlike
the young, failed to augment their LBF response to PLM when in the upright seated position
compared to being supine (Figure 4). By comparing supine and upright LBF responses, it
was determined that an NO-dependent vasodilatory reserve is present in the young, but not
the old. Temporal analyses, focused on the immediate vasodilatory response to PLM with
and without NOS blockade, revealed that the accelerated rise in LBF in the young compared
to old in the upright position is predominantly a consequence of greater NO bioavailability
in the young. Although the invasive mechanistic PLM studies have been limited to men,
women exhibit the same age-related attenuation in PLM-induced hyperemia [53], thus
bolstering the utility of PLM as a novel assessment of vascular function across the life span
in humans.

Investigations comparing PLM to more established methods of assessing vascular function,
including the invasive infusion of ACh [45] and the technically challenging flow mediated
dilation technique (FMD) [54], support the premise that PLM is a valid approach to
determine vascular function and NO bioavailability. Specifically, Mortensen et al. [52]
reported a significant positive relationship between PLM-induced hyperemia and the LBF
response to the intra-arterial infusion of acetylcholine (ACh) (r = 0.84, p < 0.05), an
established and direct approach to assess endothelial dependent vascular function. While
Rossman et al. [54] directly compared the hyperemic and vasodilatory response to PLM with
brachial artery FMD and also reported significant positive relationships between these two
measures (Figure 6). Additionally, in another investigation by Walker et al. [55], the reactive
hyperemic response following occlusion of the popliteal artery was positively correlated
with the PLM-induced blood flow response. These relationships, particularly between BA
FMD and PLM, are important as numerous large scale trials have identified BA FMD as a
predictive tool to assess cardiovascular disease (CVD) risk [56-59]. Overall, these findings
support the use of PLM as a novel approach to assess NO-mediated vascular function.

It should be noted that, with the exception of a single study [60], the evaluation of
hyperemia in response to PLM has been predominantly limited to the leg, however, limb
differences in vascular function have been recognized with other approaches and may be
impacted by both aging and disease [61, 62]. Importantly, age-associated vascular
dysfunction, assessed by FMD, persists when assessed in the leg compared to the arm [61],
suggesting that the vasculature of the leg is at least as indicative of overall vascular health as
measurements made in the arm. Passive limb movement in the arm, with movement
occurring at the elbow, induces a robust and transient hyperemic response similar to that
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observed in the leg. Compared to the leg, the absolute blood flow response during arm PLM
is lower, however, following normalization for the smaller volume of the arm, the relative
change in blood flow between the limbs is actually quite similar [60]. However, it is
currently unknown if the hyperemic response to arm PLM is affected by age, disease, or
NO-bioavailability. Future research addressing these knowledge gaps is warranted to both
assess potential limb differences and determine the utility of arm PLM.

PLM-induced vasodilation: going beyond NO

Although the overall PLM-induced hyperemic response is largely NO-mediated (~80%) in
healthy young individuals, a significant blood flow response persists following NOS
inhibition in this population [40]. Furthermore, older individuals exhibit a significant
movement-induced hyperemia, albeit attenuated compared to the young, which is minimally
impacted by NOS blockade [52, 51]. Clearly, other vasodilatory pathways, in addition to
NO, must be contributing to these responses. A number of studies have found important
vasodilatory roles for several shear stimulated endothelial-dependent vasodilators including
prostaglandins (PG) and endothelium derived hyperpolarizing factor (EDHF) resulting from
the metabolism of arachidonic acid by cyclooxygenase and cytochrome P450, respectively
[63-68]. Interestingly, PG appears to contribute to the heterogeneity of vasodilation in men
and women [68] while EDHF-mediated control of vascular tone is prevalent in conditions of
attenuated NO bioavailability that typically accompanies aging and cardiovascular disease
such as hypertension [63, 64]. Although investigations into the mechanisms responsible for
these compensatory or redundant vasodilatory pathways have yet to be performed with
PLM, several studies employing single contraction, occlusion, or compression have been
performed with the inhibition of multiple vasodilatory pathways. The hyperemic response to
PLM and a single contraction are remarkably similar in regards to the transient nature of the
response and the role of NO [69] (Figure 7), suggesting that findings obtained during a
single contraction may help elucidate other, yet unidentified, mechanisms contributing the
PLM-induced hyperemia.

During the transition from rest to movement, or exercise, the increase in blood flow is rapid,
occurring after the first cardiac cycle. Identifying factors governing this response has proven
to be a difficult task, however, neural mechanisms and the muscle pump do not appear to be
contributing to this rapid vasodilation [70-74]. Moreover, metabolically derived vasodilators
are unlikely to account for this response given the rapid onset [75], therefore, muscle and/or
endothelial-derived agents are likely playing a primary role. Hamann et al. [76] documented
that, somewhat intuitively, without vasodilation the blood flow response to muscle
contraction is nearly abolished. At the onset of exercise, the appearance of potassium (K+)
in venous blood and the blood flow response follow a nearly identical time course,
suggesting that K+ derived from the muscle may be involved in rapid vasodilation [77, 78].
In support of this link, animal models utilizing isolated muscle preparations have identified a
critical role of K+ in rapid contraction induced vasodilation [79]. Indeed, the infusion of K+
to elevate the K+ concentration results in a depolarized membrane potential which renders
any vasodilatory agent acting through hyperpolarization incapable of evoking a vasodilatory
response [80]. Through the inhibition of multiple K+ channels, including the K+ voltage
dependent, Na+ K+ ATPase, and inwardly rectifying K+ channels (K;gr) Armstrong et al.
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revealed that K+ is a significant contributor to the rapid single contraction induced
vasodilation [81].

Building upon these animal studies, Dinenno and colleagues [82-84] performed several
elegant human-based pharmacological studies examining mechanisms responsible for rapid
vasodilation in the arm following compression, occlusion, and contraction. Combined
blockade of NO, PG, and K+ stimulated vascular smooth muscle hyperpolarization with
BaCl, and oubain nearly eliminated the vasodilatory response to a single contraction,
especially at the lower intensities of muscle contraction (10% and 20% MVC) [82]. These
investigators also reported that following 5 minutes of ischemia, reactive hyperemia, a
predominantly microvascular response, was completely abolished when K+ channels were
blocked, whereas there was no effect of combined NO and PG inhibition [83]. Given the
documented relationship between the microvascular response, vascular health, and
cardiovascular disease risk, these findings indicate that factors beyond the endothelium,
involving the regulation of vascular hyperpolarization, may be critical in understanding how
aging and disease fundamentally impact vascular function. Future investigations examining
the role of K+ channels in the PLM-induced hyperemic response are warranted to further
identify the vasodilatory mechanisms contributing to PLM-induced vasodilation, potentially
increasing the utility of PLM for clinical diagnosis and the assessment of vascular health.

Adenosine triphosphate (ATP) is a potent vasodilator released in response to compression of
the vasculature and, to a lesser extent, flow-mediated shear stress. ATP-mediated
vasodilation occurs independent of traditional endothelial cell signaling including NO and
PG and appears to act predominantly through K;r channels [85]. During PLM arterial and
venous [ATP], assessed by intravascular microdialysis, did not change suggesting that ATP
may not contribute to PLM-induced vasodilation [86]. However, a recognized limitation of
intravascular microdialysis is the slow sampling rate which may not have been capable of
detecting the rapid transient changes that likely occur during PLM. Despite these previous
measurements, the role of ATP in PLM-induced vasodilation is currently unknown.

Taking into account the previous investigations focused on non NO pathways responsible for
rapid vasodilation, it is apparent that the vasodilatory response to PLM, although highly NO
mediated, likely requires a combination of endothelial dependent and independent
mechanisms [87] (summarized in Figure 8). Further investigations, focused on factors other
than NO that contribute to the PLM response, in both aged and diseased individuals, are
currently underway.

Impact of physical activity on PLM

PLM has been used by our group and others to assess vascular function in a multitude of
individuals differing in levels of physical activity/fitness and in disease state [88, 53, 52, 89,
39, 33, 43, 90, 36, 51, 40, 37, 91-93]. As discussed previously, aging is associated with an
attenuated hyperemic and vasodilatory response to PLM [88, 53, 43, 51]. Much of this age-
related reduction appears to be related to diminished NO-bioavailability [88, 51] and
physical activity restores the age-related reduction in vascular function assessed by FMD
and intra-arterial ACh infusions [48]. With this as a backdrop, Groot et al. [88] compared the
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vasodilatory response to PLM in young sedentary, old sedentary, old active, and old exercise
trained subjects. The reduction in PLM-induced vasodilation was graded with respect to
activity/fitness level in the old individuals, such that, the least fit (i.e. old sedentary)
exhibited the lowest PLM response. Additionally, the old sedentary group was the only
group that failed to exhibit an increase in vasodilation, or vasodilatory reserve, when
comparing the upright seated to supine PLM response, the magnitude of which is NO-
dependent. Interestingly, despite having a higher absolute and relative maximal aerobic
capacity (VO,max) than the young sedentary subjects, the PLM response in the old trained
was lower than these young subjects, suggesting a persistent age-related attenuation in
vascular function that is not completely reversed by physical activity/fitness.

9. Assessment of PLMin clinical populations: impact of disease

Vascular dysfunction is a hallmark characteristic of cardiovascular disease. Heart failure and
heart transplant patients fall on the extreme end of the cardiovascular disease spectrum,
exhibiting both central and peripheral hemodynamic dysfunction. Utilizing PLM, Witman et
al. [92] compared heart failure (reduced ejection fraction, HFrEF) patients and healthy age-
matched controls. The vasodilatory response to continuous PLM was reduced by nearly 90%
in HFrEF patients compared to healthy age-matched controls. In an effort to partition the
central and peripheral factors that contribute to PLM hemodynamics, a novel single PLM
approach consisting of one cycle of movement through a 90° range of motion and back
which minimizes the central hemodynamic response, was also performed. As the reduction
in PLM in the patients with HFrEF remained with single PLM, it was concluded that this
difference was primarily driven by peripheral dysfunction and diminished NO
bioavailability. It is interesting to note that, as a whole, HFrEF patients who fall on the
extreme end of the cardiovascular disease spectrum, exhibit the most attenuated PLM
response measured to date.

Peripheral artery disease (PAD) is a debilitating atherosclerotic condition resulting in
diminished blood flow, muscle pain (intermittent claudication), and limb ischemia in severe
cases. Furthermore, PAD is characterized by diminished NO bioavailability and vascular
function [94]. Several investigations have reported a diminished PLM response in PAD
patients [95, 45, 55]. Interestingly, elevated levels of NADPH oxidase, a key enzyme
involved in the generation of superoxide in the vasculature, were reported in this population
suggesting that oxidative stress may be contributing to the lower PLM response in PAD [55].
These clearly attenuated PLM-induced responses in patients with PAD, further support the
clinical utility of this approach to assess NO-mediated vascular function [45, 40].

Sepsis, a systemic life threatening condition resulting from a complex interaction between
the infecting organism and the host’s inflammatory, immune, and coagulation system, has
major implications in terms of mortality rate. The pathophysiology of sepsis has a critical
vascular component as toxic mediators evoke increased inducible NOS activity leading to a
loss of vascular tone, vasodilatory capacity, and ultimate organ failure. Our group recently
documented that upon initial diagnosis patients with sepsis exhibit an attenuated PLM
response compared to well matched controls, indicative of vascular dysfunction [90]. By day
3, patient baseline femoral artery blood flow returned to levels observed in controls, likely a
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reflection of normalized CO and a resolution of the initial inflammatory response, however,
the hyperemic response to PLM remained attenuated, indicative of vascular dysfunction
[90]. Of note, FMD was also significantly attenuated in these patients, further corroborating
the vascular dysfunction assessed by PLM.

Thus, the assessment of PLM-induced hyperemia and vasodilation in relation to physical
activity and in clinical populations lends credence to the use of PLM as a novel approach to
assess NO-mediated vascular function (Figure 9). It should be noted that direct inhibition of
NOS has not been performed in patient groups, therefore, the substantial reduction in PLM-
induced hyperemia and the role of NO in these clinical populations is inferred from studies
in healthy young and older adults. Clearly, the hyperemic response to PLM is altered by both
physical activity and disease state, whether chronic (heart failure) or acute (sepsis).

10. Passive movement: beyond the transient hyperemic response

Up to this point, the discussion of PLM has focused primarily on the acute peripheral
hemodynamic response, the factors regulating this response, and the alterations in this
response that occur with aging, physical activity, and disease. Given the robust blood flow
response, PLM has been used as a reductionist approach to better understand the vascular
adaptations to active exercise, including increased capillarity and elevations in endothelial
NOS (eNOS). Importantly, active exercise induces an increase in metabolic demand, an
increase in blood flow, and passive stretching of the vasculature, all of which are associated
with capillary growth and vascular adaptation. Therefore, during active exercise it is not
possible to isolate the impact of increased blood flow (as well as the subsequent increase in
shear stress) and the increase in mechanical stress on the vasculature from the increase in
metabolism. Therefore, Hellsten et al. [96] performed 90 minutes of continuous PLM in
healthy young participants resulting in increased blood flow, shear stress, and mechanical
stress without an increase in VO, and reported consequential increases in VEGF protein
concentration, a 3-fold increase in endothelial cell proliferation rate, and a 4-fold increase in
eNOS mRNA levels. In healthy older subjects and patients with PAD a similar, albeit
slightly shorter, period of passive movement (60 versus 90 min), evoked a modest increase
in VEGF and angiogenic factors [97]. This same group performed follow-up work utilizing a
PLM training paradigm consisting of 4 weeks of PLM performed for 90 minutes, 4 times per
week, to examine the angiogenic potential of chronically increasing shear and mechanical
stresses [95]. After 2 weeks of PLM training, healthy young subjects displayed an increase
in the number of capillaries around a fiber and an increase in endothelial cell proliferation.
After 4 weeks, capillary density was increased and was associated with an increase in eNOS
mMRNA. Taken together, these findings reveal a potent angiogenic stimulus evoked by PLM.
Additional research is warranted to determine if chronic PLM is effective at stimulating
angiogenesis in aged and/or clinical populations characterized by vascular dysfunction.
Somewhat surprisingly, the hyperemic response to PLM was not assessed following the 4
weeks of PLM training, therefore it is unknown if vascular function, per se, was improved in
conjunction the improved angiogenic profile.

The impact of exercise training, or detraining, on the hyperemic response to PLM is
currently under investigation. However, based upon previous findings, the hyperemic

Sports Med. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trinity and Richardson Page 12

response to PLM is largely NO-dependent and appears to be altered by training status and
level of physical activity [88, 45, 40]. Therefore, it would seem reasonable to expect that
exercise training (or detraining) would result in improvements (or decrements) in the
hyperemic response, reflecting changes in vascular function. Lepsen et al. [98] performed 8
weeks of either endurance or resistance exercise in patients with COPD and despite
improvements in exercise capacity, vascular function, assessed by PLM and FMD was not
improved. This 8 week training protocol did not evoke increased eNOS protein expression in
the quadriceps indicating that the adaption to training may have been blunted in these
patients. Additional investigations examining the ability of exercise training to remediate age
and disease related reductions in PLM are required.

Comparison of PLM to other assessments of vascular function

Vascular dysfunction, defined as an inadequate vascular tone response to a given stimulus,
often precedes CVD. Moreover, changes in vascular function predict CVD [56, 99, 58, 59].
Therefore, being able to simply and reliably assess vascular function is of critical importance
in assessing overall health and avoiding cardiovascular events. Current strategies to assess
vascular function include both invasive and non-invasive approaches such as: intra-coronary
and intra-arterial infusion of ACh [100, 101], flow mediated dilation [50], and finger
plethysmography [102, 103]. Excellent, in-depth reviews presenting the pros and cons of
these approaches are available [104-106]. Here, these approaches will be briefly highlighted
as well as the currently recognized advantages and limitations associated with PLM as an
assessment of vascular function (Table 1).

Not long after the discovery that ACh evoked endothelial-dependent vasodilation,
predominantly through NO in isolated arteries by Furchgott and Zawadski [101],
investigators began administering ACh intra-arterially to directly assess endothelial function
in-vivo. This clinical assessment was first performed in the coronary vasculature involving
quantitative coronary angiography [107] and was later adapted to the peripheral circulation
in combination with venous occlusion plethysmography to assess the blood flow response
[108, 100]. Although limited in terms of routine clinical utility, due to the invasiveness and
complexity (combined drug infusion and blood flow assessment) involved with this
approach, a major advantage of direct drug infusion studies is that dose-dependent
assessments of endothelial-dependent and endothelial-independent (sodium nitroprusside)
vascular function can be assessed.

In an effort to circumvent the limitations associated with the assessment of vascular function
utilizing drug infusions, Celermajer and colleagues [50] developed the FMD technique
which employs reactive hyperemia, following peripheral circulatory occlusion with the
direct assessment of conduit artery diameter by Doppler ultrasound, to non-invasively assess
vascular function. Several reviews and tutorials provide an excellent overview of this
approach [109, 110]. Briefly, the FMD technique results in a transient increase in shear
stress and a subsequent vasodilation of the interrogated artery. FMD provides a useful and
accessible method with which to study vascular function and has greatly advanced our
understanding of vascular health and physiology. Most noteworthy, is the ability of FMD to
predict the incidence of cardiovascular disease [105, 111]. Additionally, FMD assessed in
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the periphery, reflects coronary vessel function and, although highly variable, appears to at
least partially, reflect NO bioavailability [112, 113]. The major limitation of FMD is in the
technical application, as this approach requires advanced sonography skills and is highly

dependent on the precise measurement of, often very minimal, changes in artery diameter.

Finger plethysmography (EndoPAT, Itmar Medical) is a relatively recently developed
approach to assess endothelial function [102, 103]. Similar to FMD, an occlusion cuff is
placed on the arm and the reactive hyperemia in the microvessels of the finger is measured
following cuff release. A major advantage of this approach is that the technical requirements
of FMD are removed, however, this technique is minimally reflective of NO bioavailability
[114]. Additionally, the ability of finger plethysmography to reflect disease state is not clear
as reports indicate that this technique failed to detect differences between healthy individuals
and patients with renal impairment and type 2 diabetes [115] while others have reported that
this approach predicts cardiovascular events [103, 116, 117] and is correlated with coronary
microvascular function [118]. Interestingly, interventions with profound vascular
consequences including smoking and glucose loading did not negatively impact finger
plethysmography-assessed vascular function [115]. Unlike FMD, finger plethysmography
reflects microvascular function, the plasticity of which may not be as malleable as conduit
vessel function.

PLM is an easy to perform non-invasive assessment of vascular function that has been
validated against intra-arterial infusion of ACh [45], FMD [54], and is up to 80% NO-
dependent [45, 40]. A detailed description of the methodology and interpretation PLM was
recently published by Gifford and Richardson [87]. Briefly, the participant is in an upright
seated position and the leg is passively moved through a 90° range of motion at 1 Hz by a
member of the research team. During movement the change in blood flow through the
common femoral artery is assessed by Doppler ultrasound and analyzed on sec by sec basis.
Recent modifications to PLM have been examined in an effort to further simplify the
procedure and improve the clinical utility of this technique. Most notably, a single
movement of the leg, referred to as single PLM, has been reported to reflect NO-
bioavailability while also diminishing the central hemodynamic response [91, 119].
Preliminary findings also indicate that single PLM is capable of clearly detecting age-related
reductions in vascular function. During PLM, as the diameter of the common femoral artery
remains constant, the hyperemic response is solely dependent upon the change in blood
velocity and, therefore, the technical requirement for sonography is substantially less
compared to FMD. Although the blood velocity is assessed at the level of the conduit artery,
the hyperemic response during PLM is driven by downstream microvascular vasodilation.
Importantly, and unlike finger plethysmography, this microvascular-centric response has
been documented to be predominantly largely NO-mediated [45, 40]. As described earlier,
the PLM-induced hyperemic (or vasodilatory) response is progressively attenuated as the
number of cardiovascular risk factors is increased and, ultimately, reaches a nadir with the
presence of CVD. Investigations examining the relationship between PLM and coronary
vessel function and the ability of PLM to predict future CV events in clinical cohorts are
underway.
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12. Conclusion

In medicine, starting nearly 2 centuries ago, direct and pneumatic limb compression was
applied to patients suffering from vascular abnormalities to aid in the healing process and
similar practices continue today. In physiology, passive exercise/movement studies were
instrumental in identifying the importance of feedback from peripherally located
mechanosensitive and metabosensitive skeletal muscle afferent fibers in the cardiovascular
response to exercise. However, the long and rich history of passive exercise/movement,
originating in medicine and physiology, continues to evolve. Specifically, through a series of
studies, performed by our group and others, the hyperemic response, induced by passive leg
movement (PLM), is becoming recognized as a novel assessment of vascular function with
real clinical relevance.
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Key Points

. Passive exercise/movement provides a reductionist approach to
mechanistically examine the cardiorespiratory, hyperemic, and afferent
responses to movement without the confounding influence of factors
associated with voluntary exercise.

. Passive movement has evolved and continues to be refined as a clinically-
ready assessment of vascular function.
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Figure 1: Reflex-driven cardiovascular responses to passive exercise.
A) Experimental setup used by Nobrega and Araujo 1993 and Nobrega et al. 1994

illustrating adapted tandem bicycling for the assessment of reflex-driven cardiovascular
responses to passive exercise. During the protocol, the subject being studied, on the front of
the bicycle, remained relaxed while breathing through a mouthpiece. The rider on the back
of the bicycle actively performed the exercise task. During passive exercise, oxygen uptake
(mass spectrometer), cardiac output (acetylene rebreathing), blood pressure (finometer),
heart rate (EKG), and muscle activity (EKG) were assessed. B) The heart rate response
during 4 sec of active (filled circles) and passive (open circles) exercise was recorded, with a
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clear passive exercise-induced increase in HR being documented. Modified from Nobrega et
al. [29].

Sports Med. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Trinity and Richardson

Femoral Artery Blood Flow (I/min)

45

4.0

3.5

3.0

2.5

2.0

1.5

1.0

Page 25
i <4 Submaximal Exercise ==——————p
_ <+— Passive Leg Movement
1 <4— Rest
-20 0 20 40 60 80 100 120 140

Time (s)

Figure 2: First evidence of peripheral hemodynamic response to passive exercise/movement.
Femoral artery blood flow (ml/min) at rest, during passive leg exercise/movement, and

during submaximal single leg knee-extension exercise. Blood flow was measured by
Doppler ultrasound during the transition from baseline (no movement) to 60 rpm, which was
accomplished within 5 to 7 passive leg movements. Although not the focus of this
investigation, this is the first evidence of increased leg blood flow during passive leg
exercise/movement. Modified from Radegran and Saltin 1999 [46].
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Figure 3: Temporal association between central and peripheral hemodynamics during passive
leg movement (PLM).

Time-aligned sample tracing for central and peripheral variables during the transition from
baseline (no movement) to PLM at a rate of 60 Hz. The vertical line occurs at time 0
signifying the onset of PLM, also confirmed by the change in knee angle (bottom plot). The
top two plots are the Doppler intensity-weighted spectra representing blood velocity
measured at the level of the common femoral artery in both the passively moved leg (top
plot) and non-moved contralateral control leg (second plot). SV, stroke volume; CO, cardiac
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output; MAP, mean arterial pressure; HR, heart rate. Modified from McDaniel et al. 2010
[33].
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Figure 4: Comparison of the hyperemic response to upright and supine passive leg movement
PLM).
f_eg biood flow (ml/min) was measured in the common femoral artery by Doppler
Ultrasound with participants in the supine or upright seated positions. In young individuals
the upright seated position resulted in an augmented leg blood flow response to PLM.
Interestingly, and in contrast to the young, healthy old individuals did not exhibit a
difference in the leg blood flow to PLM between the supine and seated positions. Modified
from Groot et al. 2015 [52].
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Figure 5: Contribution of nitric oxide to the hyperemic response to passive leg movement (PLM).
Inhibition of nitric oxide synthase was accomplished by the local intra-arterial infusion of L-

NMMA (NG-monomethyl-L-arginine) into to common femoral artery. L-NMMA
diminished the absolute leg blood flow (LBF, ml/min) and the overall hyperemic response
measured by the LBF area under the curve (ml) during the first 60 sec of PLM (inset). One
minute of baseline (resting) data was collected before PLM and the transition from rest to
PLM occurred at time 0 on the x-axis. Modified from Trinity et al. 2012 [40].
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Figure 6: Relationship between passive leg movement (PLM) and flow-mediated dilation (FMD).
Correlations between the A) hyperemic response to PLM (A ml/min) and B) vasodilatory

response to PLM, measured by change in leg vascular conductance during PLM (A ml/min/
mmHg), to FMD assessed in the brachial artery (% change in dilation). For these
comparisons PLM was performed in the upright seated position. The solid lines represent
the correlation for the whole group, while the dotted and dashed lines represent the
correlations for just the young and old groups, respectively. All correlations were significant
at p < 0.05. Modified from Rossman et al. 2016 [54].
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Figure 7: Comparison of vasodilatory response to passive leg movement (PLM) and single
forearm contraction.

A) Vasodilatory response (measured as leg vascular conductance) to PLM in young and old
subjects with and without L-NMMA to inhibit nitric oxide synthase. B) Vasodilatory
response (measured as change in forearm vascular conductance) over 30 cardiac cycles
following a single forearm contraction at 40% of maximal voluntary contraction. Despite
differing modes of movement (i.e. single contraction versus passive movement) and limb
differences (arm versus leg), the transient nature of the vasodilatory response, age-related
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reduction, and impact of L-NMMA is remarkably similar between studies. Modified from
Groot et al. 2015 [52] and Casey et al. 2013 [69].
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Figure 8: Vasodilatory factors contributing to passive leg movement (PLM)-induced hyperemia.
PLM concomitantly increases shear stress and results in a mechanical deformation that serve

as stimuli to trigger a cascade of vasodilatory events in the vasculature. In young healthy
individuals a robust and transient increase in leg blood flow occurs immediately after the
onset of PLM that is primarily NO-mediated (80%), as confirmed by several studies utilizing
L-NMMA to inhibit nitric oxide synthase (NOS). Based on this high NO-dependency it is
hypothesized that there will be a minimal contribution of other endothelial-derived
vasodilators, including PG and EDHF, in young healthy individuals. In older individuals the
magnitude of the hyperemic response is attenuated compared to the young and is not NO-
mediated. Therefore, it is hypothesized that PG and EDHF will contribute substantially to
the hyperemic response in older individuals. In both young and old, a variety of potential
mechanisms maybe contributing to the remaining hyperemic response including but not
limited to vasodilatory roles of adenosine triphosphate (ATP), potassium (K+), or hydrogen
peroxide (H,05) as previously reported for single contraction and in isolated vessels.
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Figure 9: Passive leg movement (PLM)-induced hyperemia in groups typified by differing levels
of cardiovascular health.

As the level of physical fitness/activity declines and the prevalence of cardiovascular disease
risk factors increases the hyperemic response to PLM is impaired. YA, young physically
active (n=5; JR Gifford, R. Broxterman, and RS Richardson, unpublished observations). Y'S,
young sedentary (n=12, Groot et al. 2016 [88]). OA, old physically active (n=10, Groot et al.
2016 [88]). HF, heart failure (n=14, Witman et al. 2015 [92]). AUC, area under the curve.
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Table 1:

Comparison of methods for assessment of vascular function

Methods for the Assessment of Vascular Function
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Reflects Predicts
Technique Noninvasive  Repeatable Reproducible Physiology Remediable Outcomes Ease of Use
Direct Catheterization
with Vasoactive Drug - +/- - + + + Low
Infusion
Flow-Mediated :
Dilation + + + Controversial + + Moderate
Finger B B _ .
Plethysmography + + + +/ Very High
Passive Leg Movement + + + + + Under High

Investigation
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