INSTRUMENTATION RESEARCH

Cardiovascular Systemic Regulation
by Plantar Surface Stimulation
Guruprasad Madhavan, MSc; Julian M. Stewart, MD, PhD; Kenneth J. McLeod, PhD
The decreased blood pressure a?jd flow rates ussociated with
oithostasis have heev implicated iv the etio/ogy of nitmeroiis
clinical conditions., including deep vein thrombosis., chronic
fatigue syndrome^ and more recently osteoporosis. Here, we
investigate the potential of low-nia^iitiide vibration, applied
at the plantar s-mfiice, to inhibit the cardiovascular responses of
adult women to the oithostatic stress associated with qitiet sitting. Methods: Thirty healthy women., aged 22-82 years.,
ivere exposed to a plantar-based vibration immediately after
taking a seated position. Stven stimulus frequencies (0, 15, 22..
44, 60, 90, ajid 120 Hz, all at 0.2g) wnr tested on each subject, and cardiovascular responses were followed for 20 minutes. Each subject experienced only a single test firqitency on
any day. Pre- and poststimultis blood pressures and continuous
electrocardiogram results were obtained., from which mean
arterial pressure (hlAP) and heait rate variability (HRV)
were calculated. Remlti: In the per-protocol study population
(n = 2>), 20 minutes oj quiet sitting was associated with an
average depression of 8.95 mm Hg in systolic pressure and of

T

he impact ot orthostatic stress has been implicated in a variety of common clinical conditions,
including syncope,' chronic fatigue syndrome,--* tleej) venous thromhosi.s,^ and more recently
osteoporosis."' Orthostatic stress occurs during both
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/. 9 mm Hg in diastolic blood pressure, coiresponding to an
average decrease in MAP of 5.15 mm Hg These oithostasisbased changes in blood presstire weir sigfiifkantly reduced by
expostire to plantar vih'ation, in a frequency-depaident manner., with essentially cmnplete .oppression ofthe drop in MAP
achieved with plantar stimulation at 44 Hz (P<<.Ol). In the
orthostatically hypotensive stdipopulation (n = 15), both the
9.3-mm Hg depression in At4P and the decline in HRV were
eli?}iinated by exposure to plantar viln-ations in the 40- to 60Hz range (P = .O1 and P = .03, respectively). These results are
consistent with the hypothesis that the plantar vibration may
be stimulating type UA fmiscle fiber activity in the leg, which
is critical for effective skeletal muscle puinping in the absence of
locomotion. Conclusions: Our findings lead us to suggest that
noninvasive, low-level, plantar-based vilrration in the regime
of 30-60 Hz can significantly inhibit the effects ofthe orthostatic .f!Te.\y of quiet sitting on the cardiovascular yystein.
(Biomedical Instrumentation & Technolog)' 2006;
40:78-84).

upright sitting and standing and can result in significant
sequestration of blood in the extremities in some individuals. Consequently, these individuals will experience a
depression in both systolic and diastolic blood pressure
due to the decreased venous blood return to the heart.'^'
Although the cardiovascular response to orthostatic
stress is usually measured in subjects moving from supine
to upright standing, representing, for example, waking
and rising from bed, the transition from walking/standing to sitting is a far more common daily activity'. Despite
its applicability to many activities of daily living, such as
long-duration sitting in modern work environments or
during long-distance travel, the impact ofthe orthostatic
stress of quiet sitting on cardiovascular performance has
been studied less tban that experienced during upright
stance. During upright stance, the skeletal muscle pump
activity associated with postural swaying helps to maintain low tissue pressures and assists in both venous and
lymphatic clearance. Conversely, sitting requires little
postural muscle activity, resulting in increased opportu-
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sponding decrease in heart rate variabilit\' (HR\O. These
cardiovascular responses may have profound effects on
health, as reduced venous flow, particularly in the lower
extremities, is the major cause of pulmonary emboli, the
primar)- cause of death in as many as 200,000 individuals
each year in the United States.'
As a means of circumventing these detrimental effects
of orthostatic stress, we proposed that stimulation of the
type \\.\ muscle fibers in the lower extremities, which are
responsible for much ol the skeletal muscle pumping
activity in the lower extremities,*^ may he sufficient to
inhibit the depression of MAP and HRV during quiet
0
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sitting.
To address this hypothesis, we investigated the
Duration of Control Sitting (sect)
impact of quiet sitting, from an upright stance, on both
Figure 1. Graphical illustration ofthe experimental pro- blood pressure and heart rate, both in the absence of,
tocol. Systolic atid diastolic pressures were measured in and with, plantar vibration designed to stimulate type
duplicate, immediately preceding and following the 20
UA muscle fiber activity' in tbe lower leg.
minutes of quiet sitting, from which the mean arterial
pressure was determined. Electrocardiogram was used toMethods
monitor interbeat intervals throughout the test period,
Tbis investigation confonned with the principles outfrom which heart rate variability was determined.
lined in tbe Declaration of Helsinki. The study protocol
was approved by tbe Institutional Review Board's Committee on Research Involving Human Subjects of Stony Brook
p< 0.01 vs. Control
University School of Medicine and was carried out in tbe
-2University Health Sciences Center at Long Island, NY,
during the months of March through early August 2002.
Female. 59 yean
Frequency: 0 Hz/Conlrol
Duration: 20 mini

Subjects and Study Design
The entrance criteria for this clinical study were
bealtby adult women with no current fractures, peripheral vascular disease, or systemic illness. From an initial
Baseline Systobc Pressure (DO vibration)
upright stance, each subject sat down in a relaxed posi-8.95+/-1.9 mmHg
tion, with spine against a chair back, with knees at an
-12 ^
approximately 90 angle, and feet (shoeless) on a vibra\
tion platform tbat was raised approximately 8 cm above
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floor level. The vibration platform allowed tbe subjects
Plantar Vibration Frequency (Hz)
to be exposed to plantar vibration at any one of six freFigure 2. Response of systolic blood pressure to ortho- quencies at a time, 15 Hz, 22 Hz, 44 Hz, 60 Hz, 90 Hz,
static stress and plantar vibration in the per protocol
and 120 Hz, this frequency range being selected so as to
study population. An orthostatic stress consisting of 20 be centered around tbe normal range of firing activity of
minutes of quiet sitting results in significant depression type IIA muscle fibers.'' Peak-to-peak accelerations of
of systolic pressure (-8.95 mm Hg). A 44-Hz, 0.2g plantar~0.2!i (g = 9.8 m/s") were utilized, corresponding to a
vibration effectively mitigates this drop (P < .01).
peak displacement of approximately 120 m at the lowest
frequency utilized (15 Hz). F.acb subject also completed
a 0-Hz (no vibration) control exposure. Tbe st:udy subnity for both venous and interstitial pooling, witJi a correjects
reuirned once each week for testing, with tbe seven
spondingly greater depression in mean arterial blood
tests
being randomized and conducted with one expopressure (Al'VP). In addition, it would be expected that
sure frequency each week. To ensure that variations in
this decreased MAP would be associated with a corre"S
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Analysis
The duplicate systolic and diastolic blood pressute
values were averaged, and the respective variations over
the treatment duration were plotted as a function of
stimulation frequency. The MAP was derived as (diastolic pressure + [1/3 Pulse pressure]),'" and the change
in MAP over the 20-niinute exposure period was determined. The HRV was chiinicterized using the standard
deviation ot cardiac cycle length ( S D X N ) , " ' - which
was calculated from each 2-tTiinute interval of the
acquired real-time, beat-to-beat interval data using custom software code in Matlab V 6.5 (Math Works, Inc,
MA). Time-dependent changes in SDNN (HR\') were
then evaluated by linear regression. Changes in the
tnean pre- and postexposure values of MAP were analyzed by polynomial (quadratic) regression against vibration frequency. Similarly, HRV values were regressed
against vibration frequency to model the frequency
dependence ofthe response. Regression analyses were
carried out utilizing Origin Version 7.0 (Origin Lab, Inc,
AlA), and statistical analyses were confirmed with Sigma
Stat Version 10.0 for Windows (SPSS, Inc, IL). Withingroup multiple comparisons were carried out using
analysis of variance. Data are expressed as mean ± SEM.
Statistical significance was accepted at P < .0.5.

Results
Thirty adult female volunteers aged 22-82 years (mean
age ± SD, .54.3 ± 15.3 years) were recruited for the study

N=25
R ' = 0.99
p=0.0004
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biorhythmic tl\Tiainics did not infltience the results, the
tests were carried out on each respective subject at
approximately the same time of day.
All recording periods were 20 minutes in duration.
Heart rate was continuously tnonitored by electrocLirdiogram using wrist electrodes (Heart Rhythm Scanner
Software, Version 2.0, Biocom Technologies, WA).
Blood pressure values were measured from the arm
using a semiautomatic digital blood pressure tnonitor
(Model HKM 741C, Omron Health Care, Inc, [L). In
order to minimize the perturbations ofthe subjects during the therapy, blood pressures were obtained, in duplicate, only at the beginning and end ofthe 20-minute
treatment duration. The first set ol previbration measurements was acquired within 1 minute after the subject
sat from the standing position and removed her
footwear. A graphical illustration ofthe recording protocol is presented in Figure 1.
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Figure 3. Diastolic blood pressure response to orthostatic stress and plantar vibration in the per protocol study
population. The depression in diastolic pressure (-1.9 mm
Hg) due to the orthostatic stress of sitting can be inhibited by plantar vibration, in a frequency-dependent manner (P = .0004).
and scheduled for testing at each ofthe seven vibration
frequencies over a period of 7 to 10 weeks. Twenty-five
women completed the experimental protocol, having
undergone four or more treatment sessions, and these
represented the per-protocol population in subsequent
analyses. Ofthe possible 175 trials for these 25 volunteers
for the seven frequencies, a total of 13 3 trials were accomplished because of missed sessions by some volunteers.
Randomization resulted in the highest participation for
the 22-Hz test frequency' (n = 23) and tht lowest participation at the test frequency of 120 Hz (n = 13).
During quiet sitting, and in absence of any plantar
vibration, a significant decrease in the systolic pressure
of 8.95 ± 1.9 mm Hg (P < .01) was observed for the 25
women completing the study. Similarly, in the absence of
any pkmtar stimulation, a drop in diastolic pressure of
1.9 ± 0.9 nun Hg was observed during the seated period
(P = .2). Consistent with the average decrease in both
systolic and diastolic pressures, 20 minutes of sitting
resulted in a significant drop in MAP (-5.15 ± 0.81 mm
Hg; P < .01) in the absence of any plantar vibration.
Because these blood pressure responses demonstrated
no age dependence, we elected to pool the estimates of
MAP and IIRV^ of all individuals in the subsequent
investigation of the influence ot plantar vibration exposure.
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Figure 4. Response of mean arterial pressure (MAP) to Figure 5. Heart rate variability (HRV) response to orthoorthostatic stress and plantar vibration in the per-proto- static stress and plantar vibration in the per-protocol
study population, tn the per-protocol population, 20
col study population. Twenty minutes of quiet sitting
resulted in a significant depression in MAP (-5.15 mm minutes of quiet sitting had no effect on the average
HRV. However, plantar vibration was able to elevate the
Hg), whereas plantar vibration significantly inhibited
this depression in a frequency-dependent pattern (P = HRV in a frequency-dependent manner that was found
.02). Plantar vibration at 44-Hz frequency, 0.2g, signifi- to be significant (P = .01). Peak efficacy was observed in
the stimulus domain of 30-60 Hz.
cantly eliminated this effect of orthostasis (P < .001).
Upon application of plantar vibration, the drop in
systolic pressure was observed to be tnostly eliminated
by the 44-Hz vibration frequency (P < .01). A secondorder polynomial fit suggests that the efficacy of the
plantar stimulation is strongly frequency dependent,
with peak efficacy in the 40- to 60-Hz regime {R- = 0.90,
P = .03; Figure 2). Similarly, stimulation of plantar surface in the frequency range ol 40-60 Hz was also
observed to mitigate the depression in diastolic pressure
{R^ = 0.99, P= .0004; Figure 3).
Analysis of variance ofthe Mi\P data showed a significant effect of treatment (stimulus frequency), and sul)sequent t tests identified 44 Hz as being associated with a
significant inhibition ofthe drop in JMAP with respect to
the control e.\posures (P < .001; Figure 4). Again, a quadratic regression analysis of AL\P against stimulus frequency resulted in excellent correlation {R^ = 0.96; P =
.02), suggesting a relatively broad band of efficacy ofthe
vibration e.\tending over the range of approximately
30-60 Hz.
Unlike tbat typically observed during the hypotensive
response to upright stance, tachycardia was not evident
in the per-protocol population, in fact, average heart rate
dropped by approximately 2 ± 1 beats per minute.
Biomedical Instrumentatior) & Technology

though this did not represent a significant decrease. The
time rate of change of HRV, as represented by the
sequence of 2-minute SDNNs, also was not altered in
the per-protocol population by the orthostatic stress of
quiet sitting. However, a significant effect of plantar
vibration on HRV was observed in this population,
resulting in an actual net increase in TTRV for stimuli in
the 40- to 60-Hz range {R- = 0.94, P= .01; Figure 5).
We isolated the subgroup (n = 15) of women who
experienced a drop in their M.\l^ during the 20 minutes
of orthostatic stress in the absence of any plantar vibration, defining this group as orthostatically hypotensive.
For this subpopulation, a much larger drop in mean
MAP (-9.29 ± 1.29 mm Hg; P < .001) was observed in
the absence of any plantar stimulation (Figure 6). A very
distinct frequency-dependent response to plantar stimulation was observed in this population, confirming the
maximal response observed at 44 Hz, where the depression in MAP was essetitially eliminated (P < .01). Quadratic regression on the iMAP response as a function of
frequency also identified a peak response band in the 30to 60-Hz dotnain.
1 his orthostatically hypotensive subpopulation also
demonstrated a significant depression in HRV during
81
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Figure 7. Heart rate variability (HRV) response to orthoFigure 6. Response of mean arterial pressure (MAP) to
static stress and plantar vibration in the orthostatically
orthostatic stress and plantar vibration in the orthostatihypotensive subpopulation. Among the subpopulation
cally hypotensive subpopulation. Among the subpopulaexperiencing a drop in mean arterial pressure during the
tion experiencing a drop in MAP during the 20 minutes
20 minutes of quiet sitting, a significant depression in
of quiet sitting in the absence of any plantar stimulation,
HRV was also observed (P = .03). Plantar vibration resultMAP decreased by 9.3 mm Hg. Plantar vibration inhibited in a frequency-dependent inhibition of tbis response,
ed this depression in a frequency-dependent manner (P =
with tbe 44-Hz stimulus effectively eliminating this
.03), with 44-Hz vibration at 0.2g largely eliminating tbis
depression (P< .001).
effect of orthostasis (P < .01).
the 20 minutes of quiet sitting (P= .002; Figure 7). Furthermore, a frequency-dependent response ofthe HRV
to plantar stimulation was observed in this population,
with the 44-]-Iz plantar stimulus significantly inhibiting
the drop in HRV(P< .001). A quadratic regression fit to
this datiiset resulted in excellent eorrehition, indicating
the frequency of peak response to be in the range of
40-60 Hz (R^= 0.98).

Discussion
The focus of this investigation was on characterizing
the response ofthe cardiovasc-ular system to the orthostatic stress of quiet sitting, and the ability- of plantar vibration to influence this response. Orthostatic hypotension
concomitant with the translocation of thoracic blood volume into the lovi^er extremities appears to be a remarkably
common response t(j the orthostatic stress of quiet sitting,
even for this group ot otherwise healthy adult women.
Indeed, 15 ofthe 25 women completing our study were
not able to maintain their MAP during 20 minutes of
quiet sitting. In hict, the average decline in MAP that we
obser\'ed came close to meeting the clinical definition of
orthostade intolerance, which is usually accepted as being
82

a drop in diastolic pressure duringstandingof >10 mm Hg
or a drop in systolic pressure of >20 nun Hg. This high
rate of orthostatic hypotension may, therefore, be important clinically because ot the long durations over which
many individuals sit quietly during the course ofthe day,
carrying out activities of daily living or those associated
with their occupation. Ot the various causes of orthostatic
intolerance that have been identified—increased venous
capacitance, depressed autonomic function, decreased
cardiac function, declined baroreceptor activity, and
reduced skeletal muscle tone—the latter tends to predominate." In the absence of sufficient tonic skeletal muscle
pump activity, there is insufficient interstitial and venous
return back to the heart to sustain systolic blood pressure.
Correspondingly, various approaches to chronic muscle
stimulation might be expected to have beneficial effects
under these circumstances. Consistent with this hypothesis, we have found that plantar vibration appears to be
capable of stimulating sufficient skeletal muscle pump
activity to significantly enhance venous return, and therefore cardiovascular perfonnance, as reflected in the inhibition of the drop in both MAP and HRV that was
observed during the control sitting.
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MAP to plantar stimulation appear quite similar, it is
only natural to consider the relationship between these
two responses (Figure 8). Linear regression analysis of
SDNN vs MAP shows, in fact, a clear linear relationship
between these two parameters. This obser\'ation on subjects with normal atid hypotensive blood pressures during orthostasis confirms the work of others"^' who have
shown strong correlations between MAP and HRV in
hypertensive individuals. Given the ease with which
heart rate data can be collected during the course of the
day and the difficulty in obtaining continuous blood
pressure tneasurements, this observation may lead to
techniques for following or identili'ing individuals at risk
of orthostatic intolerance.

Although the results are encouraging with respect to
Figure 8. Variation of heart rate variability (HRV) with
the potential benefits of plantar vibration on cardiovasrespect to the mean arterial pressure (MAP) as a function
cular regulation, certain aspects ot the experimental
of plantar vibration frequency. The HRV demonstrates a
design litnit the interpretation of these results. Specifisignificant (P = .009), uniform, positive correlation with
cally, only pre- and postvibration blood pressures were
the change in MAP, over the range of MAP changes
obtained, spanning an interval of 20 minutes between
observed in this study.
the measurements. Continuous blood pressure measurements would provide both increased accuracy as well as
providing insight into the dynamics of the systemic
That the effects of plantar vibration appeared to be
response to the vibration. Similarly, continuing recordmaximal for the 44-H7, stimulus frequency is consistent
ings beyond 20 minutes wotild provide biowledge ot the
with our hypothesis that stimulation of t\'pe llA muscle
ability of plantar vihration to maintain blood pressure in
fibers would be an effective means of enhancing skeletal
response to a sustained orthostatic stress such as encountnuscle pump activity' in the absence of iocotnotion or sigtered during long-distance travel and occupations
nificant postural muscle activity. However, because the
requiring extended sitting. Addititmally, it would be usemechanism of coupling of the plantar vihration to the
ftil to know whether the plantar stimulation is effective
cardiovascular system remains unknown, whether we
in reversing the effects of orthostatic stress or is capable
actually were coupling to type 1L\ fiber activity is unclear.
only
of inhibiting the developtnent of these effects.
Recent work, for example, has shown that receptor activFinally,
it is not clear from these initial observations the
ity in glabrous skin, specifically Meissner corpuscles, has
extent to which the plantar vihration altered venous or
a peak sensitivity in the range of 30-60 Hz, with deteclymphatic return or leg hlood flow. Continued studies,
tion thresholds well within the range utilized in this
to include direct measurements of fiuid distribution and
study.'"* 'Fhe effect we are observing, therefore, could
fiow in the legs, with and without plantar vihration, will
well be mediated by these cutaneous receptors, conbe required to address these issues.
founding our ability to extrapolate to any effect at the
muscle level. Nonetheless, primary muscle spindle endNonetheless, we suggest that these initial findings may
ings show a distinct increase in sensitivity near 30 Hz,
have important implications for development of vibrationwith thresholds well below the displacements utilized in
based therapeutic modalities for the prevention of orth(jthis study.'"" Because we utilized a constant peak accelerastatically induced conditions such as deep venous thromtion as a function of frequency, the decreased responsiveIxjsis, chronic fatigue syndrome, and osteoporosis. •
ness at increasing frequencies tnay he a result of the
decreasing amplitude of the stimulus at higher frequency.
We express our gratitude for the contributions of the
In this scenario, our results would he consistent with a
volunteer subjects and the financial support of the
more direct effect on the musculature of the lower leg.
VVhitaker Foundation, Smith & Nephew, Inc, and
Because the frequency responses of both HRV and
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