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ABSTRACT

M

anagement of patients following extensive orthopaedic surgery, and in particular, joint replacement
surgery, represents a continuing challenge. The associated bed rest burdens a broad range of physiologic functions, exacerbating vascular, venous, and lymphatic conditions, as well as cardiovascular

conditions and glucose regulation in the hyperglycemic or diabetic patient. Most of these problems arise
from a lack of mobility/exercise during recuperation. In a recent series of clinical studies, non-invasive
micromechanical stimulation (MMS) of the plantar surface has been demonstrated to significantly enhance
skeletal muscle pump activity in the lower limbs of patients, which results in improved blood and lymphatic
flow in the lower body. These studies demonstrate efficacy in both the supine and upright positions, suggesting the potential of MMS technology to significantly improve post-surgical patient care. Moreover, evidence
is growing that sustained skeletal muscle pump activity helps to maintain normal fluid flow in bone tissue,
such that MMS may provide a non-drug treatment for maintaining bone mass during bed rest, or possibly
increasing bone mass following extended bed rest.
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INTRODUCTION
Orthopaedic surgery, and in particular, surgery of the lower extremities,
presents a significant physiologic stress
to the patient, and correspondingly, can
result in a diverse range of post-surgical
complications. Fortunately, the most
severe complications, such as nerve
injury and infection, are rare. However,
the typical prolonged recovery that follows surgeries such as total hip replacement (4-6 weeks) involves extended
bedrest and inactivity and so presents a
significant risk for all patients. These
risks include generalized muscle atrophy
and deconditioning, pulmonary complications, deep venous thrombosis, decubiti, and disuse osteoporosis. Venous
thromboembolism is one of the most
common, and serious, complications of
orthopaedic surgery, and is unusually
common following elective total hip and
knee surgery, occurring in 30% to 50%
of all cases.1 Approximately 5% of these
patients will become symptomatic, with
approximately 1% to 2% developing
serious complications such as pulmonary
embolism. One-year survival rates for
patients after a pulmonary embolism
remain less than 50%. Moreover, certain
subgroups of patients, such as those with
chronic illness, may be at particularly
high risk from a prolonged recovery.
Animal studies have shown that insulin

resistance develops in the soleus muscle
after just one day of immobilization,2
and recently, it has been shown that just
two days of reduced physical inactivity
can significantly impact insulin efficiency.3 These latter studies highlight the
increased risk of major surgery experienced by patients with diabetes.
Post-surgical inactivity, therefore, has
a major role in determining outcome of
the most common orthopaedic procedures, as well as most major surgical
procedures. That is, it is predominantly
the muscle atrophy and deconditioning
occurring in the post-surgical period
that leads to many of the complications
of general surgery. To that end, it is
important to recognize the diverse roles
of the musculature in maintaining overall physiologic well-being of the patient,
and changes in the musculature that
occur as a function of aging and disuse.
MUSCLE
CHANGES
DURING
MUSCLE CHANGES
DURING AGING
AGING ANDAND
BEDREST
BEDREST
Voluntary muscle activity relies primarily on fast twitch glycolytic muscle
fibers, also referred to as Type IIb muscle fibers. These fibers contract rapidly,
with great force, and at high repetition
rates (>60 Hz). However, they fatigue
quickly. Conversely, postural muscle
activity involves both the slow twitch

oxidative fibers (Type I) and the fast
twitch oxidative fibers (Type IIa), which
have superior fatigue characteristics.
Whereas Type I fibers typically contract
at frequencies below 20 Hz, Type IIa
fibers are capable of contracting at the
somewhat higher rates of ~20 Hz to 60
Hz. That the different fiber groups contract at characteristic frequencies, permits
non-invasive
fiber-type
differentiation using spectral analysis
techniques. Though electromyography
cannot easily separate the contributions
of the various fibers, vibromyography
(VMG) can be used to characterize muscle fiber usage during postural muscle
activity. 4,5 In vibromyography,
accelerometer recordings are made from
the muscle body at the skin surface, as
radial motion at the surface reflects fiber
contraction rates below the surface (Fig.
1). Measurements obtained from the calf
during quiet standing, for example, permit analysis of both gastrocnemius and
soleus activity.6 Spectra obtained from
such recordings show that muscle activity can be separated into three relatively
distinct ranges, roughly corresponding
to the classical histologic muscle fiber
types: Type I (less than ~20 Hz), Type
IIa (~20 Hz-60 Hz), and Type IIb (~60
Hz-200 Hz) (Fig. 2).
VMG recording technology has been
used to demonstrate the age-related
changes in postural muscle activity.
These age-related changes in the musculature arise primarily within the Type
IIa muscle fiber fraction. Specifically, IIa
muscle fibers, which are lost at a rate of
a 1% to 2% per year (Fig. 3). This loss
represents the conversion of Type IIa
fibers into Type IIb fibers, so that the
musculature of elderly persons is being
primarily composed of Type I and Type
IIb muscle fibers. A similar process
takes place during bedrest, although at a
much more accelerated rate.
MUSCLE
PUMP
CALF
CALFSKELETAL
SKELETAL MUSCLE
PUMP

Figure 1. Vibromyographic (VMG) recording using a microelectromechanical (MEMS) accelerometer on the
lateral surface of the calf, allows recording of soleus and gastrocnemious activity. (VMG) recording permits a single-point measurement on the muscle body of interest. Spectral decomposition of the acceleration signal allows subsequent muscle fiber type analysis.
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The conversion of Type IIa to Type
IIb fibers during aging and bedrest is
important because Type IIa muscle
fibers have a critical role not only in
postural control, but also in skeletal
muscle pump activity.7 Venous pressure,
at approximately 20 mmHg, is capable
of raising a column of blood less than 20
cm. This is sufficient pressure to return
blood back to the heart while a human
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upright. For example, up to 20% of
serum fluid leaves the vascular system
through extravasation within 30 minutes
of attaining upright stance (Fig. 4). This
fluid pools primarily in the interstitial
spaces of the lower limbs unless taken up
by the lymphatic system. Inadequate
lymphatic return, therefore, results in
substantially increased interstitial fluid
pressures. High tissue pressures serve to
inhibit extravasation from the vascular
supply with a corresponding loss of
nutrient delivery to the dependent tissues.

experienced with electrical stimulation.
It does, however, require an intact neuromuscular reflex.
One approach to reflex-mediated
stimulation has been developed by
Juvent, Inc. (Somerset, NJ, USA). This
company's technology is based on the use
of micromechanical displacement of the
plantar surface to activate cutaneous
somatosensory receptors, which subsequently initiate calf-muscle contraction.
Stimulus amplitudes of no more than 20
to 30 microns are sufficient to activate
the cutaneous receptors in the frequency
range of Type IIa muscle fibers; ie, 20 Hz
to 60 Hz, in healthy persons, although
cutaneous receptor sensitivity is known
to decrease with increasing age.11 The
Juvent technology relies on a resonant
design, which allows a small electromechanical actuator to provide the stimulus to the plantar surface of persons in
the supine, seated, or standing positions.
This design requires minimal power and
is sufficiently portable to be relocated
easily by the patient (Fig. 5).

ENHANCING
CALF
MUSCLE
ENHANCING CALF
MUSCLE
PUMP FUNCTION
PUMP FUNGTION
Numerous therapeutic approaches are
possible for achieving effective calf muscle pump stimulation. These include sustained voluntary foot motion, sequential
compression stockings, pneumatic cuffs,
transcutaneous electrical stimulation of
the calf muscles, transcutaneous neural
stimulation of the motor nerve fibers,
and reflex-mediated muscle stimulation.
Each approach has advantages and disadvantages, but reflex-mediated stimulation has several distinct advantages over
alternatives. Reflex mediated stimulation
requires no conscious effort on the part
of the patient, requires no mechanical or
electrical connection to the patient, and
does not suffer from the rapid fatigue

CALF
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PUMP
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FLOW DURING
BLOOD FLOWINACTIVITY
DURING INACTIVITY
Plethysmograpic techniques have
been used to measure the efficacy of
plantar stimulation to enhance calf muscle pump activity.12 Whereas duplex
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is supine, but is wholly inadequate to
return blood from the lower extremities
to the heart when in an upright position.
The additional driving pressure for
venous return when upright comes from
skeletal muscle activity. Skeletal muscle
pumping is widely understood to occur
during ambulation, but it should be evident that venous return also must occur
during quiet sitting and/or quiet standing. As a result, even when a person is
sitting or standing, substantial skeletal
muscle pump activity must exist. The
muscle activity provided by Type IIa
fibers provides this constant and critical
muscle pumping. The IIA fibers play this
critical role not only due to their ability
to contract chronically, but also because
of the high degree of vascularization
associated with these fibers. More
specifically, the predominant site of
skeletal muscle pump activity in the
human is the soleus muscle. This muscle
is particularly rich in venous sinuses,
containing more than a dozen of these.
The venous sinuses are valveless, but
drain into posterior tibial and peroneal
veins that contain numerous valves. In
addition to the Type IIa muscle fiber
activity, sufficiency of these valves is
essential to efficient calf muscle pump
activity.8 Given the predominance of the
soleus muscle in skeletal muscle pumping activity, it is common to simply refer
to the calf muscle pump.
Skeletal muscle pumping is also essential for lymphatic return from the lower
limbs. Upper-body lymphatics can drain
back to the subclavian vein by gravity
driven flow, and the thoracic region
drains during respiratory motion. But
the lower limbs lack any explicit lymphatic pump, and so, as with venous
return, are dependent on calf muscle
pump activity. Though it is widely
believed that interstitial fluid extravasated from capillaries is reabsorbed at the
venous end of the capillaries, it has been
well established that, under normal conditions, capillary flow is unidirectionalfrom vessel lumen to interstitium-with
lymphatic drainage removing filtered
interstitial fluid.9 This is not an insubstantial amount of fluid, as has been
shown through studies of serum volume
changes during a shift in posture.10 Lymphatic return amounts to approximately
3 liters per day, roughly equivalent to the
entire serum plasma volume in an adult.
The volume of this flow is greatly influenced by the increased hydrostatic forces
created by gravity when a person is
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Figure 2. Typical vibromyography (VMG) recording from the lower leg, obtained from the lateral surface of
the calf with the subject (female) standing quietly (feet at shoulder width, hands at side, eyes open).
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Table I
Influence of skeletal muscle pump stimulation on segmental blood flows in the supine
and upright (35o upright tilt) positions. Skeletal muscle pump stimulation of Type IIa
muscle fibers results in significant increases in segmental blood flows in both supine
and upright postures equivalent to that of sitting.
Average of 18 women subjects, aged 46 to 63 years (12).
Supine Flows (mL/min)

Upright Flows (mL/min)

BodySegment
Control

Stimulated

Control

Stimulated

Calf

137

178*

99

145*

Pelvic

707

890*

713

962*

Visceral

1906

2115

1288

1378

Thorax

3506

4207*

2688

3144*

*Signifies p<0.05 as compared to the control group.

ultrasound is used commonly to qualitatively characterize arterial blood flow,
strain gage and impedance plethysmography permit flows to be quantified
within an entire body segment, and as
well, have the sensitivity to measure the
low flow rates associated with the lymphatic system. Strain-gauge techniques
were used to measure calf blood flow,
venous capacitance, and the microvascular filtration relation (capillary permeability), and impedance techniques were
used to examine changes in leg, splanchnic, and thoracic blood flows. Subjects
were tested in both a supine position
and during 35o upright on a tilt table,
which, from a hydrostatics perspective,
is equivalent to upright sitting.

Calf muscle pump stimulation was
achieved by micro-mechanical stimulation of the plantar surface. The stimulation device was positioned on the
footboard of the tilt table, and measurements were made with the device operating at 0 Hz no stimulation or 45 Hz
(center of type IIa muscle fiber firing frequencies). Arterial and venous resistance
were noted to be unaffected by the plantar stimulation; however, significant
increases in calf, pelvic, and thoracic
blood flows were observed in the supine
position with skeletal muscle-pump
stimulation (Table I). Moreover, the
decreases in calf, leg, and thoracic blood
flows normally associated with upright
tilt (due to the loss of serum volume)

were effectively normalized by the plantar stimulation. It was observed that calf
muscle pump stimulation could increase
calf blood flow, during upright posture,
to levels more than 10% above the
unstimulated flow rates observed in the
supine position (Table I).
CALF
PUMP
STIMULA
TIONINCREASES
CALFMUSCLE
MUSCLE
PUMP
STIMULATION
IN
TERSTITIAL-LYMPHA
TICFLOW
INCREASES
INTERSTITIAL-LYMPHATIC
FLOW
In addition, plantar stimulation of
the calf muscle pump results in a pronounced increase in the threshold pressure for edema (Pi). Increased threshold
edema pressure is indicative of

Type IIa Muscle fiber activity

1000

800

600

400

200

0

VMG = -9.98 Age + 847.7
r = -0.62, p = 0.0001

-200
10

20

30

40

50

60

70

80

90

Age (Years)

Figures 3. Age-related changes in muscle fiber activity during quiet standing. A primary effect of aging is a decrease in activity in the 20 Hz to 60 Hz frequency
band, corresponding to loss of activity of the Type IIa (fast oxidative-glycolytic) fibers in the postural muscle groups. The loss of IIa fiber activity appears to be
progressive, starting in the third decade.5
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Table II
Summary of bone remodeling responses to one year of daily calf muscle
pump stimulation.
Post-menopausal women treated daily to plantar stimulation at 30 Hz during the course of a
year ended the year with significantly higher bone density at the lumbar spine, and femoral
neck as compared to placebo- exposed subjects. The study subjects were divided into subpopulations of "rapid losers" and "slow losers." Those subjects categorized into the high risk; ie,
"rapid bone loss" group experienced reduced bone loss as compared to the control group at all
measured sites, with the inhibition being significant in the lumbar spine.
Annualized % Change in Bone Mineral Density (mean ± s.e.)
Rapid Loss Group

Slow Loss Group

Placebo

Treated

Placebo

Treated

Lumbar Spine

-3.7 ± 0.45

-0.98 ± 0.95*

+0.49 ± 0.5

+1.66 ± 0.26*

Trochanter

-1.77 ± 0.09

-0.5 ± 3.2

+1.24 ± 0.14

+1.25 ± 0.94

Femoral Neck

-1.84 ± 0.1

-1.55 ± 0.47

+0.62 ± 0.2

+2.28 ± 0.14†

*p=0.05, †p=0.01

enhanced lymphatic return, as lymphatic flow is the product of filtration rate
and edema pressure (Fig. 6). Plantar
stimulation does not modify lower limb
capillary filtration rates, but it serves to

increase Pi by almost 50%, from less
than 25 mmHg (no stimulation) to 35
mmHg, with a 45-Hz muscle stimulation (p<.01) in both the supine and
upright positions. The results provide
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CALF MUSCLE
MUSCLE PUMP
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CARDIAC

1.02
1.00
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substantial support for the concept that
calf muscle pump stimulation significantly improves lymphatic clearance as
well as enhancing segmental blood flow.
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0
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4. Redistribution of body fluid following transitions from supine to upright and upright to supine in young
healthy adults. 15% to 20% of serum volume is lost due to extravasation from the capillaries due to the
large, gravity generated, hydrostatic pressures existing in the vascular system of the lower limbs during
upright posture. Absence of adequate skeletal muscle pumping results in substantially greater fluid pooling in the lower extremities with concomitant hypotension, tachycardia, and blood stasis.10
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A reasonable question related to this
therapeutic approach is whether there
are any direct clinical outcomes associated with calf muscle pump stimulation,
which would permit a clinician to know
whether this therapy would be effective
in any particular patient. Hypotension
and tachycardia are common complications of extensive fluid pooling in the
lower limbs during inactivity, and so the
increased venous and lymphatic return
caused by enhanced skeletal muscle
pump activity should manifest itself
through an ability to maintain heart rate
and blood pressure during upright posture, particularly in persons orthostatically intolerant. This has now been
demonstrated.
A recent study has reported on the
effect of calf muscle pump stimulation
on heart rate and blood pressure in
response to inactivity (quiet sitting) in a
group of healthy adult women, aged 30-
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75. The investigators reported that
over 50% of these women (11/20)
demonstrated a resting tachycardia.13
That is, after sitting for 20 minutes or
more, heart rate in this population
increases significantlyd, reflecting substantial pooling of blood in the lower
limbs due to inadequate venoconstriction and/or inadequate skeletal muscle
pump activity, and a corresponding
decreased in stroke volume. As a result,
their systolic blood pressure also drops
significantly.
Micromechanical plantar stimulation was used as an intervention to
prevent the tachycardia and drop in
blood pressure experienced by these
women when inactive. Seven different
randomized stimulation frequencies (0,
15, 22, 44, 60, 88, and 120 Hz) were
used on separate days. The plantar
stimulation completely blocked the
tachycardia in this group, and significantly inhibited the depression in
blood pressure (Fig. 7). Maximal efficacy was observed when the stimulus
was applied in the frequency range of
40 Hz to 50 Hz. This response is con-

sistent with cutaneous reception of the
stimulus by Meisner corpuscles on the
surface of the foot, and is consistent
with the concept that calf muscle
pump stimulation can achieve immediate clinical benefit.
CALF MUSCLE
PUMP
STIMULATION
CALF
MUSCLE
PUMP
STIMULAINHIBITSBONE
BONE LOSS
TION INHIBITS
LOSS
In addition to the immediate effects
of inadequate skeletal muscle pump
activity, such as edema, blood stasis,
and hypotension, the long-term complications are associated with extended
immobility. Foremost among these, and
of particular concern in the elderly, is
the loss of bone mass arising from disuse. Inadequate skeletal muscle pump
activity, which leads to reduced blood
and interstitial fluid flows, results in
decreased nutrient flows to lowerextremity bone tissue as well. It has
long been known that these flows are
critical to maintaining bone mass. Filtration of large proteins from blood is

diffusion limited and, so, strongly
dependent on convective transport.14
Convective fluid transport across bone
tissue is dependent on trans-tissue pressure gradients, and these gradients are
dependent both on capillary pressures
and interstitial pressures outside of the
bone tissue. It should be noted that
interstitial flows also can be influenced
by mechanical deformation of the tissue, which likely explains why mechanical loading of bone tissue can affect
bone-remodeling activity.15
Numerous animal studies performed
over the last 40 years have provided
substantial evidence that confirms the
importance of interstitial fluid flow in
the formation and maintenance of bone
mass. Keck and Kelly demonstrated that
increased bone growth is associated
with increased venous pressure. 16 Li
showed dependence on microvascular
filtration,17 later confirmed in the rat
hindlimb suspension model of microgravity.18 Additional studies lend support to the more specific hypothesis
that interstitial fluid flow is critical to
the maintenance of bone mass. Colleran

Figure 5. Plantar stimulation device used in the seated and standing position. A resonance-based design allows a small electromagnetic actuator to provide the 20
to 30 micrometer displacement to the plantar surface of subjects in either the supine, seated, or standing position. The lack of any direct attachment to the
patient allows convenient use.
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Figure 6. Influence of calf muscle pump enhancement by plantar stimulation on lymphatic flow in the calf.
No plantar stimulus (control), and 45 Hz plantar vibration at 25 micrometers are shown. Microvascular filtration rate (vessel permeability) as reflected by the slope of these filtration curves, is not affected by the
stimulus. However, edema pressure (Pi), and correspondingly, lymphatic flow (Kf*Pi) is increased significantly by the plantar stimulation (12).

and colleagues, for example, have
shown that decreased interstitial flow to
the limbs results in decreased cancellous
bone formation, as well as reduced
periosteal bone.19
To test the ability of calf muscle

pump stimulation to inhibit bone loss, a
group of post-menopausal subjects were
recruited and randomized into treatment or placebo groups, and each
woman was asked to stand quietly for
20 minutes per day of micromechanical

Figure 7. Systolic blood pressure response to calf muscle pump enhancement by plantar stimulation. Following quiet sitting, systolic blood pressure drops significantly in approximately one-half of 30 to 75-yearold adult women. Plantar micromechanical stimulation largely eliminates this drop when applied in the
range of 40 Hz to 50 Hz. The concomitant tachycardia observed in these subjects also was eliminated
(13).
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plantar stimulation. 20 The treatment
group experienced plantar stimulation
at 30 Hz, whereas the placebo group
experienced sham stimulation. DEXA
measurements of the lumbar spine and
proximal femur were obtained at the
start of the study and at 3, 6, and 12
months. Sixty-four (32 treated, 32
placebo) women completed the study.
The distribution of bone mineral density changes were noted to be bimodal,
which allowed the study population to
be separated into "slow loss" and "rapid
loss" groups (Table II). Calf muscle
pump stimulation resulted in increased
bone mineral density in the slow-loss
group in the lumbar spine and femoral
neck. In addition, loss of bone mineral
density in the "rapid-loss" group was
inhibited by the calf muscle stimulation
at all measured sites. These results are
consistent with the concept that adequate calf muscle pump activity serves
to inhibit bone loss and enhance new
bone formation.
CONCLUSIONS
CONCLUSIONS
Calf muscle pump activity is essential
for maintaining adequate blood and
interstitial fluid flows in the lower body.
Correspondingly, failure of this extracorporal pump leads to edema, blood stasis,
hypotension, and tachycardia in the short
term, and conditions such as osteoporosis in the long term. Calf muscle pump
activity relies extensively on Type IIa
muscle fiber activity, yet these are the
fibers lost most rapidly with age. In addition, even short bouts of disuse, such as
occurring during recovery from major
surgery, results in a rapid conversion of
Type IIa fibers into IIb fibers, which
results in less-effective skeletal muscle
pumping action. Recent studies indicate
that calf muscle pump activity can be
enhanced by exogenous micromechanical stimulation of reflex arcs that originate in the plantar surface. Such
stimulation has been shown to enhance
lymphatic return and increase blood flow
in the lower limbs, which result in
improved cardiac function. Moreover,
research conducted to date indicates that
using such technology to enhance calf
muscle pump function may prevent the
bone loss associated with chronic disuse,
and may be capable of increasing bone
density, thereby providing a non-pharmaceutical approach to this serious con-
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dition. This new technology may represent a convenient means for significantly
limiting many of the complications of
orthopaedic and other major surgeries,
which arise primarily from the muscle
atrophy and deconditioning concomitant
with the inactivity associated with
surgery recuperation. STI
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