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Abstract

To identify mechanotransductive signals for combating musculoskeletal deterioration, it is
essential to determine the components and mechanisms critical to the anabolic processes of
musculoskeletal tissues. It is hypothesized that the interaction between bone and muscle may
depend on fluid exchange in these tissues by mechanical loading. It has been shown that
intramedullary pressure (ImP) and low-level bone strain induced by muscle stimulation (MS) has
the potential to mitigate bone loss induced by disuse osteopenia. Optimized MS signals, i.e., low-
intensity and high frequency, may be critical in maintaining bone mass and mitigating muscle
atrophy. The objectives for this review are to discuss the potential for MS to induce ImP and
strains on bone, to regulate bone adaptation, and to identify optimized stimulation frequency in the
loading regimen. The potential for MS to regulate blood and fluid flow will also be discussed. The
results suggest that oscillatory MS regulates fluid dynamics with minimal mechanical strain in
bone. The response was shown to be dependent on loading frequency, serving as a critical
mediator in mitigating bone loss. A specific regimen of dynamic MS may be optimized /n vivoto
attenuate disuse osteopenia and serve as a biomechanical intervention in the clinical setting.
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Introduction

A means of combating deterioration of the musculoskeletal system could involve harnessing
bone’s sensitivity to mechanical signals, a key regulatory factor in attenuating, maintaining
and recovering bone and muscle mass. This approach could be particularly useful in
populations exposed to prolonged periods of disuse including astronauts exposed to long-
term microgravity, bedrest patients and the elderly, all of which experience substantial
physiological challenges to their musculoskeleton, including osteopenia and muscle
atrophy1:2:37.43.51 Because bone is biomechanically linked to muscle and bones adapt to
their mechanical environment, which includes muscle forces during development, it is
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assumed that muscle and bone grow in proportion to one another. Therefore, it is presumable
that strong muscle would be associated with high bone mass as has been shown in
individuals like professional tennis players. In several studies using GDF8 myostatin
knockout mice, a member of the transforming growth factor (TGF)-beta superfamily of
secreted growth and differentiation factors, knockout has approximately twice the skeletal
muscle mass compared to normal mice, and indicates increased bone mass22:°6:59, For
example, the GDF8 knockout mice have approximately 10% greater cortical bone mineral
contents (BMC) at the midshaft and over 20% greater cortical BMC at the metaphysis?2:59.
In various human studies, physical exercises seem to be most effective during rapid growth
of the musculoskeletal system, the average gain in BMC and bone mineral density (BMD) in
controlled trials being of the order of 2-5% per year. However, the net gain of BMD after
exercise interventions among older people is conflicting, e.g., at a level of 1-3% per
yearl883 While physical activity in older ages has shown to improve muscle strength and
balance and to reduce the risk to fall and fractures29:30.83 the effects of vigorous exercises
building bone mass is modest, considerably less than bisphosphonates, and largely
dependant on the training protocols?1:29.30.:83 |t was demonstrated that unloaded exercise
such as swimming has no impact on bone mass, while walking or running has limited
positive effects, though intensity could be high?L. High impact loading, even a relatively
small amount, appears to be effective for enhancing bone mass, although only limited data
are available?183.87 These may lead to several research questions regarding bone-muscle
interactions and interrelations: how muscle and bone losses generated by functional disuse
integrate in a physiologic system; can biomechanical intervention involving muscle mitigate
bone loss; and what is the mechanism by which muscle dynamics attenuates bone loss and
enhances fluid flow.

There is a great need to develop a clinically applicable intervention for the prevention of
progressive muscle and bone loss associated with disuse osteoporosis and muscle atrophy.
Studies of mechanical influences on tissue morphology have demonstrated that the removal
of functional loads leads to a loss of bone mass1273, whereas an increase of activity, such as
exercise, results in the augmentation of muscle strength and BMD?28:33, Nevertheless, the
mechanism by which musculoskeletal tissues adapt to an environment of functional disuse
remains a challenging mechanobiological problem, in which particularly importance is the
mechanism by which muscle biomechanics affects mechanotransduction and bone quality or
vice versa. ldentifying regulatory components of the mechanical milieu may prove
instrumental in devising a biomechanically based intervention for many serious clinical
conditions including the prevention of osteopenia. Perhaps, by identifying key stimulation
parameters required in muscle stimulation, i.e., frequency, we may generate beneficial
adaptive responses and alleviate the consequence of bone loss. In this review, several
viewpoints are discussed to address the idea that oscillatory muscle stimulation (MS) has the
potential to mitigate and/or attenuate bone loss induced by disuse osteopenia, i.e., hindlimb
suspension (HLS), using optimized mechanobiological signals. Thus, the objectives of this
review are: (1) to evaluate the immediate effects on ImP and bone strain induced by dynamic
muscle stimulation in response to a broad range of loading frequencies, (2) to characterize
the regulatory role of dynamic MS at low and high frequencies on bone adaptation under
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conditions of functional disuse, e.g., HLS model, and 3) to discuss the potentials of MS
generated blood flow in the musculoskeletal tissues.

Functional disuse induced bone loss and muscle atrophy

Disuse osteoporosis is a common skeletal disorder in patients subjected to prolonged
immobility or bed-rest, e.g., fracture and spinal injury. In addition to bone loss, functional
disuse and microgravity can cause muscle atrophy. These physiological changes generate
additional health complications, including increased risk of falls and fracture, and poor long-
term recovery. Analyses of spinal cord injury (SCI) patients showed a reduction in BMD in
disused limbs”:11.16 and a higher incidence of fracture?1:75.89.90, More than 1 year after SCI,
30% to 40% of demineralization was observed in the femoral neck, distal femur and
proximal tibiall. It has been reported that SCI induced osteopenia/osteoporosis reaches the
fracture threshold (BMD of 1 g/cm?) 1 to 5 years after the injury, with a fracture frequency
of 5% to 34%23.2441.85 These patients were also observed to have significant reductions in
muscle mass*®. Analyses from space missions of 4 to 12 months duration have shown that
weightlessness can induce 1% to 2% BMD loss per month in the spine, hip, and the lower
extremities*2:50, The reduction in trabecular BMD in both hip and femur regions was greater
than 2% per month, while there was only minimal decrease in cortical bone3. Similar
results were observed in animal studies. Burr et al.8 showed an increase in bone turnover rate
in cast-immobilized animals that received muscle stimulation, while significant bone loss
was observed even for 17 days.

Lower extremity muscle volume was also altered by disuse. Exposure to a 6-month space
mission resulted in a decrease in muscle volume of 10% in the quadriceps, 19% in the
gastrocnemius and soleus**4°. Computed tomography measurements of the muscle cross
sectional area (CSA) indicated a decrease of 10% in the gastrocnemius and 10-15% in the
quadriceps after short-term missions#¢:58, Similar results were concluded after SCI, where
patients suffered significant 21%, 28% and 39% reductions in CSA at the quadriceps
femoris, soleus and gastrocnemius muscles, respectively®.76, In addition to the effects on
whole muscle volume, muscle fiber characteristics were also modified due to

inactivity /072100, There are two primary muscle fibers: slow (type 1) fibers play an
important role in maintaining body posture, while fast (type 1) fibers are responsive during
physical activity. Under disuse conditions, all fiber types were decreased in size, 16% for
type | and 23-36% for type 117282100 The atrophied soleus muscles also underwent a shift
from type | (-8% in fiber numbers) to type Il fibers’2:82.101,

Clinical muscle stimulation has been examined extensively in SCI patients to strengthen
skeletal muscle and alleviate muscle atrophy with promising outcomes2047.71.78 A few
physical training studies further investigated this electrical stimulation technique to
determine it’s effect on osteopenia. These studies showed mixed results with respect to bone
density datal3-1520.97_ Using dual energy X-ray absorptiometry (DXA), BeDell et al. found
no change in BMD of the lumbar spine and femoral neck regions after functional electrical
stimulation-induced cycling exercise, while Mohr et al. showed a 10% increase in BMD in
the proximal tibia following 12 months of similar training#®>°3. In a 24-week study of SCI
patients in whom 25 Hz electrical stimulation was applied to the quadriceps muscles daily,
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Belanger and colleagues reported a 28% recovery of BMD in the distal femur and proximal
tibia, along with increased muscle strength®. A number of reported animal studies also
indicated that muscle stimulation can not only enhance muscle mass, but bone mineral
density as well3:84,

Dynamic muscle stimulation as a means to enhance fluid flow in bone

It is hypothesized that skeletal muscle contraction can increase blood flow within
musculoskeletal tissues and generate bone strain within the physiological range>2:€8,
Therefore, functional muscle stimulation at the physiological level may generate sufficient
mechanabiologic signals (i.e., fluid pressure and blood flow in bone) to trigger
musculoskeletal adaptation36.67.80.79.86 Dynamic stimulation frequencies, which alter
intramedullary pressure (ImP) and bone strain simultaneously or independently maybe the
key determinants responsible for mechanotransductive signals in bone36:67. It is widely
accepted that dynamic mechanical stimulation through various loading frequencies plays a
critical role in the skeletal adaptive response and further enhances cellular level
perfusion®1:93, Previous /n vivo studies have demonstrated that the rate of the osteogenic
response in bone tissue increases at higher frequencies®6.74.99 Vibration studies have shown
that low-level mechanical signals at 45 Hz has lower osteoclastic activity and enhance the
rate of trabecular bone formation in the tibia of either growing animals or functional disused
animalsl”:9, Stimulation of the knee region at 15 Hz increased the cortical mineralizing
surface and apposition rate in the femur®®. Alternatively, by inducing 20 Hz of fluid pressure
into the marrow cavity of turkey ulna, the formation of periosteal and endosteal new bone
was augmented at the cortex®6,

Exercise plays an important role in regulating fluid flow in the microcirculation within
muscular tissues. Various mechanisms that are thought to cause blood flow to rise during
rhythmic exercise25-27:3849 Mechanisms including the muscle pump, substances released
by skeletal muscle, substances transported by blood, and factors released by nerves have
been postulated to contribute to the rise in muscle blood flow during exercise. Additionally,
the factors that initiate the dilation may not be those which sustain it. Although there is
normally a close relationship between contractile activity, metabolic rate, and muscle blood
flow, this relationship can be disrupted under a variety of circumstances and the active
skeletal muscle over perfused. The mechanism of muscle pump as a driving source for
capillary filtration and bone interstitial fluid flow is proposed as a coupling factor between
muscle contraction and fluid flow through bone. Pressure waves from muscle pump
contractions, aided by increased blood pressure during exercise and coupled with temporary
occlusion of arteries and veins leading to and from bone, increase hydraulic pressure in
cortical bone capillaries, thus amplifying capillary filtration®1.94.95, Previous studies have
demonstrated that increased venous pressure can promote the formation of periosteal new
bone in growing dogs3. The results of paired comparisons, involving experimental and
control tibia, showed an increase in venous pressure, and an increase in periosteal new bone
formation on the side of increased venous pressure. The data suggest that an increase in
venous pressure results in an increase in passage of fluid from capillary to bone matrix.
Increased extravascular perfusion could be a factor in increasing periosteal bone formation.
In a rat tail suspension model, applying constant venous ligation at femurs increased
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intramedullary pressure relative to sham-operated control femurs (27.8 mmHg vs. 16.4
mmHg, p<0.05), suggesting venous ligation increased interstitial fluid flow proportional to
the pressure drop across the bone8. BMC increased significantly in the venous-ligated
femurs relative to control limbs (115.9£15.6% vs. 103.8+£13.2%, p<0.001) for a period of 19
days. Trabecular density was significantly higher in the femurs with venous ligation (351+12
glem3 vs. 329+11 g/cm3, p<0.05). These results suggest that fluid flow can directly
influence bone adaptation independent of mechanical loading, and venous pressure is
directly related to ImP and interstitial fluid flow. This implies that an adaptive response can
be initiated and accelerated by altering venous pressure by a muscular pump effect, which
could serve as a potential noninvasive countermeasure. Understanding the mechanisms
responsible for the dynamic patterns of muscle pump, i.e., frequency, rest-insertion, pressure
magnitude and duration, can provide new insight into the mechanisms which govern exercise
hyperemia and its relation to bone fluid flow.

Frequency dependant marrow pressure and bone strain generated by
muscle stimulation

A recent study has revealed that induced marrow fluid pressure and bone strain by muscle
stimulation were dependant on dynamic loading parameters and optimized at certain loading
frequencies®’. Adult Sprague Dawley retired breeder rats with a mean body weight of 387g
+41g (Taconic, NY) were used to measure the relationships between ImP, bone strain, and
induced-muscle contraction. Rats were anesthetized using standard isoflurane inhalation. A
microcardiovascular pressure transducer (Millar Instruments, SPR-524, Houston, TX) was
inserted into the femoral marrow cavity, guided via a 16-guage catheter. A single element
strain gauge (1209, factor 2.06, Kenkyojo Co., Tokyo) was firmly attached onto the lateral
surface of the same femur at the mid-diaphyseal region, with minimal disruption to the
quadriceps, for measuring bone strains during the loading.

Two disposable needle-sized electrodes (L-type guage #3, Seirin, Weymouth, MA) were
inserted into the quadriceps, about ~5 mm anterior to the femur. The electrodes were then
connected to a 100MHz arbitrary waveform generator (Model 395, Wavetek) which applied
MS at various frequencies (1, 2.5, 5, 10, 15 20, 30, 40, 50, 60 and 100 Hz) to induce MS.
Stimulation was induced at 2V with 1ms square pulse for one second, followed by a rest of 4
seconds. Three signals (ImP, bone strain, load feedback) were collected simultaneously
using a strain gauge amplifier (National Instruments) with a 160 Hz low-pass filter and A/D
conversion at 1000 Hz with 16-bit resolution.

Oscillatory MS was shown to have a significant effect in increasing ImP. A representative
ImP profile induced by MS at 20 Hz was shown in Figure 1. Normal heart beat generated
approximately 5 mmHg of ImP in the femur at a frequency of 5.37+0.35 Hz. The ImP value
(peak-peak) was increased significantly by dynamic MS at 5, 10, 15, 20, 30, and 40 Hz
(p<0.05 for 5, 10, 30, and 40 Hz, p<0.01 for 15 and 20 Hz). The response trend of the ImP
against frequency was nonlinear; the ImP reached a maximum value of 45+9.3 mmHg
(peak-peak) at 20 Hz (Figure 2a), although there was no significant difference between 10,
20, and 30 Hz. The MS generated ImP in the marrow cavity with values of 17.4+6.2, 24+5.4,
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37.5+11.0, 26.3£11.1, and 3.7+£1.5 mmHg at frequencies of 1, 5, 10, 40, and 100 Hz,
respectively.

The response of matrix strain to the MS frequency also was nonlinear (Figure 2b). The MS
generated femoral matrix strains of 61.8+6.2, 87.545.1, 128.4+19.2, 78.3+6.8, 18.7+1.3, and
10.1+1.8 at frequencies of 1, 5, 10, 20, 40, and 100 Hz, respectively. While the ImP trend
indicated that the peak ImP value was observed at 20 Hz, the maximum matrix strain was
measured at 10 Hz. Bone strain induced by MS at 10 Hz was significantly different (p<0.01)
compared to all other stimulations with the exception of 15 Hz. In addition, the strains
generated by MS above 30 Hz were significantly lower than those values loaded at and
below 20 Hz (p<0.005), in which matrix strains, when loaded above 30 Hz, decreased by
more than 75% of the peak strain measured at 10 Hz. For frequencies from 40 Hz to 100 Hz,
MS induced matrix strain were less than 20 pe.

These results suggest that muscle force alone, if applied at a low rate, such as resistant weigh
lifting with high intensity, would not be able to generate sufficient strain and fluid pressure
in bone. MS with relatively high rate and small magnitude, however, can trigger significant
fluid pressure in the skeleton.

Dynamic muscle stimulation induced attenuation of bone loss

These findings were verified in an /7 vivo experiment under functional disuse conditions3.
Fifty-six 6-months-old female Sprague-Dawley retired breeder rats (Taconic, NY) were used
to investigate the effects of frequency-dependent dynamic muscle stimulation (MS) on
skeletal adaptation in a disuse environment. Animals were randomly assigned to seven
groups with n=8 per group: (1) baseline control, (2) age-matched control, (3) HLS, (4) HLS
+1 Hz MS, (5) HLS+20 Hz MS, (6) HLS+50 Hz MS, and (7) HLS+100 Hz MS. Functional
disuse was induced by a HLS, setup modified from Morey-Holton and Globus®*2°. An
approximately 30 head-down tilt was set to prevent contact of the animal’s hindlimbs with
the cage bottom. The body weight of each animal was measured three times per week
throughout the study.

For the four experimental groups, dynamic MS was applied in conjunction with HLS for 4
weeks. For the daily stimulation, animals were anesthetized and remained suspended on a
counter-top with the experimental set-up. Muscle contraction was induced with two
disposable needle-size electrodes (L-type guage #3, Seirin, Weymouth, MA) to transmit a 1
ms square pulse with various stimulation frequencies (1 Hz, 20 Hz, 50 Hz and 100 Hz) for
10 minutes per day, 5 days per week, for a total of 4 weeks. A rest-insertion period (2
seconds contraction followed by 8 seconds rest) was added in the MS regimen to avoid
muscle fatigue. Using a high resolution uCT scanner (UCT-40, SCANCO Medical AG,
Bassersdorf, Switzerland), the distal portion of the femur was scanned with a spatial
resolution of 15 um. Three consecutive 750 pum regions of trabecular bone (M1, M2 and M3)
were analyzed in the distal metaphysis, immediately proximal to the growth plate (Figure 3).
M1 is the section closest to the diaphysis, M2 is the middle section between M1 and M3,
and M3 is the section closest to the growth plate. One 750 pm region of trabecular bone was
also analyzed in the distal epiphysis of each femur (Figure 3). Values for bone volume
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fraction (BV/TV, given as %), connectivity density (Conn.D, 1/mm3), structural model index
(SMI), trabecular number (Th.N, 1/mm), thickness (Th.Th, mm) and separation (Th.Sp, mm)
were evaluated for each region32:54.57 After scanning with uCT, histomorphometric
measurements were made by tracing calcein labels in the trabecular bone at both
metaphyseal and epiphyseal regions, for analyses of bone volume fraction (BV/TV - Histo,
%), mineralizing surface/bone surface (MS/BS, %), mineral apposition rate (MAR, um/day),
and bone formation rate (BFR/BS, um3/um?/yr)62.63.66,

Body weights were not significantly different between groups at the beginning of the study,
with an average of 320g+47g. Age-matched control animals were able to maintain a steady
body weight throughout the study, with only a —0.15% difference between the start and end
date. Animals subjected to 4-week functional disuse lost a significant amount of body mass.
These weight reductions were similar in HLS and HLS+MS groups, with —=10% for HLS
(p<0.05), =8% for 1 Hz (p=0.07), 9% for 20 Hz (p<0.05), -11% for 50 Hz (p<0.01) and
-8% for (p=0.09).

Trabecular bone structure changes by MS stimulation seem to be sensitive to the fluid
pressure magnitude experienced by the tissue, where a larger response occurred at the region
near the marrow cavity, and attenuated at the region near the growth plate. For example, M1
is the distal metaphyseal region 1.5mm above the growth plate. The lack of weight-bearing
activity for 4 weeks significantly reduced trabecular bone quantity and quality, demonstrated
by a 70% decreases in BV/TV, an 86% decrease in Conn.D, a 28% decrease in Th.N, a 57%
increases in SMI, and a 43% increase in Th.Sp compared with baseline (p<0.001). Similar
results were observed when compared with age-matched control (p<0.001); decreases in
BV/TV (66%), Conn.D (86%) and Th.N (26%), as well as increases in SMI (39%), and
Th.Sp (39%) were observed. Trabecular BV/TV in electrically stimulated animals, with the
exception of 1 Hz, was significantly greater than that of disused bone. Animals with MS at
20 Hz and 50 Hz showed an increase in BV/TV by 143% (p<0.05) and 147% (p<0.01),
respectively. Stimulation at 100 Hz showed an 86% increase in BV/TV, but this change was
not statistically different from the HLS group. The other outcome measures of Conn.D, Th.N
and Th.Sp were also significantly affected by MS at 20 Hz, 50 Hz and 100 Hz frequencies.
There were up to 600% and 38% increases for Conn.D and Th.N, and up to a 36% decrease
for trabecular separation (20 Hz p<0.01, 50 Hz p<0.001 and 100 Hz p<0.05). SMI and
Th.Th were not affected by the stimulus, regardless of its frequency. The animals subjected
to 4 weeks of 1 Hz MS showed the same level of bone loss and structural deterioration as
did the HLS animals without MS, and were significant differences compared to stimulation
at higher frequencies. M3, the distal metaphyseal portion directly above the growth plate, is
a region with the most abundant trabecular network with 0.3+0.05 BV/TV and 4.72+0.64
Th.N (Figure 4). Disuse induced a 38% bone loss, 75% decrease in Conn.D, 30% reduction
in Th.N and 43% more spacing within this region. Similar to the results reported for the M2
portion, 50 Hz MS resulted in the greatest preventive effects against disuse osteopenia, with
increased BV/TV (40%; p<0.05), Conn.D (305%; p<0.001), and Th.N (41%; p<0.001), and
reduced Th.Sp (31%,; p<0.001). While BV/TV was not significantly altered by MS at 20 Hz
(+26%) and 100 Hz (+20%), trabecular qualities, Conn.D, Th.N and Th.Sp, were improved
(up to 226%, 28% and 24% respectively, p<0.001). Like the other metaphyseal regions, SMI
and Th.Th were not affected by the stimulation. These regional changes were summarizes in
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Figure 5. With the exception of 1 Hz, stimulation frequencies at 20 Hz, 50 Hz, and 100 Hz
had greater effects on the trabecular bone 2.25 cm away from the growth plate, closer to the
diaphysis. With MS at 50 Hz, the percent changes at M1 were significantly different from
those measured at M2 and M3 for BV/TV (both, p<0.001) and from those measured at M3
for Conn.D only (p<0.05). Also, BV/TV inhibition at M1 was significantly higher (0<0.05)
than that of M3 with 20 Hz MS. Although following a trend similar to that of the above
indices, at 50 Hz and 20 Hz MS, the percent changes of the uCT measurements were not
statistically significant between the three metaphyseal regions.

While trabecular bone responded to MS showing structural property changes, the epiphyseal
trabecular bone was not significantly affected by the 4-week HLS. The percentage changes
were minor versus the metaphyseal regions, with —=5% BV/TV, —=44% Conn.D, —=7% Th.N,
and +4% Th.Sp. In this region, MS did not induce any measurable effect on bone volume
and trabecular integrity at any stimulation frequency. All stimulated values were comparable
to age-matched and HLS animals, with up to 10% greater in BV/TV, 8% greater in Th.N,
and a 9% reduction in Th.Sp. These changes were not statistically significant.

The UCT data were correlated with the histomorphometry analyses. In the metaphyseal
trabecular bone, BV/TV measured by the 2-D histomorphometric method, was 43% lower in
HLS group than in age-matched controls (p<0.001). Animals subjected to MS also
experienced 22-29% hone loss (0<0.01). The result was correlated with the BV/TV values
from the CT analysis of the M2 region, giving an R2 value of 0.84 (p<0.05). In other bone
formation indices, HLS animals also showed significant decline in MS/BS (76%, p<0.001),
MAR (80%, p<0.001) and BFR/BS (92%, p<0.001) (Table 1). Disuse had an insignificant
effect on the trabecular BV/TV (-10%) at the epiphyseal region, similar to the results of the
UCT analysis. Bone formation indices were reduced due to HLS (52% for MS/BS, 147% for
MAR and 59% for BFR/BS), and daily MS failed to prevent such reduction of bone
formation activity.

These data imply that MS, applied at a high frequency with low magnitude and for a short
duration, is able to mitigate bone loss induced by the functional disuse. There was, however,
no evidence to suggest that such loading would enhance overall new bone formation, e.g.,
the total bone mass was less than age-match animals. Further studies related to cellular
activities, e.g., osteoclast and osteoblast, and linked either bone resorption and bone
formation, may be necessary to further explore the balance of resorption and formation in
such functional disuse model.

Muscle stimulation enhanced fracture healing

In addition to the role of dynamic muscle stimulation in mitigating osteopenia and muscle
atrophy, it has been shown that MS can enhance bone fracture healing. Taking into account
that MS can increase blood flow and ImP in the muscle and marrow cavity10:67.77 and that
blood flow has a close relationship to the fracture healing, it is likely that applying MS may
result in an enhancement of fracture healing. Using a rabbit model with a 3mm tibial
transverse osteotomy, Park and Silva have shown that fracture treated with MS showed 31%
higher mineral content and 27% larger callus area than control osteotomies at eight weeks®4.
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In addition to the morphometric changes, the maximum torque, torsional stiffness, angular
displacement at maximum torque, and energy required to failure of specimens in the study
group were 62%, 29%, 34.6%, and 124% higher, respectively, than those in the control
group at eight weeks®. The results suggested that the use of MS can enhance callus
mineralization and biomechanical strength in the callus region. This may;, at least partially,
be the result of MS enhanced blood circulation. Using a bone chamber, Winet and his group
observed that muscle contractions directly increased bone blood flow rates by 130%, but
uncoupled from mechanical loading, while heart rates and blood pressure did not
significantly increase due to the MS treatment®. Thus enhanced fluid flow by MS may
directly involve increase fluid flow in callus and trigger anabolic response under such acute
conditions, e.g., fracture healing.

Age-dependant acceptance of mechanical signals for maintaining bone
and muscle health

It should be noted that the MS signals mentioned above were in the physiological range,
e.g., low magnitude, high frequency and short daily duration. Age-related patterns of
musculoskeletal sensitivities involve peak bone mass during growth, a plateau in adulthood,
and bone loss during aging. The decline in bone mass and structural integrity results in
increased risk of fractures, particularly in post-menopausal women. Muscle exercise training
seems to be most effective for bone during rapid growth, e.g., among young athletes, the
average gain in BMC and BMD in controlled trials being of the order of 2-5% per year.
Under similar exercise interventions the net gain of BMD, including both bone formation
and resorption, e.g., only among elderly is modest, at a level of 1-3% per year, but it is not
clear whether positive effects can be maintained over a longer time83. In general high
intensity exercises may not be practical in elderly population. In addition, old bone does not
respond to mechanical stimuli in the same way as in young bone. In a recent study, Kumar et
al.34 examined how myofibrillar protein synthesis (MPS) and muscle anabolic signaling
were affected by resistance exercise in two groups (25 each) of healthy, young (24 +/-6
years) and old (70 +/- 5 years) men with identical body mass indices (24 +/- 2 kg m™2). In
each group, there was a sigmoidal dose-response relationship between MPS at 1-2 h post-
exercise and exercise intensity, which was blunted (P<0.05) in the older men. The
phosphorylation predicted the rate of MPS at 1-2 h post-exercise in the young but not in the
old. The results suggest that older men show anabolic resistance of signaling and MPS to
resistance exercise. To design non-pharmaceutical MS intervention for treating osteoporosis
shall consider the age-dependant effects in terms of dosage, duration and frequency. These
considerations is perhaps true for other similar musculoskeletal tissues and diseases, e.g.,
cartilage and osteoarthritis.

Discussion

The animal study results have indicated that dynamic muscle stimulation generates fluid
pressure in bone with simultaneously low-level bone strain. MS adjacent to the rat femur
induces a peak ImP at 20-30 Hz. The increase in bone fluid pressure by dynamic MS

suggests that hypertension in the skeletal nutrient vessels may increase ImP and regulate
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fluid flow in bone®. Similarly, bone strain was highest at approximately 10 Hz. Stimulus-
induced bone fluid and matrix deformation are dependent on stimulation frequency. It
appears that the oscillatory MS stimulates relatively high fluid pressure at the frequency
range between 20 Hz to 50 Hz in the tested frequencies up to 100 Hz. In such optimized
loading rate (e.g., 20-50 Hz), relatively high ImP and relatively low bone strain were
observed in response to the MS loading, which may be critical to regulating fluid flow, and
adaptation in bone as a functional loading frequency dependant manner. It is also noted that
both ImP and strain at 10 and 20 Hz are higher than the value at lower frequency, i.e., 1 Hz,
and at very high frequency, i.e., 100 Hz. There is a significant difference in bone strain
between 10 Hz and 20 Hz, but no significant difference in ImP between 10 Hz and 20 Hz. At
an optimal frequency, MS can produce high fluid pressure gradients within the femoral
marrow cavity and a high strain value in bone. It is possible that loading generated matrix
strain and fluid pressure in bone may have combined effects in adaptation if loaded at
relatively high frequencies.

The data strongly indicated that dynamic muscle stimulation was able to inhibit bone loss
and trabecular architectural deterioration caused by a lack of daily weight-bearing activities.
In the current study we investigated the role of stimulation frequency on bone’s skeletal
adaptive responses. The optimized frequency, which resulted in a strong adaptive response in
the disuse osteopenia, was in the range of 50 Hz. Because the strain level generated at 50 Hz
by MS was relatively low, e.g., approximately 10 pe, bone fluid flow mechanisms may be
uncoupled to strain signals and the driving force behind bone’s adaptive response®. The
degree of effectiveness of MS in attenuating bone loss varied in different regions of the
distal femur. Such spatial response may also depend on the fluid pressure generated in the
local region in a dose dependant manner. While low-frequency MS was unsuccessful in
preventing osteopenia, mid-frequency MS applied to the quadriceps was able to maintain
trabecular bone mass.

These result were consistent with previous /in vivo results in which mechanical loading at
frequencies between 20 and 50 Hz were shown to be anti-catabolic to bonel7-66.69.98 This
sensitivity was even more apparent in trabecular bone, perhaps due to the increased surface
area in the trabecular network, which exposes it to rapid changes in fluid pressure®8. For
example, trabecular osteoblast surface in the tibia was increased by 26% when a MS
protocol at 10 Hz was applied for 3 weeks%8, Likewise, whole body vibration at 45 Hz
increased the rate of formation of the growing skeleton by 30%%.

Both ImP and matrix strain have indicated a nonlinear response in the MS spectrum between
1 Hz and 100 Hz, though peaked differently at 20 Hz (ImP) and 10 Hz (strain). While no
obvious muscle fatigue was observed, perhaps due to the rest period during the stimulation,
the mechanism behind such a nonlinear response is not clear. From a material property point
of view, the viscoeastic characteristics of both muscle and bone could quickly dampen the
response at high frequencies through the MS loading. But, due to the difference in densities
and viscosities between muscle and bone, MS induced ImP and matrix strain could result in
different frequency responses or optimized/resonant patterns for different tissues against the
loading. In addition, mechanotransduction of MS through different connective tissues may
attenuate the high frequency components of the response in bone, e.g., via the connective
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pathway from muscle, tendon to bone, thus resulting in peak strain and peak ImP at varied
frequencies. Future research on such complex interrelations between muscle kinematics,
bone fluid flow, and matrix strain is necessary to further elucidate the mechanism.

The interrelationship between muscle dynamics and bone adaptation via induced ImP and
strain was presented through MS with variation in the frequency of the stimulus. One
limitation of this approach was that frequency-induced variations in ImP and in matrix strain
could not be separated. However, it is important to note that both 1 Hz and 20 Hz MS
generated about 60 to 70 of surface strain at the mid-diaphysis of the rat femur. Still, the ImP
induced by 20 Hz MS was 2.5-fold greater than the ImP induced at 1 Hz. In a previous
study, continuous electrical stimulation of muscles inserting on the tibia at 30 Hz produced a
compressive strain of 350 to 500 and demonstrated preventive effects against disuse
osteopenia®2. Yet, the stimulation could only maintain a small fraction of BMD and did not
enhance bone tissue quality. Nevertheless, the MS induced bone strain at 20 Hz cannot be
ignored. Perhaps, both dynamic fluid pressure and matrix strain regulated the inhibition of
bone loss in this experiment. A more extensive spectrum of electrical frequencies for MS,
e.g., 1-100 Hz, could further elucidate these interactions.

Even in the absence of bone matrix strain, previous data has shown that ImP alone can
induce bone adaptation®8. Using a turkey ulna osteotomy model, disuse alone resulted in a
5.7% loss of cortical bone. Direct fluid loading at 20 Hz for 4 weeks increased cortical bone
mass by 18% by enhancing the formation of bone at both periosteal and endosteal
surfaces®. Transcortical fluid pressure gradient and total bone formation were strongly,
positively correlated. Strong evidence suggests that interstitial fluid flow in bone interacts
strongly with external muscular activities via various mechanisms81:88, According to a
muscle pump hypothesis, an arteriovenous pressure gradient enhances muscle perfusion39:40,
This process may in turn increase the hydraulic pressure in skeletal nutrient vessels and
amplify the capillary filtration in bone tissue39:61.95,

As a clinical application, MS on spinal cord-injured patients can cause partial reversal of
disuse osteopenia and recovery of muscular strength®. Other Jn vivo studies have also
reported positive effects of using muscle stimulation to inhibit muscle atrophy.
Immobilization studies using MS at 50 to 100 Hz have been shown to minimize the
reduction of the cross-sectional area of muscle fibers and to restore mechanical
properties32:65, Previous data showed that stimulation of distal nerve stumps had similar
action potential response between normal and innervated muscle80. Although the response
of ImP and bone mass by MS under such periphery nerve block conditions still remains
unknown, MS could serve as a mitigating agent to retain bone mass under chronic nerve
damage conditions, e.g., spinal cord injury. Taken together with the results from our current
study, dynamic MS may be applied as both a skeletal therapy and a muscular therapy to
prevent osteopenia and sarcopenia.

Summary

Functional disuse has been shown to affect both muscle and bone. In addition, the close
interrelationship between bone and muscle may be harnessed in such a way that muscle
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stimulation can act as a mechanobiological mediator in regulating musculoskeletal
adaptation, particularly under disuse conditions. Dynamic muscle stimulation could serve as
a non-invasive method of generating low-level bone strain and ImP as a function of
stimulation frequency. However, selection of protocols of stimulations would alter the
outcomes significantly. The increase in ImP may ultimately enhance interstitial fluid flow
and mechanotransduction in bone. Furthermore, dynamic muscle contraction, if applied at
an optimal frequency, has been shown to have preventive potential in osteopenia and in a
functional disuse environment as a biomechanically based intervention for preventing and/or
treating osteoporosis and muscle atrophy.
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Figurel.
Intramedullary pressure generated by dynamic electrical muscle stimulation at 20Hz.

Stimulation was applied for 1 seconds followed by 4 seconds rest. Normal heart beat
generated approximately 4 mmHg of ImP (mean) in the femur. Muscle contraction increased
ImP to 45 mmHg in a rat femoral model. (Courtesy of J Biomechanics 2009,42.140-5).
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Figure2.

(a). Graphs show mean SD values from the ImP measurement. ImP in femur increased
significantly with electrical frequency at 5, 10, 15, 20, 30, and 40 Hz. In the loading
spectrum from 1 to 100 Hz, stimulation at 1 Hz generated an ImP of 18 mmHg. A maximum
ImP of 45 mmHg was measured at 20 Hz, which was 2.5 folds higher than 1 Hz. 2p<0.05 vs.
baseline ImP; Pp<0.01 vs. baseline ImP. (Courtesy of J Biomechanics 2009,42:140-5). (b).
Graphs show mean SD values from the bone surface strain measurement. Dynamic muscle
stimulation applied at various frequencies significantly increased bone strain. In the loading
spectrum from 1 to 100 Hz, stimulation at 1 Hz produced a strain of 62 pe. Peak strain of
128 was recorded at 10 Hz stimulation. The strain magnitude was reduced by >75% of the
peak strain for stimulation frequencies greater than 30 Hz. p<0.01 vs. 1, 2.5, and 5

Hz; Pp<0.01 vs. 10 Hz; ¢p<0.001 vs. stimulation 20 Hz and below. (Courtesy of J
Biomechanics 2009;42.:140-5).
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Diaphysis

Figure 3.
Trabecular bone at three metaphyseal sections and one epiphyseal region of the distal femurs

was evaluated using microcomputed tomography. GP=growth plate (arrow); M=metaphysis;
E=epiphysis. (Courtesy of BONE 2008;43:1093-1100).
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Figure 4.
Representative 3D UCT images of trabecular bone in the M3 region (750 pm, immediately

above the growth plate). Graphs show mean + SD values for bone volume fraction (BV/TV,
%), connectivity density (Conn.D, 1/mm3), trabecular number (Th.N, 1/mm), and separation
(Th.Sp, mm) at the M3 region. Only 50 Hz MS demonstrated significant preventive effects
for all indices against 4-week HLS. #p<0.001 vs. baseline; *p<0.001 vs. age-matched:;
*0<0.05 vs. HLS & 1 Hz MS; **p<0.01 vs. HLS & 1 Hz MS; ***p<0.001 vs. HLS & 1 Hz
MS. (Courtesy of BONE 2008,43:1093-100).
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Graphs show the percentage differences between HLS and MS experimental groups SD
values in all three metaphyseal regions for bone volume fraction (BV/TV) and connectivity
density (Conn.D). For MS with mid to high stimulation frequencies, the levels of
effectiveness on trabecular bone against functional disuse alone were always greatest at M1
and least at M3. **p<0.001 vs. M3; *p<0.05 vs. M3; #p<0.001 vs. M2. (Courtesy of BONE

2008;43:1093-1100).
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