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Abstract

Bone loss can result from bed rest, space flight, spinal cord injury or age-related hormonal
changes. Current bone loss mitigation techniques include pharmaceutical interventions, exercise,
pulsed ultrasound targeted to bone and whole body vibration. In this study, we attempted to
mitigate paralysis-induced bone loss by applying focused ultrasound to the midbelly of a
paralyzed muscle. We employed a mouse model of disuse that uses onabotulinumtoxinA-induced
paralysis, which causes rapid bone loss in 5 d. A focused 2 MHz transducer applied pulsed
exposures with pulse repetition frequency mimicking that of motor neuron firing during walking
(80 Hz), standing (20 Hz), or the standard pulsed ultrasound frequency used in fracture healing (1
kHz). Exposures were applied daily to calf muscle for 4 consecutive d. Trabecular bone changes
were characterized using micro-computed tomography. Our results indicated that application of
certain focused pulsed ultrasound parameters was able to mitigate some of the paralysis-induced
bone loss.
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INTRODUCTION

Bone loss is a common sequela of inactivity and physiologic changes caused by trauma,
spinal cord injury, long-term exposure to microgravity and age-related hormonal changes
(Jiang et al. 2006; Khosla et al. 2011; Schneider et al. 1995; Sievanen 2010; Williams et al.
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2009; Wronski et al. 1985). Current countermeasures for treating bone loss include several
varieties of exercise, pharmacologic treatments and whole body vibration (WBV). A
combination of impact loading and resistance exercise has been shown to at least help
maintain bone mass in the elderly; however, an optimal exercise regimen has yet to be
determined for this population (Bolam et al. 2013). To date, the predominant strategy in the
treatment of postmenopausal bone loss has been the use of hormone replacement therapy,
which might be limited in the future by adverse side effects and long-term safety concerns
(Body 2011; Cusano and Bilezikian 2012; Lacey et al. 2002; Marjoribanks et al. 2012).
Bisphosphonate use is currently being tested in conjunction with exercise in a space flight
trial (Leblanc et al. 2013). In addition, a WBYV method has been tested for training
astronauts to prepare for microgravity-induced bone loss, and has been reported to have a
positive effect on bone mineral density (Belavy et al. 2011). There is yet to be a consensus,
however, as to whether WBYV is effective in elderly patients (Liu et al. 2011), and it may not
be applicable to patients with immobility-induced bone loss.

In recent years, another therapeutic modality influencing bone conditions has been gaining
momentum: pulsed acoustic energy targeting the bone. In particular, acoustic treatment of
bone non-unions has been found to be effective in a number of both animal and human
studies (Azuma et al. 2001; Elster et al. 2010; Leung et al. 2004b; Rawool et al. 2003; Zelle
et al. 2010). Low-intensity pulsed ultrasound (LIPUS) is applied locally to the bone and uses
a moderate acoustic intensity from a planar transducer at pulsed frequencies of around 1 kHz
to aid in healing of fractures and non-unions. Although LIPUS has been found to reduce
healing time in these situations (by up to 38%), the mechanism of action has yet to be fully
elucidated (Della Rocca 2009). In addition, extracorporeal shock wave therapy (ESWT) has
been used to stimulate healing in fractures with delayed unions or non-unions. ESWT
devices deliver high-amplitude, focused shock waves (up to 50 MPa peak positive and 15
MPa peak negative pressures) at a very low pulse repetition frequency (1-4 Hz). These two
techniques, ESWT and LIPUS, are strikingly different, yet are reported to provide a similar
desired effect of nonunion fracture healing.

Ultrasound has also been used in animal models in an attempt to mitigate bone loss induced
by spinal cord injury, ovariectomy and neurectomy, yet the results remain controversial
(Carvalho and Cliquet Junior 2004; Cook et al. 2001; Ferreri et al. 2011; Gollwitzer et al.
2013; van der Jagt et al. 2013; Warden et al. 2001a; Yang et al. 2005). In particular, Ferreri
etal. (2011) applied LIPUS to the L4 and L5 vertebrae in ovariectomized rats for 20 min
daily, 5 d a wk, for 4 wk, and observed partial mitigation of trabecular bone loss compared
with the control group. The hypothesized mechanisms for this effect include ultrasound-
induced microstreaming caused by local pressure gradients within the bone microstructure,
or the generation of an electric field caused by mechanical movement of ionic fluids within
the bone. Another author observed similar effects using low-amplitude, unfocused shock
waves (van der Jagt et al. 2013), and the hypothesized mechanism was acoustic cavitation.
However, the majority of evidence suggests that neither treatment of the intact bone by
shock waves nor treatment of the bone by LIPUS is efficient in mitigating bone loss
(Carvalho and Cliguet Junior 2004; Warden et al. 2001a; Yang et al. 2005).
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The goal of the present study was to evaluate whether bone loss could be mitigated
indirectly by targeting the pulsed ultrasound treatment to the muscle adjacent to the bone of
interest and potentially stimulating the musculoskeletal environment. To model appendicular
bone loss, we employed a mouse model of disuse using onabotulinumtoxinA (Obtx) to
induce paralysis of the calf muscle, which results in rapid degradation of trabecular bone in
the proximal tibia (Poliachik et al. 2010; Warner et al. 2006) This model has been found to
reduce, but not remove, ground reaction forces in the affected limb (Manske et al. 2011).The
resulting maximum trabecular bone loss in this model occurs approximately 12 d after Obtx
injection; an average of 77% trabecular bone volume was lost in C57B6 mice. Pulsed
focused ultrasound (pFUS) mimicking physiologic muscle contraction rates or LIPUS
frequency for fracture healing (1 kHz) (Azuma et al. 2001; Leung et al. 2004b) was applied
to the calf muscle after paralysis in an attempt to mitigate the associated bone loss. The
effect of the intervention on the structure of the trabecular bone in the proximal tibia
metaphysis was evaluated with micro-computed tomography (mi-croCT), and the potential
damage to the muscle tissue was evaluated via histology.

METHODS

Experiment design

All studies were approved by the University of Washington Institutional Animal Care and
Use Committee. Mice were group housed with access to food and water ad libitum, with free
ambulation. Seven groups of female 16 wk-old C57B6 mice (n = 8 per group) were injected
with Obtx (2 U/100 g weight, 20 L), and one group was injected with saline (20 uL, n = 8),
in the midbelly of the right calf on day 0. A group of animals was assigned to each of the six
pFUS exposure parameter sets listed in Table 1 (Low20, High20, Low80, High80, Low1k,
High1k). Two sets of animals received sham exposures: one group received the standard
Obtx injection, and the other received a saline injection. Starting on d 1, each animal
underwent a 15 min-long pFUS treatment or sham exposure once per day as described
below, for 4 d. On d 5, the animals were sacrificed, and both left and right tibiae were
collected for microCT analysis (described below). The left tibia served as an internal control
for the experimental right tibia. The calf muscles were carefully dissected away from the
bone and placed in 10% neutral buffered formalin. Samples were cryoprotected before being
embedded longitudinally in optimum cutting temperature medium (OCT, Sakura Finetek,
Torrance, CA, USA) by immersion in isopentane cooled on dry ice. Eight micrometer
sections were stained with hemotoxylin and eosin (H&E) and visualized on an upright
microscope (Eclipse 80i, Nikon, Japan).

Pulsed focused ultrasound exposures

Figure 1 depicts a schematic of the experimental setup. Under isoflurane anesthesia and
before the ultrasound treatment, hair was thoroughly removed from the right hindlimb of the
mouse using depilation lotion (Nair), and the skin was wiped with alcohol to remove
cavitation nuclei. Each mouse was placed in a custom holder that extended the right leg such
that the pFUS focus could be aligned through the sagittal plane of the calf (lateral to medial)
without approaching the bone. The animal holder was attached to a computer-controlled
three dimensional (3D) positioning stage (Velmex, Bloomfield NY, USA) to align the calf
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midbelly with the transducer focus. With the mouse’s head above water, all of the pFUS
exposures were performed in a tank of heated (36°C), filtered and degassed water using an
air-backed, spherically focused piezoelectric transducer operating at the frequency of 2.158
MHz (45 mm radius of curvature and focal length) that was custom built in-house. The
transducer was driven by a function generator (Agilent 33250A, Agilent, Palo Alto, CA,
USA) and a power amplifier (150 W, ENI-150, ENI, Rochester, NY, USA). The transducer
focus was positioned so that both the focal area (12.6 x 1.9 mm) and the first side lobe
would be located within the calf muscle midbelly, without extending to the tibia. This was
possible because of the choice of somewhat higher frequency (2 MHz) compared with
standard LIPUS frequencies of 1- 1.5 MHz. The calf muscle measured at least 8 mm axially
and 6 mm laterally; the focal ultrasound pressure distributions relative to the bone and skin
surfaces are illustrated in Figure 2c and d. The lateral alignment was performed by marking
the treatment spot on the skin of the calf midbelly and aligning the spot such that it almost
touched a removable pointer tip that corresponded to the transducer focus. The pointer was
then removed, and the limb was moved 3 mm toward the transducer to adjust the depth of
the focus within the calf. This procedure was compared with the focus placement guided by
B-mode ultrasound imaging (HDI-1000 scanner with CL10-5 probe, Philips Medical
Systems, Bothell, WA, USA) during the first several treatments, and was found to have the
same precision.

Six sets of ultrasound exposure parameters were used in this study, as summarized in Table
1. Our choice of the pFUS exposure parameters—ultrasound intensity, pulse duration, pulse
repetition frequency and treatment duration—was guided with consideration toward
reducing the possibility of damage to the skin or muscle tissue and reducing potential
physical effects of ultrasound on the tissues present in the pFUS focus (muscle, fascia,
nerve, neuromuscular junction). Based on the literature, the periodic directional tissue
displacement caused by acoustic radiation force was hypothesized to be one possible
mechanism for tissue stimulation (Gavrilov et al. 1996). The frequency of that displacement,
that is, ultrasound pulse repetition frequency (PRF), was chosen to mimic the frequency of
motor nerve firing related to either tonic muscle contractions (20 Hz) or walking (80 Hz)
(Hennig and Lomo 1985). The third PRF setting of 1 kHz was chosen equal to that used
previously by others in LIPUS fracture healing treatments (Azuma et al. 2001; Leung et al.
2004b). The maximum tissue displacement in the direction of ultrasound propagation,
occurring at the transducer focus, was estimated using a simplified analytical solution to the
inhomogeneous wave equation for elastic solid material (Andreev et al. 1997):
Azr=arglg,,to
pcice

M

where a = 0.11 Np/cm is the coefficient of ultrasound absorption in skeletal muscle; r = 0.54
mm is the characteristic transverse ultrasound beam radius, given that the beam profile is
approximated by the function (1 + (r/ rg)2)~3/2:1gppa is the spatial peak pulse average
intensity of the ultrasound beam; tj is the pulse duration; p = 1041 kg/m is tissue density;
and c; = 1500 m/s and c; = 4 m/s are the speeds of longitudinal and shear ultrasound wave
propagation in tissue, respectively (Duck 1990; Gennisson et al. 2003). At the Low setting,
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the tissue displacement was estimated to be 0.09 um, whereas at the High setting, the tissue
displacement was estimated to be 0.18 um (see Table 1).

The choice of ultrasound intensity was dictated by two factors: avoiding substantial tissue
heating and promoting ultrasound-induced cavitation. Tissue heating resulting from
ultrasound absorption is known to decrease the nerve conduction velocity reversibly or,
above a certain level of heating, irreversibly (Tsui et al. 2005). Ultrasound-induced
cavitation is another form of mechanical impact on tissue that is believed to stimulate tissue
regeneration in other applications such as bone nonunion healing and wound healing (Elster
et al. 2010; Gollwitzer et al. 2013; Kuo et al. 2009). To induce cavitation activity in tissue,
the peak rarefactional pressure has to exceed cavitation threshold, which, although still
controversial, is believed to be 6.5 MPa (Hwang et al. 2006). Another factor that is known to
promote cavitation activity in tissue is the presence of shock fronts in the ultrasound
waveform that develop as a result of non-linear propagation effects at high output intensities
(Maxwell et al. 2013).

On consideration of all of the above, two acoustic output power settings were chosen that
will be referred to as “Low” and “High.” The focal waveforms corresponding to Low and
High settings were measured in water at the transducer focus using a fiberoptic probe
hydrophone and are illlustrated in Figure 2a. The pressure waveform at the High setting
contains a shock front, and the pressure amplitudes (peak positive pressure is 30 MPa, peak
negative pressure is 8 MPa) are similar to these used in shock wave therapy of bone non-
unions (Elster et al. 2010). At these pressure levels, one would expect cavitation activity in
tissue. At the Low setting, the pressure amplitude is lower, but the waveform is still non-
linearly distorted, and the pressure levels are similar to those used in ultrasound treatment of
diabetic wounds (Kuo et al. 2009). Cavitation is less likely to occur at this level. In the case
of a pulse repetition frequency of 1 kHz, both High and Low output levels were adjusted to
maintain time-averaged ultrasound intensity similar to that used in the 20 and 80 Hz High
and Low groups. The corresponding focal waveforms are shown in Figure 2b.

Pulse durations were chosen to be 5.3 ps, for all exposures. Temperature elevation in the
muscle tissue resulting from absorption of a single ultrasound pulse, at each output level,
was estimated without taking into account the harmonic content of the non-linearly distorted
waveforms and assuming linear absorption; the difference between the two at the intensities
used is known to be insignificant (Khokhlova et al. 2009). Heat diffusion was accounted for
using an approximate solution for focused transducers derived previously (Parker 1983).
The physical properties of murine muscle tissue needed for the calculations were taken from
the literature (Duck 1990). In all cases, the maximum estimated temperature elevation per
pulse did not exceed 0.01°C to 0.03°C throughout the exposure.

Another physical effect of focused ultrasound that could potentially influence skin and/or
muscle tissue is streaming that develops in water close to the transducer focus and may
impinge on the water-tissue interface. Flow velocities induced in water by the same focused
ultrasound transducer as used here were directly measured in water previously (Al-Qraini et
al. 2013) and were found to depend strongly on the focused ultrasound pulse duration. At the
pulse duration of 100 ps and peak intensity of 14,000 W/cm? , the maximum observed flow
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speed was only 2 cm/s. Therefore, under our experimental conditions, this effect could be
neglected.

Cavitation detection

To identify whether any of the chosen pFUS exposures induce measurable cavitation
activity in the mouse calf muscle, a separate series of ex vivo experiments were performed.
A total of six animals were used immediately after euthanasia. The general setup was the
same as for the pFUS treatment, with the addition of a focused passive cavitation detector
(PCD), aligned confocally with the pFUS transducer, as illustrated in Figure 3a. The PCD
was a 5 MHz focused piezo-ceramic transducer (aperture = 12.5 mm, radius of curvature =
63.5 mm), with a bandwidth of 3.3-7 MHz at the —6 dB level (Olympus Panametrics NDT-
V309). The signals received by the PCD were amplified by 20 dB (Panametrics PR5072,
Waltham, MA, USA) and recorded during each pFUS pulse by a digital oscilloscope
(LeCroy Wave-Surfer 42Xs) at the sampling frequency of 200 MHz. All muscle samples
were subjected to each exposure in Table 1 for 10 s. The signals received by the PCD were
analyzed in the frequency domain for broadband noise emissions and ultraharmonic content.
The broadband noise level was calculated as a spectral amplitude integral within the
frequency band 4.8-5.8 MHz, located between the second and third harmonics of pFUS.

The results of these measurements indicated no cavitation activity in any of the exposures
used. The broadband emission level did not exceed the noise level, and the ultraharmonics
were not detected even at the highest focal pressure setting and highest PRF (High80). An
example of the corresponding PCD signal spectrum is represented in Figure 3b as a thick
black line. In an attempt to find the cavitation threshold, the pFUS pulse duration at the
High80 setting was then gradually increased, and the first signs of cavitation activity were
observed when pulse duration exceeded 23-46 ps, for different muscle samples. An example
of a PCD signal in the frequency domain, corresponding to a 46 s pFUS pulse, is
represented in Figure 3b as a gray line. The broadband noise level is markedly elevated, and
the ultraharmonics are clearly visible. Based on the results described above, it was
concluded that cavitation activity that is violent enough to be measurable is unlikely to occur
during any of the exposures used in this study. However, because any PCD transducer has a
finite sensitivity, more subtle cavitation events may have occurred and evaded detection by
this system.

Micro-computed tomography

Using a custom alignment device, we conducted all imaging ex vivo in the Seattle
Craniofacial Center’s Small ANimal Tomographic Analysis (SANTA) Facility with a
SkyScan 1076 high resolution microCT scanner (Bruker-microCT, Kontich, Belgium) to
obtain an 18 pm isotropic voxel resolution image of the proximal tibia in control and
experimental hindlimbs. Parameters for scanning were 55 kV tube voltage, 190 pA tube
current, no filter, 360 ms integration time and 0.7° rotation step. During each scanning
session, flat field correction was completed. Raw data was reconstructed using NRe-con
(Bruker-microCT). Thresholding was completed by visual inspection, matching the binary
image to the grayscale image.
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The specific region of analysis was a 0.9 mm thick section spanning the proximal tibia
metaphysis (specifically, the region from the distal edge of the growth plate to 0.9 mm
below) to assess and quantify trabecular bone parameters, as analyzed using CTan (Bruker-
microCT). Volume renderings of trabecular bone were created using CTVol (Bruker-
microCT). Several trabecular bone parameters were assessed and include trabecular bone
volume (BV/TV, %), which indicates the fraction of the volume in the assessed region (total
volume [TV]) that is filled with mineralized bone (bone volume [BV]); the value will
decrease when bone is degraded. Also, specific bone surface (BS/BV, 1/mm) is computed as
bone surface (BS) divided by mineralized bone volume (BV) and is a basic parameter used
to characterize the complexity of trabecular structures; this parameter will increase with
trabecular bone loss. These parameters are used to assess changes in bone volume or bone
turnover, respectively. Trabecular bone thickness (Th.Th, mm) is reported as the mean value
of the trabecular structure thickness within the region of interest, in this case the assessed
volume in the proximal tibia metaphysis. Trabecular number (Tbh.N, 1/mm) represents the
number of traversals across the region of interest. Low values of Tb.Th and Th.N indicate
lower stability of the trabecular bone structure. The trabecular pattern factor (Th.Pf, 1/mm)
is a measure of trabecular structure complexity; a low Th.Pf signifies better connected
trabecular lattices, whereas a higher Th.Pf represents a more degraded trabecular structure.
Thus, loss of bone structure is indicated by decreases in trabecular thickness and number and
increases in trabecular pattern factor.

Statistical analysis

Within each mouse, the analyses evaluated an experimental limb in comparison to a control
limb; therefore, all of the parameters are expressed as percentage change to the experimental
limb. Independent t-tests were used to evaluate differences in the tibia trabecular bone
parameters between the Obtx sham, Saline sham and pFUS treatment groups. All data are
reported as means * standard errors, with p < 0.05 considered to indicate statistical
significance for all comparisons.

RESULTS

All mice included in the analysis visibly displayed paralysis within 24 h of the Obtx
injection (lack of ability to extend toes or flex ankle while suspended). If mice did not
display paralysis, they were excluded from the study (n = 2, from High20 and Low1k
groups). Experiments were performed on groups of mice over the course of five separate
experiment sessions, and one set of mice was excluded from the analysis because of
insufficient starting weight (minimum weight to participate in the study was 19.5 g). After
pFUS exposure and return to consciousness, as a surrogate of pain assessment, we observed
each mouse ambulating freely about the cage with no sign of altered weight bearing
compared with its pre-exposure gait.

Figure 4 summarizes the results of microCT analysis of bone loss in the different study
groups. As expected, the Obtx group exhibited trabecular bone degradation, appearing as a
substantial BV/TV loss, increase in BS/ BV, considerable Th.Th and Th. N loss and a rise in
Th.Pf. According to the experimental data, bone loss occurred in all groups of mice, but the
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loss was diminished by the Low20 pFUS treatment. Because of the method of analysis, ex
vivo microCT scanning and quantitative comparison of the experimental bone with the
contralateral, our results have a standard deviation that is larger than that observed in our
previous studies (Poliachik et al. 2010). As such, no statistically significant differences in
any of the trabecular bone parameters were observed between the Obtx and Saline sham
groups, although the overall trend toward bone degradation was similar to our previous
observations. The Saline sham group experienced some bone loss in the injected limb. This
may potentially be caused by acute inflammation at the injection site (Stei et al. 1996;
Thuilliez et al. 2009), which may have a detrimental effect on bone quality (Elkasrawy et al.
2012).

Overall, the Low?20 treatment appears to be most successful at mitigating the changes to
trabecular bone architecture in comparison to the Obtx sham group. Although no significant
differences were observed in BV/TV between the sham and experimental groups (Fig. 4a),
significant mitigation of a rise in BS/BV for the Low20 group was seen compared with the
Obtx group, denoting trabecular bone preservation (Fig. 4b). Other parameters describing
trabecular bone morphology (Th.Th, Th.N and Th.Pf [Fig. 4c, d, and e, respectively]) also
exhibited degradation in all mice, but the Low20 pFUS treatment appeared to diminish these
changes, although not statistically significantly.

The other physiologic pFUS exposure using low intensity, Low80, did not influence any of
the bone parameters, and the outcome was quite similar to that of the Obtx sham group. In
fact, measures of BS/BV and Th.Pf for the Low80 group were statistically degraded
compared with those for the Saline sham group. The treatments that used high ultrasound
pressure amplitude and contained shock fronts (High20, High80) did not influence bone
loss, with no statistically significant difference from the Obtx sham group, whereas
compared with the Saline sham group, the High20 group had statistically significant
increases in BS/BV and Th.Pf. The opposite trend with respect to ultrasound amplitude was
observed between the outcomes of the two pFUS treatments mimicking LIPUS (Low1k and
High1k). Although the Low1k exposure did not influence bone loss as assessed with all of
the reported bone parameters (statistically significant differences between the Low1k and
Saline sham groups for Th.N and Th.Pf, but not the Obtx group), the Highlk exposure led
to more moderate degradation in BS/BV and Th.Pf.

Overall, the data indicate that the Low?20 treatment preserved trabecular connections moreso
than other treatments and resulted in an outcome very similar to that of the Saline sham
group. Examples of trabecular bone volumes from a tibia adjacent to a Low20-treated calf
compared with the tibia in the Obtx sham limb and the corresponding contralateral limbs are
illustrated in Figure 5.

Figure 6 displays representative images of the histologic sections of the calf muscles stained
with H&E. The muscles were collected from mice that were assigned to the following
groups: (a) Obtx sham; (b) Low?20 treated; (c) High80 treated; (d) Saline sham; (e) a no
injection, no treatment control (left calf). None of the analyzed histologic samples displayed
evidence of damage that could be attributed to pFUS treatment. Samples in all groups
exhibited evidence of localized perifascicular inflammation (e, f). No qualitative differences
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were observed between treated and untreated samples. It is worth noting here, however, that
the calf muscles were collected 24 h after the last pFUS treatment, and some of the short-
lived changes that may have been induced by the subtle cavitation events may not be
discernible at that time point. The images provided here, together with the observations from
passive cavitation detection, indicate that violent cavitation, such that would result in gross,
irreversible changes in muscle fibers, may be ruled out.

DISCUSSION

Our results indicate that pFUS may be a promising tool to mitigate bone loss resulting from
paralysis or limited mechanical loading. At least partial mitigation of bone degradation was
observed in multiple trabecular bone parameters for one combination of ultrasound exposure
parameters—that mimicking the rate of tonic muscle contractions (20 Hz) and non-linearly
distorted, without a shock front (Low power). The overall lack of trabecular bone alteration
led to significant preservation of specific bone surface (BS/BV) in the Low20 group
compared with the Obtx sham group. Interestingly, the Low20 average intensity was the
lowest among all the treatment groups (see Table 1) and closely approached the average
intensity used by Ferreri et al. (2011) in the LIPUS treatment of osteopenic rat vertebrae (0.1
mW/cm? ). The LIPUS transducer used in that study was flat, with the aperture much larger
than rat vertebrae, so that the surrounding muscle was likely affected as well. Whether this
was an intended effect or coincidence remains to be determined.

The Low80 treatment, mimicking the rate of muscle contractions during walking, was not as
successful at preserving trabecular parameters as the Low20 treatment. The exposures with
the focal waveforms containing shock fronts (High20 and High80) at higher output power
and higher peak negative pressure were not effective at mitigating bone loss, suggesting that
a mild stimulus without shock fronts may be more apt to induce local environmental
changes within the muscle that are conducive to positively influencing trabecular bone
morphology. The exposures at lower output power with a pulse repetition frequency similar
to those used in LIPUS treatment (Low1k and High1k) did not yield a statistically
significant benefit with respect to bone loss mitigation.

In considering the physical and biological mechanisms leading to the observed effect, two
different interpretations are possible. In the first interpretation, localized acoustic radiation
force and the associated tissue displacement are considered a primary physical mechanism.
First, acoustic radiation force may influence neural activity by causing localized relative
displacement of the peripheral sensory and/or motor nerve membranes and induce excitation
of the action potential. Evidence for this mechanism was provided in a number of studies
where pFUS at moderate time-averaged intensities stimulated sensory nerve activity
(Gavrilov et al. 1996). In turn, bone is highly innervated, and the sympathetic nervous
system has been reported to affect bone remodeling (Elefteriou 2005, 2008; Imai and
Matsusue 2002; Lam et al. 2012). The tibial nerve supplies sensory innervation to calf
muscles and the proximal tibia (Ivanusic 2009), and sensory nerves have been found to
influence bone structure (Offley et al. 2005). Thus, the neuronal signaling induced by pFUS
in muscle could potentially be muting the signal leading to the osteoclast activation that
causes bone loss. As well, acoustic radiation force may affect muscle by causing localized
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tissue displacement in the focal area, potentially altering the environment in the adjacent
bone through muscle-induced strain. In the second interpretation, acoustic cavitation within
the nerve, neuromuscular junction and/or muscle is considered the primary physical
mechanism. Although no evidence for cavitation was observed in the PCD measurements
performed in this study, the more subtle emissions may have evaded detection. This
hypothesis seems more plausible if one considers the possibility for intramembrane
cavitation (Krasovitski et al. 2011), which, according to the theory, does not require large
pressure amplitudes. If the bubble oscillations in the nerve cause sufficient displacement of
the membrane to induce the action potential, neuronal signaling may affect bone remodeling
in the similar fashion as in the first interpretation. If the cavitation occurs in the muscle
itself, it may induce an array of short-lived molecular responses in the muscle including the
upregulation of cytokines, growth factors and adhesion molecules. For example, other
authors have observed reversible, transitory opening of the gaps between myofibrils and
infiltration by macrophages after the exposure of muscle to pFUS (Burks et al. 2011;
Hancock et al. 2009). Some of these molecules stimulate osteoblast proliferation (Chen et al.
2012; Maes and Geert 2008; Marie et al. 2012), though it remains to be seen if release of
these factors in muscle can influence bone structure.

In both interpretations, it is not surprising that the Low1k and Highlk exposures did not
have any effect on bone loss, because the estimated tissue displacement was an order of
magnitude smaller than the displacement at other exposure levels, and the peak negative
pressure levels were not sufficient to induce intramembrane cavitation. However, the failure
and somewhat detrimental effect of exposures performed at the High power setting are better
explained by the intramembrane cavitation interpretation. To clarify both the physical cause
and the biological pathway, additional studies are needed, in which neuronal signaling,
muscle activity and bone mechanical loading would be evaluated during and after pFUS
treatment, and osteoblast and osteoclast activity and molecular signaling pathways are
evaluated as well. Along with optimizing the specific treatment parameters (daily dose,
overall treatment duration), long-term studies are also needed to verify mitigation of bone
loss.

As mentioned in the Results section, the study design using the contralateral limb as an
internal control led to an increase in the variability in the results. In our previous studies
(Poliachik et al. 2010), a serial time point design yielded much more consistent results, in
which the affected limb was scanned before the experiment and at specific time points
thereafter to assess bone changes within the limb. Therefore, the fact that in the present
study one of the metrics of bone loss (BS/BV) reached statistical significance between Obtx-
and FUS-treated groups, and other metrics indicated a trend toward statistical significance,
suggests that with a better choice of the control, the results may have reached statistical
significance. Additionally, we did not assess cortical bone changes in the tibia, because the
short duration of the experiment precluded such analyses. In a former study (Poliachik et al.
2010), cortical bone changes were not significant for this dose of Obtx until day 12.

Two previous studies evaluated LIPUS as a means to mitigate postmenopausal or spinal
cord injury-induced bone loss in humans (Leung et al. 2004a; Warden et al. 2001b). The
LIPUS treatment was not successful in mitigating the bone loss in intact bones. This is likely
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due to strong ultrasound reflection at the soft tissue-bone interface, as well as extremely high
ultrasound attenuation within human bone cortex that permits ultrasound penetration only
into the outermost layers of bone cortex (Warden et al. 2001b). Ultrasound is more
successful in treating bone non-unions because the fracture gap allows for ultrasound
penetration toward the injured area to induce cavitation and/or microstreaming. It is also
worth noting here that bone cortex in small animals that often serve as research models, like
rats and rabbits, is much thinner than that in humans, and therefore, ultrasound is more
unlikely to penetrate human bone to produce the desired bio-effect.

In considering potential clinical applications of pFUS treatment, it is important to
acknowledge that various medical conditions may cause bone loss through different
mechanisms, and it is therefore essential to use a relevant animal model of bone loss. The
Obtx model used in this study appears to most closely mirror the bone loss resulting from
lack of muscle function, such as that resulting from spinal cord injury or stroke. To study
microgravity-induced bone loss, many authors have used hindlimb unloading (HU). In a
recent study comparing the Obtx model of bone loss to HU, osteoclast recruitment appears
to be the dominant mechanism in Obtx-induced bone loss (Aliprantis et al. 2012), whereas
bone loss in the HU model appears to be driven by an increase in osteoclast recruitment in
conjunction with osteoblast downregulation (Warden et al. 2013). To mimic age-related
hormonally induced bone loss in women, ovariectomy has been used, and is characterized as
having increased osteoclast and osteoblast activity. The complex environment that occurs
with the loss of estrogen leads to general skeletal bone loss (Li et al. 2011). Thus, further
studies evaluating pFUS-mitigated bone loss using other animal models are needed to assess
its usefulness across bone loss paradigms.

The major potential challenge that may be encountered with this treatment clinically is that
the pFUS procedure may cause pain or discomfort to the patient. In fact, it is unlikely that
the patient will not feel the treatment at all, because data in the literature indicate that much
lower pressure levels and shorter pulses do cause varying sensations, ranging from cold or
warm to the sensation of touch and pain (Gavrilov et al. 1977). Elucidating the physical and
biological mechanisms of this treatment and defining ultrasound parameter thresholds for
bone loss mitigation would help in the search for solutions to alleviate potential pain, such
as reducing the pressure level, reducing or increasing the pulse duration or constantly
varying the focus location, similar to physical therapy procedures.

CONCLUSIONS

The intent of this study was to evaluate whether pFUS treatment specifically targeting
muscle, not bone, could diminish bone loss in mice that were partially paralyzed and did not
display typical mechanical loading of the paralyzed limb. We found that pulsed focused
ultrasound treatment of paralyzed muscle has the potential to be a promising modality to
mitigate paralysis-induced bone loss. In these experiments, we evaluated some of the
ultrasound parameters and found that shock waves at high intensities do not appear to be as
effective as non-linearly distorted waves at low power. In addition, a PRF of 20 Hz,
mimicking the firing rate of postural muscles, appears to be more effective than other PRFs
tested here, including the PRF typically used in fracture healing with LIPUS (1 kHz). The
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combination of the Low power setting with the PRF of 20 Hz most successfully mitigated
bone loss in this model, with 36% of the trabecular bone rescued. Because these experiments
targeted muscle alone while specifically avoiding bone, the optimal pFUS parameters
identified here may be different from the parameters used in ultrasound treatments applied
directly to the bone. Future studies will investigate both mechanical and biological
mechanisms of this treatment in an effort to optimize pFUS application.
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Fig. 1.

(a) Experimental setup for pulsed focused ultrasound (pFUS) treatment of the mouse calf
muscle, as described in the text. Treatments were performed in a heated water bath to ensure
good acoustic coupling, (b) The leg is rotated 90°, and the positioning of the ultrasound
focus is indicated. The long axis of the transducer focus lies completely within the muscle
midbelly without approaching the tibia. The region of micro-computed tomography analysis

is noted in the proximal tibia.
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Fig. 2.

Ultrasound fields produced by the 2 MHz transducer, as measured by the fiberoptic probe
hydrophone in water. (a) Non-linearly distorted ultrasound pulses, measured at the focus,
used in the exposures with 20 and 80 Hz pulse repetition frequencies (top), and detailed
view of the highest amplitude section of the pulse produced with “High” (thin line) and
“Low” (thick line) power output settings (bottom). Dashed arrows mark the shock front that
forms in the case of the “High” setting. (b) Lower amplitude, linear pulses used in the
exposures with 1 kHz pulse repetition frequency (top), and detailed view of the highest
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amplitude section of the pulse (bottom). (c, d) Peak pressure distributions in the focal region
across (c) and along (d) the transducer axis, in linear (thick line) and non-linear regimes
(thin line for peak positive pressure and dotted line for peak negative pressure). The vertical
lines mark the relative position of the tibia (c) and the skin-water boundaries (d). As seen,
the focus was placed so that the calf would be affected directly by the main lobe. The second
side lobe was incident on the tibia, whereas the first side lobe could potentially affect it in
some cases because of small inaccuracies in positioning of the limb (x0.25 mm). However,
the side lobes were unlikely to produce any bioeffect inside the bone because of the very
short pulse duration and low amplitude. The maximum peak negative pressure at the bone
surface (High80 exposure) was 20% of the peak negative pressure in the main lobe, or 1.8
MPa (corresponding mechanical index = 1.2), and the maximum peak positive pressure was
2.1 MPa.
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Passive cavitation detection (PCD) in ex vivo murine calf muscles (n = 6) was performed
during each pulsed focus ultrasound (pFUS) exposure listed in Table 1. (a) Measurement
arrangement: The 5 MHz PCD transducer was positioned confocally with the pFUS
transducer. (b) Cavitation occurrence, as measured by the level of broadband noise
emissions and the amplitude of ultraharmonics, was not observed in any of the pFUS
exposures, even at the highest focal pressure level (High80). To induce measurable
cavitation activity, the pulse duration had to be increased from 5.3 us up to 23-46 ps at the
High80 setting. Examples are provided of the spectral amplitude of PCD signals recorded
during a 53-ps pulse (black ling) and a 46-ps pulse (gray line), in which the presence of

broadband noise and ultraharmonics is clear.
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Trabecular bone loss in mouse proximal tibia 5 d after onabotulinumtoxinA (Obtx)-induced
paralysis of the calf muscle and pulsed focused ultrasound (pFUS) treatment of the muscle,

evaluated with ex vivo micro-computed tomography. The results are expressed as percentage

change relative to the contralateral, non-experimental limb. (a) BV/TV (bone volume/total
volume) = Trabecular bone volume: higher loss indicates bone degradation. (b) BS/BV =
specific bone surface: higher change indicates bone loss. (c) Th.Th = trabecular thickness:
higher loss indicates bone degradation; (d) Th.N = trabecular number: higher loss indicates
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bone degradation. (e) Th.Pf = trabecular pattern factor: higher change indicates bone loss.
Treatment group abbreviations are described in Table 1. Animals per group: Obtx sham, n =
7; Saline sham, n = 6; Low20, n = 6, High20, n = 6; Low80, n = 7; High80, n = 5; Low1k, n
=5; Highlk, n = 6. Data are presented as averages + standard errors. *Significant difference
from the Obtx sham group at p < 0.05. TSignificant difference from the Saline sham group at
p < 0.05.
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Example images of 3D volume renderings of micro-computed tomography data reveal the

proximal tibia with the trabecular bone extracted in both the experimental (right) and
contralateral (left) limbs. Top: Animal injected with ona-botulinumtoxinA (Obtx) and

treated with pulsed focused ultrasound (pFUS) using the Low20 treatment protocol. Bottom:
Animal from the Obtx sham group. This image qualitatively indicates the ability of pFUS
treatment of the paralyzed muscle to mitigate paralysis-induced trabecular bone loss (Obtx +
Low20 pFUS). Mean values for the different parameters characterizing bone loss for all

experimental and sham groups are given in Figure 4.
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Fig. 6.
Representative histologic images of formalin-fixed calf muscle stained with H&E. Images

reveal longitudinal muscle fibers (pink) with nuclei (purple). No damage was detected in the
(a) Obtx sham, (b) Low20-treated, (c) High80-treated, or Saline sham (image not shown)
limb compared with (d) an uninjected contralateral limb. There was some evidence of
localized mild perifascicular inflammation in many of the injected tissue muscles, whether
sham treated or ultrasound treated. Examples of inflammation {arrowhead) in Obtx sham (e)
and High80-treated (f) samples are presented. Bar = 100 um (a—d) and 40 pm (e-f).
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