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Abstract

Low-intensity whole-body vibration (LIWBV) may stimulate bone healing, but the involvement of vascular
ingrowth, which is essential for bone regeneration, has not been well examined. We thus investigated the
LIWBYV effect on vascularization during early-stage bone healing. Mice aged 13 weeks were subjected to
cortical drilling on tibial bone. Two days after surgery (day 0), mice were exposed daily to sine-wave
LIWBYV at 30 Hz and 0.1 g peak-to-peak acceleration for 20 min/day (Vib) or were sham-treated (sham).
Following vascular casting with a zirconium-based contrast agent on days 6, 9, or 12 and sacrifice, vascular
and bone images were obtained by K-edge subtraction micro-CT using synchrotron lights. Bone
regeneration advanced more in the Vib group from days 9 to 12. The vascular volume fraction decreased
from days 6 to 9 in both groups; however, from days 9 to 12, it was increased in shams, while it stabilized
in the Vib group. The vascular volume fraction tended to be or was smaller in the Vib group on days 6 and
12. The vessel number density was higher on day 9 but lower on day 12 in the Vib group. These results

suggest that the LIWBV-promoted bone repair is associated with the modulation of vascularization, but

additional studies are needed to determine the causality of this association.
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1. Introduction

Prolonged bed rest or physical immobility following bone fractures, especially hip fractures in older people,
may induce deconditioning and motor deterioration. This could lead to severe secondary complications that
require nursing care or even lead to in-hospital death [18, 23, 26]. Therefore, shortening the duration of bed
rest by accelerating healing of fractures and allowing for early rehabilitation or partial weight-bearing are
clinically important [61]. Bone regenerative capacity is mechanical stimulus-dependent and moderate
loading accelerates healing of fractures [3, 54]. Therefore, mechanical stimuli, if available soon after
treatment for fractures, will accelerate healing of fractures towards early achievement of structural
resistance needed for undergoing rehabilitation.

Potential mechanical stimuli available during the early stage of healing of fractures may be
provided by low-intensity whole-body vibration (LIWBV). LIWBV delivers mechanical stimuli to the
appendicular and axial skeleton via a high-frequency and low-magnitude vibrational platform [40, 49].
Compared with loading modalities that induce large-magnitude mechanical signals, a low intensity (< 1 x
g in general; g = 9.81 m/s?) of LIWBY enables it to be more accessible for patients with fractures at a stage
prior to rehabilitation. The benefits of LIWBYV have been reported in fracture healing in rodent models [29,
43, 53, 56].

Vascular ingrowth, which is an essential process for inducing bone regeneration during healing
of fractures [7, 52, 55], is involved in LIWBV-stimulated healing of fractures. Hypoxia due to vascular
disruption accompanying bone injury stimulates production of angiogenic factors, such as vascular
endothelial growth factors, by promoting accumulation of hypoxia-inducible factors [27, 50]. This pathway
is a critical mediator of angiogenesis and is modulated by mechanical stimuli. Unloading-induced
retardation of healing of fractures is associated with decreased angiogenesis [2, 35, 37, 59], whereas
mechanical stimuli can enhance angiogenesis along with osteogenesis for bone regeneration [4, 19, 39].

The pro-angiogenic response to LIWBYV has been reported in a rat femoral closed fracture model
[8]. However, detailed data on vascularization relevant to LIWBV-stimulated healing of fractures are still
lacking. To address this gap in knowledge, we evaluated the involvement of vascularization in LIWBV-
enhanced bone regeneration during early-stage healing in mice. Using a zirconium-based contrast agent
(ZrCA) for vascular casting [33] and its K-edge absorption spectra, three-dimensional images of vasculature

and newly formed bone were acquired by synchrotron radiation-based subtraction micro-CT (SRSuCT).
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2. Methods
Experiments were conducted in accordance with the guiding principles of the American Physiological
Society and with the approval of the Animal Research Committee of Osaka University Graduate School of

Engineering Science. Details on ZrCA and SRSuCT have been described elsewhere [33].

2.1 General procedures
Forty-eight, 13-week-old, male C57BL/6 mice (Clea Japan, Tokyo, Japan), which is an inbred strain
exhibiting highly mechanosensitive bones [25, 48], were anaesthetized with isoflurane. The skin over the
medial aspect of the right lower leg was shaved, swabbed with povidone iodine, and incised. A full-
thickness unicortical hole was created approximately 3 mm proximal to the tibio-fibula junction using a
0.5-mm diameter drill rotating at 11,000 rpm (Muromachi Kikai, Kyoto, Japan). Drill margins were
frequently irrigated with saline to avoid thermal necrosis, and the drill hole was rinsed with a flushing
syringe to discard bone fragments. After arrest of bleeding from the bone marrow, the skin was sutured and
swabbed again. All mice were singly housed in a plastic cage under controlled conditions (12-h light/dark
cycle, 25°C, 60% humidity) and allowed free access to a standard diet (CE-2; Clea Japan) and tap water.
On the second day following drill-hole surgery (day 0), the mice were randomly divided into two
groups (n = 24 each) as follows: treated with LIWBYV (Vib) and sham-treated (sham). Mice in the Vib group
were exposed daily to 20 min of vertical LIWBYV (sine wave, 30 Hz, 0.1 g peak-to-peak). Six mice at a time
were placed in a compartmented cage that was firmly screw-fixed to a rigid vibration platform. The platform
was driven by an electromagnetic actuator connected to a power supply/amplifier/controller (Big-Wave;
Asahi Seisakujo, Tokyo, Japan). Using data received from an accelerometer (P51SC; Fuji Ceramics, Tokyo,
Japan) attached to the platform, the vibration controller generated the input signal, which controlled the
gain of the amplifier to produce the required sine-wave vibration. Mice in the sham group were treated
similarly, but in a non-operated state. The interventions were commenced and introduced daily thereafter
at the same time until sacrifice.

On post-surgery days 6, 9, and 12, the animals were sacrificed for sample preparation. These

time points were chosen on the basis of conventional in vivo CT scans of mouse femora subjected to 0.8-

mm drill-hole surgery, showing that newly formed bone appeared in the defect a week after the surgery and
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woven bone bridged almost the entire defect after another week [22]. On each day of observation, eight

mice per group were laparotomized under general anaesthesia, and the abdominal artery and vein distal to
the renal branches were exposed by blunt dissection. The body was kept warm using an infrared heater
(HIR-227; Omron, Kyoto, Japan) and the gut was moistened with warmed saline as needed. Following
intravenous heparin injection (1000 U), mice were euthanized by an intraperitoneal overdose of
pentobarbital sodium, and the chest was rapidly opened by median thoracotomy. A 22 G polyethylene
catheter was inserted into the left ventricle through the apex, and the right atrium was cut open to allow
fluid to exit.

The vascular network was flushed with 50 mL of heparinized saline (37°C, 100 U/ml) and then
with 5 mL of 0.1 M phosphate buffer (37°C). This flushing was followed by gravity-feed perfusion at 120
mmHg with ZrCA (40°C). This contrast agent is a 1.2-um-filtered mixture of 30 mL of 1.2% w/v agarose
(Super LM; Nacalai Tesque, Kyoto, Japan) in 0.1 M phosphate buffer and 15 mL of a 62% w/v water-based
suspension of colloidal zirconium dioxide particles of 0.07-0.1 um (ZR40BL; Nissan Chemical Industries,
Tokyo, Japan). The phosphate buffer infusion prior to ZrCA perfusion was required to avoid any adverse
effects of saline on ZrCA. The side of the hindlimb with the defect was moved occasionally by hand to
facilitate extensive perfusion. The end point of vascular filling with ZrCA was determined by the
appearance of superficial vessels in the femoral musculature and purity of the outflow. Once perfusion was
completed, the abdominal artery and vein were ligated, and the entire body was immersed in an ice-cold
water bath for approximately 1 h and stored overnight at 4°C. The right tibia was harvested, dissected free

of soft tissue, and soaked in 4% paraformaldehyde until analysis.

2.2 Synchrotron radiation-based subtraction micro-CT

Each specimen was sealed in polyethylene tubes containing 4% paraformaldehyde and scanned by high-
resolution computed tomography (CT) (SPring-8, Harima, Japan) using monochromatic synchrotron lights
just above (18.1 keV) and below (17.9 keV) the K-absorption edge of ZrCA. A digital CMOS camera
(C11440-22CU; Hamamatsu Photonics, Hamamatsu, Japan) equipped with a 10-um-thick phosphor screen
(Gd20,S:Tb*) and a beam monitor (BM2: f = 35 mm) was used to detect the transmitted synchrotron light.
Scanning was performed over an angular range of 0-180° at 0.1° with a 0.2-s exposure per frame. For

calibration to compensate for X-ray source instability, 30 images of the X-ray beam alone were recorded at
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Fig. 1>

the start and end of each scan. For background correction, 30 dark images were also collected. Each scan
dataset was reconstructed with a two-dimensional filtered backward projection algorithm using custom-
built software. This algorithm providing contiguous two-dimensional images composed of 2.76-pum cubic
voxels with 8-hit grey-scale resolution (0 [black] to 255 [white]).

Image subtraction between 18.1- and 17.9-keV image stacks allowed selective visualization of
vascular structures owing to the sharp K-edge absorption jump in ZrCA in 18.1-keV scanning. Prior to
image subtraction for extraction of the vascular region, every image was redigitized such that the voxel
value of the linear absorption coefficient, x (/cm), was calculated by 0.392 x grey value. Pairs of 18.1- and
17.9-keV image stacks were then corrected for misalignment by mutual information-based image
registration [32]. In this process, the 18.1-keV (floating) image stack was aligned with the 17.9-keV
(reference) image stack. Bone regions in the 17.9-keV image stack were then expanded by three-
dimensional maximum filtering. This was performed to reduce unwanted residuals near bone boundaries in
the subtracted image owing to the partial-volume effect. Finally, the 17.9-keV image stack was subtracted
from the 18.1-keV image stack. The subtracted image stack was filtered with 3 x 3 x 3 voxel averaging and
the vascular region was segmented from the rest using minimum cross-entropy thresholding [45].

For quantitative evaluation of hydroxyapatite density (d.Hap, mg/cm?®), 17.9-keV images of
capillary tubes containing K;HPQ, solution at various concentrations, serving as hydroxyapatite phantoms,
were acquired in the same manner as imaging specimen. Phantom images were redigitized such that x was
calculated by 0.0588 x grey value, leading to the relation: d.HAp = 8.18 x grey value — 156 (r? > 0.999).
The original 17.9-keV image stacks were similarly redigitized and filtered by 3 x 3 x 3 voxel averaging.
All regions of x4 > 4.72/cm (i.e., d.HAp > 500 mg/cm?3), except the vascular regions, were classified as
regenerated bone. ImageJ 1.46k software with a custom C program was used for image processing. Figure
1 shows radiographs (Figure 1A, B) and reconstructed three-dimensional images (Figure 1C, D) of a
representative tibial bone defect acquired by 17.9- and 18.1-keV scanning and the extracted images of bone

and vascular structures within the defect (Figure 1E, F).

2.3 Quantitative parameters for vascular and bone structures



For structural analysis, a cylindrical region of interest (diameter, 470 um; height, 110 um) was chosen
centrally within the cortical defect. These sizes were close to but sufficiently below the initial drill-hole
diameter and the thickness of a nearby intact cortical bone, respectively. The vascular volume fraction
(V.VT, %) vessel thickness (V.Th, um), the number density of node-to-node or node-to-free-end vessel
segments (V.N, /mm?), bone volume fraction (B.Vf, %), bone thickness (B.Th, um), and bone spacing
(thickness of the background) (B.Sep, um) were calculated. Bone structural indices were calculated for
specimens on days 9 and 12, but not on day 6, because bone regeneration was barely detectable at this
healing stage. The BoneJ plugin 1.3.5 for ImageJ 1.46k [11] was used to determine all indices, except for
V.Th. For determining V.Th, the local vessel thickness was defined as the thickness of the largest sphere
falling inside the vascular space with its centre on a vascular skeleton line provided by a thinning algorithm
V.Th was defined as an average of these thicknesses over all skeleton lines. The thickness of each vessel
segment was also determined as an average of local vessel thicknesses over its skeleton line, and vessel
size-specific V.N was calculated. Using the u-d.HAp relation, local d.HAp values were determined for

newly formed bone on days 9 and 12.

2.4 Tibial bone strain measurement

Using three additional male C57BL/6 mice aged 12 weeks and weighing 25-26 g, mechanical strain on the
tibial diaphyseal surface was measured in the longitudinal bone direction under LIWBYV loading. Under
anaesthesia with pentobarbital sodium (40 mg/kg, i.p.), the skin over the medial aspect of the right lower
leg was shaved, swabbed with 2% lidocaine jelly, and incised. The antero-medial surface of the tibial
diaphysis was scraped with a cotton bud, and a miniature uniaxial strain gauge (KFR-02N-120-C1-11;
Kyowa Electronic Instruments, Tokyo, Japan) was glued with a-cyanoacrylate monomer to the surface.
Mice were placed so that they were standing on the vibrating plate during recovery from anaesthesia. The
output signal from the strain gauge was recorded over several seconds under LIWBYV and sham-LIWBV
loading at a sampling rate of 1 kHz with a sensor interface (PCD-300A; Kyowa Electronic Instruments)
and software (PCD-30A; Kyowa Electronic Instruments). After 28-32 Hz band-pass filtering, the mean
difference between consecutive bottom-top peaks of strain was calculated as an index of magnitude of the

strain signal.



2.5 Statistical analysis

The data are expressed as means = SEM unless otherwise indicated. The Kolmogorov—Smirnov test was
performed to test for normal distribution of values. Non-parametric statistical analysis was performed
because not all experimental groups were normally distributed. The two-tailed Mann-Whitney U test was
used to examine statistical significance between the sham and Vib groups, and between bone structural
indices on days 9 and 12 in each group. The Kruskal-Wallis test followed by Dunn’s post hoc test were
used to examine statistical significance between vascular structural indices on days 6, 9, and 12 in each
group. All data were analysed by Prism 6 (GraphPad Software; San Diego, CA). P < 0.05 was considered

statistically significant.

3. Results
Body weight (mean £ SD) in the sham and Vib groups was 26.9 + 0.3 and 27.1 + 0.2 gon day 0, 28.0 £ 0.7
and28.7+0.9gonday6,28.8+1.3and 28.3+0.7gonday9, and 29.7 + 0.9 and 30.0 + 1.4 g, respectively,
on day 12. Body weight did not significantly change over time or between groups.

Representative three-dimensional reconstruction within the bone defect is shown for each group in
Figure 2. The structural indices on bone and vasculature are shown in Table 1. On day 6, only vascular
ingrowth was observed. No differences were found in V.Vf and V.N between the Vib and sham groups.
However, V.Th was smaller in the Vib group than in shams, which contributed to a tendency for a smaller
V.Vf in the Vib group (P = 0.073). On day 9, bone regeneration with reduced vascularity was observed in
both groups, filling the defect at a higher fraction with woven-like bone than with blood vessels (B.Vf >
V.Vf). At this stage, every bone index was similar between the Vib and sham groups. From days 6 to 9,
V.Th and V.N decreased, but this was significant only in shams. Accordingly, V.Vf decreased to a smaller
extent in the Vib group than in shams, resulting in similar V.Th and V.Vf between the groups, and a
significantly larger V.N in the Vib group on day 9. On day 12, bone regeneration advanced to a higher extent
in the Vib group, and B.Vf and B.Th were significantly higher and B.Sep was significantly lower in the Vib
group than in shams. Vascularization showed a different trend between the Vib and sham groups from days
9to 12. In shams, V.V, V.Th, and V.N were increased, whereas in the Vib group, V.Vf and V.Th underwent
little change, and V.N was significantly decreased. This resulted in a significantly smaller V.Vf and V.N,

and a tendency for a smaller V.Th (P = 0.053) in the Vib group than in shams on day 12.
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Fig.2 >

Table 1 >

Fig.3 >

Fig. 4 >

Fig.5 >

Figure 3 shows vessel size-specific V.N for seven thickness ranges. On day 6, both groups showed
similar distribution of peak V.N in the thickness range of 8-16 um. However, at this time, V.N was smaller
in the range of 24-40 pum and tended to be smaller in the range of > 48 um (P = 0.081) in the Vib group
than in shams. On day 9, angiogenic vessels were distributed mostly in the range of < 16 pm in both groups.
There was a trend toward a higher V.N in the Vib group than in shams in the capillary size range of <8 um
(P = 0.065), contributing to an overall higher V.N in the Vib group. On day 12, V.N in the Vib group was
significantly smaller in the range of 8-32 um, and tended to be smaller in the ranges of 32—40 um (P =

0.095) and > 48 pum (P = 0.061) than those in shams.

The relative distribution of bone volume versus d.HAp within the defects on days 9 and 12 is shown
in Figure 4. No difference was found in d.HAp distribution on day 9 between the Vib and sham groups.
From days 9 to 12, the distribution of d.HAp shifted to the right in both groups. Although skewness did not
differ between the two groups, the distribution peaked at a higher d.HAp in the Vib group (885 + 8 vs. 842
+ 18 mg/cm?, P < 0.05). This finding indicated the accelerating effect of Vib on mineralization. The mean
and median d.HAp were similar between the Vib and sham groups (Vib: 798 + 8 and 803 + 8 mg/cm?; sham:

775+ 14 and 776 + 15 mg/cmd).

Figure 5 shows an example of strain recordings on the tibial diaphyseal surface of the same mouse
standing on the operative (Figure 5A) and non-operative (Figure 5B) vibration platform. Strain signals were
consistent across mice. No distinct sinusoidal pattern in accordance with LIWBYV loading was found.
However, band-pass filtering between 28-32 Hz extracted sinusoidal strain oscillations induced by LIWBV.
Peak-to-peak magnitudes of the band-pass filtered signals (mean + SD) were 1.05 + 0.14, 0.97 + 0.07, and
0.98 + 0.10 pe for each of three mice with LIWBYV loading. These values were approximately seven times
higher than the magnitudes of similarly filtered signals obtained in the absence of LIWBYV loading (mean:

0.14 £ 0.06 pe, n = 3 mice).

4. Discussion



Using the combined techniques of SRSuCT and ZrCA for vascular casting, we showed LIWBV-induced
acceleration of bone regeneration with modulation of associated vascularization in mouse tibial drill-hole
injury during the early period of healing. At the stage of vascular ingrowth before bone regeneration (day
6), LIWBYV altered vascularity by reducing the amount of vessels with relatively large thickness. At the
stage accompanying overall reduction in vasculature after the onset of bone regeneration (days 6-9),
LIWBYV resulted in a trend toward increased formation of capillary-sized vessels (< 8 um thickness), but
had no effect on bone regeneration. The effect of LIWBYV on vascularization markedly appeared at the stage
of progress in bone healing (days 9-12). LIWBYV accelerated bone regeneration in terms of volume and
mineral density, but reduced rather than increased vascularity, with the exception of capillary-sized vessels.

Angiogenesis is indispensable for bone regeneration, especially in the early stages of healing of
fractures [21, 52]. Vascular ingrowth in the injury site encourages osteogenesis by sustaining a high
metabolic activity in osteoblasts engaged in bone repair. This ingrowth also serves as a migration route for
osteoprogenitors [31, 55] and as a source for bone growth factors [30, 41]. Angiogenesis is primarily
affected by a low oxygenation state of fractured tissue, but is affected by mechanical conditions. Mechanical
stimuli may increase production of angiogenic factors, such as vascular endothelial growth factor (VEGF),
thereby enhancing vascular ingrowth [4, 19, 60]. Therefore, LIWBYV might stimulate vascularization and
accelerate bone repair accordingly. Indeed, a previous study demonstrated that LIWBV-stimulated bone
regeneration accompanied enhancement of angiogenic activity and vascularization in normal rats or in an
osteoporotic rat model of closed fracture healing [8]. However, the relation between vascularization and
bone regeneration is not likely to be simple in a mouse tibial defect model, and LIWBYV may have a more
complicated effect on vascularization at early healing stages.

A balance between angiogenic and osteogenic activity appears to be crucial at each healing stage
[15, 47]. Temporal hypoxia after bone injury recruits mesenchymal stem cells (MSCs) and progenitor cells
(MPCs) to the injury site. This situation leads to differentiation of these cells toward an endothelial lineage,
thereby encouraging vascular ingrowth for oxygen and nutrient supply sufficient for cell survival. MSCs
and MPCs can also undergo endothelial, as well as osteoblastic, differentiation depending on mechanical
stimuli [10, 36]. Bone injury with mechanical stability, as in the present defect model, provides de novo
bone regeneration by osteoblasts (intramembranous ossification) [38]. Therefore, based on our finding of

less vessel formation in the Vib group than in shams on day 6, we speculate that LIWBYV leads to more
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osteoblastic and less endothelial differentiation in MSCs and MPCs. This shift in cellular differentiation
then facilitates the transition to the next healing stage of callus formation. An inhibitory effect of LIWBV
on adipogenesis in MSCs [13] would also lead to an increase in osteoblastic differentiation. Nonetheless, a
sufficient vascular supply to the injury site might have been ensured in our study because a reduction in
vessel formation occurred mainly in relatively large-sized vessels. However, formation of capillary-sized
vessels, which is critical for perfusion efficacy, appeared to be unaffected. A previous study showed that
exogenous administration of VEGF during vasculogenesis in avian embryos led to formation of vessels
with abnormally large lumens [12]. Therefore, VEGF might be intrinsically overexpressed after vascular
disruption, resulting in excessive vascularization.

After entering the phase of bone regeneration, the central role of the vasculature changes to
sustainment of a high metabolic demand in osteogenesis. Therefore, in our study, the tendency for increased
formation of capillary-sized vessels in the Vib group on day 9 might have resulted from elevation of
osteogenic activity requiring a sufficient blood supply. This increase in capillary-sized vessels might also
reflect an increase in type H vessels. Type H vessels are a rich source of several growth factors that are
relevant to survival and proliferation of perivascular osteoprogenitors [28]. The cumulative action of
LIWBY, presumably for preferred osteoblastic differentiation, could result in enhanced bone regeneration
on day 12, with reduced vascularity in a limited space, while still maintaining sufficient capillary-sized
vessels. Overall, LIWBV might couple osteogenic and angiogenic activity in an efficient manner, thereby
accelerating bone healing. Further studies are necessary to investigate the balance of vascularization and
bone regeneration at each phase of bone healing and its modulation by LIWBYV loading.

Under the present setting of LIWBY, the strain amplitude at the defect site was only 1 pe. The
12-week-old mice used for the strain measurements were 1 to 3 weeks younger than the tibial defect model
of mice during undergoing LIWBYV. Accordingly, there are some differences in body weight and skeletal
maturity, which may affect the magnitude of strain signals. However, the body weight difference is around
10%, and the skeletal tissue has already reached a high level of maturity at the age of 12 weeks. Thus, the
measured strain signals would be comparable in magnitude to those induced in the tibial defect model.
Vibration-induced enhancement of intramembranous bone regeneration was also observed in a cranial
defect model of mice [43] and rats [24]. These mice were exposed to 30-Hz and 0.3-g LIWBYV loading and

rats were subjected to 45-Hz and 0.4-g vibratory head motion. Bone strain was not measured in these studies.
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However, based on the finding that 45-Hz and 0.3-g vibratory motion generates approximately 1 pe on a
mouse tibial bone when its lower leg is at a non-weight-bearing state [16], these strain magnitudes in the
cranial bone are presumed to be a maximum of a few microstrains. Therefore, even with induction of
infinitesimally small deformations in bone tissue, LIWBV appears capable of accelerating
intramembranous bone healing.

Cell deformation within bone tissue matrix under LIWBYV loading is much lower than that
normally associated with daily activities. Therefore, unless there is a strong mechanism for cellular-level
strain amplification as proposed in the osteocyte process [20], LIWBV-induced cell deformation is unlikely
to be a physical input beyond the threshold for cellular responsiveness. As suggested in previous studies [1,
17], out-of-phase motion of the nucleus relative to the cell body or the cell body relative to the extracellular
matrix may be a mechanical input to which MSCs, MPCs, and their progeny can respond. Indeed,
intracellular displacement of the nucleus could alter the force distribution in the cytoskeleton and commit
to an osteogenic response [57, 58].

Although LIWBY settings that are effective for bone healing vary among studies, the relationship
between osteogenic activity and vibrational magnitude of LIWBYV appears to be non-monotonic [1, 9].
Additionally, the osteogenic effect of LIWBYV depends on vibration frequency [46]. There may be a LIWBV
setting that maximally potentiates its effect on bone regeneration. However, examination of an optimal
LIWBYV is beyond the scope of this study. Other than the direct action of LIWBYV at a cellular level, LIWBV
may influence bone regeneration via systemic modulation in growth hormonal, neuromuscular, and
circulatory status [5, 42, 44, 51]. However, the anabolic response to vibratory stimuli is measurable only in
the tibiae on the side of the unilateral hindlimb to which vibratory stimuli are exclusively applied [17]. This
suggests that LIWBV-induced mechanical stimuli work locally to enhance bone regeneration.

There are some limitations of this study. First, the present result of enhanced bone healing and
modulated vascularization is entirely due to the action of LIWBV on intramembranous ossification.
Additionally, the bone injury site was directly beneath the skin, excluding bone—muscle interactions during
healing [6]. Therefore, LIWBYV would yield different outcomes in bone regeneration, vascularization, and
their coupling during healing of more clinically relevant fractures such as femoral closed fractures [8]. In
this situation, bone arises from a combination of intramembranous and endochondral ossification with

involvement from muscular tissue. Second, we measured neither chemical nor mechanical properties of
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newly formed bone, which are affected by LIWBYV [34]. Future studies that assess the effect of LIWBYV on
these properties, such as bone mineral, collagen, and stiffness, as well as their relationships, will provide

useful information. Third, more CT scans at different time points are required for exploring the involvement

of vascularization in the LIWBV-enhanced bone defect repair. In vivo CT with suitable vascular contrast

agents, which allows repetitive scanning in a single rodent, might be potentially available for multiple time-

point scans, though its spatial resolution limited by radiation dose [14] will be insufficient especially for

microvascular imaging. Finally, we did not measure the expression of angiogenic and osteogenic growth

factors involved in bone healing. This issue should be addressed in future experiments for determining the
LIWBV-induced balance shift between angiogenic and osteogenic recruitment.

In conclusion, using the combined techniques of SRSuCT and ZrCA for vascular casting, this
study shows that extremely low-amplitude LIWBYV enhances early-stage bone repair in mouse cortical bone
with modulation of vascular ingrowth in a vessel size-dependent manner. Enhanced bone regeneration does
not necessarily accompany increased development of vasculature. Instead, LIWBYV reduces, rather than
increases, the amount of vessels with a relatively large thickness, while maintaining or modestly increasing
capillary-sized vessels. This finding indicates that stimulation of angiogenesis as a fracture treatment
strategy might not consistently result in improved outcomes. Microstrain-order bone tissue strain generated
under LIWBYV loading suggests its therapeutic potential for bone healing under stiff fixation. Further studies
are required to examine whether the effect of LIWBYV can be confirmed during bone healing in the absence

of weight bearing for determining its availability for patients with fractures who are confined to bed.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

(A, B) Radiographs of the drill-hole defect segment of a control mouse tibia on day 12, obtained
using synchrotron radiation at 17.9 keV (A) and 18.1 keV (B). The highlighted vasculature in
the 18.1-keV image is caused by the K-edge absorption jump of ZrCA. (C, D) Reconstructed
images of the defect portion corresponding to A (C) and B (D). Bony callus tissues (dark grey
regions) spread in and outward from the drill-hole defect. Light grey regions that are shown
in panel D are contrast-enhanced blood vessels. (E, F) Regenerated bone (E) and angiogenic
vasculature (F) in a cylindrical region (diameter, 470 um; height, 110 pm) defined within the
cortical defect were obtained by image subtraction between C and D. Bone regions are
displayed as extravascular regions with the voxel intensity corresponding to d.HAp > 500
mg/cmd.

Three-dimensional images of blood vessels (dark gray) and bone (light gray) in a cylindrical
region (diameter, 470 pum; height, 110 um) at each healing stage. On day 6, formation of
irregularly-shaped vessels was observed in both groups with little signs of bone formation. On
day 9, a woven-like bone structure was observed in both groups. Blood vessels were more
finely distributed in the Vib group compared with shams. On day 12, bone regeneration
advanced more in the Vib group than in shams. In contrast, blood vessels occupied a smaller
space in the Vib group than in shams.

Vessel thickness histogram on days 6, 9, and 12, indicating the vessel number density (\V.N) for
seven vessel thickness ranges. Capillary-sized vessels with a thickness of < 8 um on day 9
showed a trend toward a higher V.N in the Vib group than in shams (P = 0.065). For the other
vessel thicknesses, V.N in the Vib group was smaller than or similar to that in shams from days
6 to 12. "P < 0.05, ”P < 0.01 vs. sham.

Relative distribution of bone volume versus density of hydroxyapatite (d.HAp) within the
defect region on days 9 and 12. The relative bone volume at each d.HAp value (bin width: 6.54
mg/cmd) is expressed as a percentage of the total volume of voxels with d.Hap > 500 mg/cm?3,
The distribution on day 12 peaked at a higher d.HAp in the Vib group than in shams (885 £ 23

vs. 842 + 46 mg/cm?®, P < 0.05).
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Fig. 5

Strain signals from a longitudinal strain gauge that was bonded on the tibial diaphyseal surface
(broken lines). Signals were obtained from the same mouse standing on the vibration platform
in the operated state (A) and in the non-operated state (B). Processing with a 28-32-Hz band-
pass filter highlights the LIWBV-associated sine-wave oscillation (solid lines). In this
recording, the peak-to-peak signal amplitude in the 28-32-Hz band increases more than four-

fold by LIWBYV loading.
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Table 1 Bone and vascular structural indices

day 6 day 12
sham Vib sham Vib sham Vib
8(ng n/a n/a 17.2+2.2 18.8+1.2 44.0+1.4% 54.2+1.4™bb
(BHIS n/a n/a 20.1+0.6 20.1+0.7 29.3+0.9" 34.3+1.5™bb
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B.Vf bone volume fraction, B.Th

bone thickness, B.Sep

bone spacing, V.Vf

vascular volume

fraction, V.Th vessel thickness, V.N

the number density of node-to-node or node-to-free-end vessel

segments. “P < 0.05, ™P < 0.01 vs. sham; 2P < 0.05, #P < 0.01 vs. day 6; °P < 0.05, ®P < 0.01 vs. day 9.
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