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Abstract

Objective: This study aimed to examine whether WBV becomes a possible modality for the primary prevention of
osteoporosis by exploring WBV frequency that has positive effects on bone properties in adult rats. Methods: Thirty-six
24-week-old rats were divided into one control and 5 experimental groups, which underwent WBV at various frequencies
(15, 30, 45, 60 or 90 Hz), with a magnitude of 0.5 g, for 15 min/day, 5 days/week, for 8 weeks. Bone size, muscle
weight and bone mechanical strength were measured at the end of experimental period. Bone mass, trabecular bone
microarchitecture (TBMA) and cortical bone geometry were analyzed by micro-CT. Circulating bone formation/resorption
markers were determined by ELISA. Results: Body weight-corrected soleus weight in all experimental groups and body
weight-corrected extensor digitorum longus muscle weight in the 15 and 30 Hz groups were significantly higher than
those of the control group, respectively. Femur trabecular thickness and width were significantly higher in the 15 Hz group
than in the control group. However, there was no difference in bone mechanical strength or bone formation/resorption
markers among all groups. Conclusion: These results suggest that WBV at low-frequencies may become a potent modality
for the primary prevention of osteoporosis in adults.
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Introduction

Osteoporosis is a major public health concern worldwide.
Mechanical stress is required for bone to maintain its
function', and to this end, physical activity is important for
bone health?. Although whole body vibration (WBV) within
the range of resonance frequencies of 1-10 Hz, which is
formed by the car® or train®, may cause diseases and health
problems to the human, especially a low-back pain, WBV may
represent a potent non-pharmacological approach to address
osteoporosis. In fact, WBV was reported to prevent bone loss
and the rate of falls®. However, the effects of WBV alone on
bone mineral density (BMD) are controversial, with some
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studies reporting a positive®® or negative'® effect and others
reporting no effect'"'4. In addition, the effects of WBV on bone
properties was reported in children and postmenopausal
women, but not in young adults'>. WBV action on bone
growth in children may differ from that on bone deterioration
in the elderly. Moreover, the effects of WBV on BMD were
found to be stronger in the elderly and osteoporotic women,
compared with non-osteoporotic men'®. In animal studies,
WBV at low-magnitude and high-frequency was shown to
positively influence bone mass, BMD, bone mineral content
(BMOQ), trabecular bone microarchitecture (TBMA), stiffness
and mechanical strength in the femur'”'8, while a recent study
has reported negative effects of WBV at low-magnitude and
high-frequency on femoral bone properties'®. Another study
showed that WBV at high-frequency has beneficial effects
on bone properties, whereas WBV at low-frequency has
negative effects'. In addition to frequency, WBV magnitude
had the impact on bone properties including trabecular
bone volume®®?' and femoral cancellous bone stiffness'.
The sensitivity of trabecular bone to mechanical loading is
also impacted by animal strain?2. Collectively, these studies
suggest that the effects of WBV on bone can differ greatly
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by WBV conditions and subjects, underscoring the need for
osteoporosis prevention strategies tailored to each subject.

Using an osteopenia rat model, most studies examined
whether WBV can improve bone mass or prevent the further
development of osteoporosis?®2°, while only a few studies
used normal adult rats for assessing the WBV effects on
bone'®2!, In adults, maintaining and increasing bone mass play
an important role in the primary prevention of osteoporosis.
For this end, it is also important to gain a clearer picture of
how WBYV, which is a passive exercise modality, influences
adult bone properties. There were few reports on the effects
of WBV frequencies on bone properties. In two studies,
the higher frequency was reported to have positive effects
on bone properties compared with the lower frequency (8
Hz vs 52 Hz vs 90 Hz, 45 Hz vs 90 Hz)'*25, So, we have
speculated that the higher frequency of bone mechanical
loading, which is induced by WBV at higher frequency, would
exert more positive influence on bone properties. To examine
this speculation, therefore, the present study has focused
on the effects of WBV at five different frequencies (15 Hz -
90 Hz) on adult bone properties. On the other hand, Wang
et al.?® reported that age-related bone loss in normal male
rats starts mostly from 9 months of age when bone growth
is completed. In view of this backdrop, using normal male
rats aged 6 months, the present study aimed to examine
whether WBV for 2 months becomes a possible modality for
the primary prevention of osteoporosis by exploring optimal
WBYV frequency that has beneficial effects on bone properties
(bone mass, structure and strength). In clinic, WBV at optimal
frequency may become a potent modality for the primary
prevention of osteoporosis in adult subjects.

Materials and methods

This study was approved by the Committee of Research
Facilities of Laboratory Animal Science of Kio University
and was performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No.85-23,
revised in 1996).

Animal care and experimental protocol

A total of thirty-six 24-week-old male Wistar rats (Japan
SLC, Inc., Hamamatsu, Japan) were used in this study. Rats
were housed in standard cages in an animal facility where the
room temperature and lighting were controlled (temperature,
22-24°C; lighting, 12:12-h light-dark cycle), and were fed
standard rodent chow (CE-2; CLEA Japan Inc., Tokyo, Japan)
and water ad libitum during the experiment. Rats were
divided into one control (CON) and five experimental groups
(n=6 each). All experimental groups were treated with WBV
(vertical direction vibration, magnitude 0.5+0.025 g, 15
min/day, 5 days/week) at 5 different frequencies (15, 30,
45, 60 and 90 Hz) using a vibration device system (Big Wave
G-MasterPRO; Asahi Seisakusho Co. Ltd., Tokyo, Japan) for a
period of 8 weeks.
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After the WBV intervention, blood, muscles and bone
samples were collected from all rats. Serum samples,
obtained by centrifuging blood at 1000 g for 30 minutes,
were stored at -80°C until biochemical analysis and enzyme-
linked immunosorbent assay (ELISA). Bilateral soleus and
extensor digitorum longus (EDL) muscles were harvested and
weighed. Since there were two reports on the effects of WBV
frequencies on femoral rat bone'®?5, we have also analyzed
femoral bone properties in this study. Bilateral femurs’ wet
weight and length were measured after the removal of soft
tissue. Muscle weight and wet bone weight were corrected
by body weight (BW). Right and left femurs were stored in
saline and 70% ethanol, respectively, until analyzed. Right
femurs were used for the measurements of bone mechanical
strength, and left femurs were used not only for the analyses
of bone mass, TBMA and cortical bone geometry (CBG) but
also for the measurements of dry and ash bone weight.

Analyses of bone mass, TBMA and CBG

Analyses of bone mass and TBMA were performed
as previously reported®”. Using X-ray micro-computed
tomography (Micro-CT; Hitachi Medical Corporation, Tokyo,
Japan), the left distal femur was scanned in the high-definition
mode (70 kV, 90 pA, voxel size 20.2 um) for TBMA analysis.
The region of interest (ROI) for TBMA of the distal femur was
a 2-mm portion of the femur metaphysis, and the first slice
was scanned 1 mm proximal from the physeal-metaphyseal
demarcation. In addition, the diaphysis of the femur was
simultaneously scanned with the Micro-CT device in the high-
definition mode (70 kV, 90 uA, voxel size of 17.2 um) for CBG
analysis. The ROI for CBG was a 2-mm portion of the center
of the femur diaphysis. Scanned data were transmitted to
a personal computer, and TBMA and CBG of the ROl were
analyzed using bone analysis software (TRI BON 3D; Ratoc
System Engineering Co. Ltd., Tokyo, Japan).

Tissue volume (TV), bone volume (BV), bone volume
fraction (BV/TV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), trabecular separation (Tb.Sp), trabecular
width (Tb.W), connectivity density (Conn.D) and structure
model index (SMI) were assessed as TBMA parameters
for the femur metaphysis. Cortical bone volume (CV),
medullary volume (MV), cortical bone fraction (CV/
(CV+MV)), cortical bone thickness (Ct.Th), cortical bone
section area (Ct.Ar) and periosteal perimeter (Ps.Pm)
were assessed as CBG parameters for the femur diaphysis.
Moreover, a BMD phantom was simultaneously scanned
under the same scanning conditions to obtain tissue
mineral density (TMD), bone mineral content (BMC) and
volume BMD (vBMD; BMC/TV).

Measurement of bone mechanical strength

The maximum load of the right femur was measured by
a 3-point bending strength test using a Universal Testing
Machine (Autograph AGS; Shimadzu Corp., Kyoto, Japan),
and energy absorption was calculated. Bones were supported
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( Sample no. CON 15Hz 30 Hz 45 Hz 60 Hz 90 Hz ES h
Final BW (g) 6 443.2421.1 425.1+30.6 433.3+£22.6 429.4+20.0 431.6+21.6 431.5+10.9 0.07
Food intake (g/day) 6 18.7+1.1 17.3+1.0* 17.8+0.6* 17.7+1.0* 17.5+1.1%* 17.5+0.7* 0.20
BW-corrected muscle weight (mg/gBW)
Soleus 12 0.335+0.018 | 0.366+0.026* | 0.361+0.022* = 0.359+0.019* | 0.364+0.017* | 0.355+0.025* = 0.20
EDL 12 0.363£0.014 | 0387+0.021* | 0.382+0.018* | 0.375:0.013 = 0372:0.009 = (36740.016* 0.23
Bone length (mm) 12 39.8+0.7 39.5+0.7 39.8+0.9 39.7+0.7 39.5+0.5 39.6+0.7 0.03
BW-corrected bone weight (mg/gBW)
‘Wet bone 12 2.52+0.12 2.58+0.09 2.51+0.09 2.51+0.09 2.47+0.11 2.50+0.11 0.10
Dry bone 6 1.83+0.08 1.89+0.05 1.83+0.05 1.84+0.08 1.8240.06 1.83+0.11 0.07
Ash weight/dry bone weigt (%) 6 59.9+0.9 60.1+0.9 59.8+1.0 60.4+1.1 60.1+1.2 59.8+1.7 0.03
All values are expressed as mean = SD.
*Significantly different fromthe CON group by Dunnett's test (p<0.05). “Significantly different from the 15 Hz group by one-way ANOVA and Bonferroni test (p<0.05).
ES, effect size; BW, body weight; EDL, extensor digitorum longus.
Table 1. Body weight, food intake, muscle weight and femoral bone size.
S J
( N
Sample no. CON 15 Hz 30 Hz 45 Hz 60 Hz 90 Hz ES
Trabecular bone
TMD (mgch) 6 378.6£14.5 383.4£11.8 375.4%11.5 385.6+10.9 384.0£8.6 381.7£11.0 0.10
BMC (mg) 6 0.419+0.094 0.451+0.055 0.369+0.076 0.417£0.097 0.412+0.054 0.418+0.090 0.10
vBMD (mg/ch) 6 36.3+7.6 40.5£3.6 34.1£7.1 38.1+6.4 37.7%¥29 37.3+8.0 0.10
Cortical bone
TMD (mg/ch) 6 934.3£23.7 946.8+17.2 943.6£17.3 938.8+12.6 943.5+5.7 950.3£21.2 0.10
BMC (mg) 6 8.03+0.25 8.18+0.29 8.10+0.42 8.10+0.18 7.98+0.31 8.05+0.19 0.06
All values are expressed as mean + SD.
ES, effect size; TMD, tissue mineral density; BM C, bone mineral content; vBM D, volume bone mineral density .
Table 2. Bone mass parameters of trabecular and cortical bones in femur.
S J
e )
Sample no. CON 15Hz 30 Hz 45 Hz 60 Hz 90 Hz ES
Cortical bone volume (mm’) 6 8.60+0.43 8.65+0.46 8.59+0.55 8.63+0.28 846034 848034 0.04
Medullary volume (mm’) 6 6324078 6.17£0.47 5824054 5912056  5.9620.43 6.04£0.58 0.09
Cortical volume fraction (%) 6 57.8+2.2 58.4+1.4 59.7+1.6 59.4+1.8 58.7+1.8 58.5%2.1 0.12
Cortical bone thickness (um) 6 512.5+14.2 522.9+17.9 529.3£20.3 530.3£12.0 519.4420.5 517.5¢17.7 0.14
Cortical bone sectional area (mm?) 6 418021 421+023 4182027  420+0.14  4.11x0.17 = 4.12%0.17 0.04
Periosteal perimeter (mm) 6 9.89+0.27 9.80+0.27 9.68+0.33 9.73+0.26 9.68+0.19 9.73+£0.27 0.07
All values are expressed as mean + SD.
ES, effect size.
Table 3. Cortical bone geometry of femur in all groups.
S J
( N
Sample no. CON 15Hz 30 Hz 45Hz 60 Hz 90 Hz ES
Ca (mg/dL) 6 10.8+0.1 10.6+0.2 10.6+0.2 10.7£0.2 10.7£0.2 10.8+0.2 0.26
IP (mg/dL) 6 5.6+0.9 5.4+0.6 5.7+0.7 6.0+0.5 6.3+0.9 7.1+0.7%* 042
TP (g/dL) 6 6.1+0.2 6.0+0.2 6.2+0.3 6.0+0.3 6.1+0.3 6.1+0.1 0.07
TG (mg/dL) 6 158.7+51.9 127.2+49.2 182.0+54.0 132.2+32.2 151.7+56.7 185.3+£52.7 0.19
TC (mg/dL) 6 83.34£5.2 84.3+10.2 72.5+9.1 75.7£7.1 78.0£10.2 74.248.7 0.24
HDL (mg/dL) 6 31.8+£1.2 31.5+2.2 29.3£1.5 30.8+2.2 31.0+1.9 30.5%2.7 0.16
LDL (mg/dL) 6 5.5+0.8 5.8£2.0 4.7+1.2 5.240.8 5.0+0.6 5.240.8 0.11
ALP (mg/dL) 6 755.5+90.3 820.0+207.7 733.5+108.0 805.8+46.8 748.5+76.5 722.0+67.0 0.11
Allvalues are expressed as mean =+ SD.
*Significantly different from the CON group by Dunnett's test (p<0.05). “Significantly different fromthe 15 Hzand 30 Hz groups by one-way ANOVA and Bonferroni test (p<0.05).
ES, effect size; Ca, calcium; IP, inorganic phosphorus; TP, total protein; TG, triglyceride; TC, total cholesterol; HDL, high-density lipoprotein cholesterol;
IDL, low-density lipoprotein cholesterol ; ALP, alkaline phosphatase.
Table 4. Serum biochemical analyses.
- )
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by 2 fulcrums (5 mm in diameter), and the distance between
the fulcrums was half of the bone length. The bone center was
then pressed downward at a speed of 1 mm/min.

Dry and ash bone weight measurements

After left femurs were used for assessing TBMA/CBG
parameters, they were dehydrated in 100% ethanol for 48
hours and then heated at 100°C for 24 hours in a drying
machine (Yamato Kagaku, Tokyo, Japan) to obtain dry bone
weight. Bones were then burned to ash at 600°C for 24
hours with an electric furnace (Nitto Kagaku Co. Ltd., Nagoya,
Japan) to obtain ash weight.

Biochemical analyses and ELISA

Serum samples were analyzed for calcium, inorganic
phosphorus (IP), total protein, triglyceride and alkaline
phosphatase (ALP). In addition, serum osteocalcin (OC) and
tartrate-resistant acid phosphatase-5b (TRACP-5b) levels
were determined with commercially available ELISA kits for OC
(Immunodiagnostic Systems Ltd., Boldon, UK) and TRACP-5b
(Immunodiagnostic Systems Ltd., Boldon, UK), respectively.

Statistical analyses

All values are expressed as mean + standard deviation.
Differences in effects of WBV frequency on measured
parameters between the CON group and experimental groups
were examined using Dunnett’s test. Overall differences
among experimental groups were determined by one-way
ANOVA, and differences between individual groups were
examined using the Bonferroni post hoc test. Effect sizes
were presented as n? in one-way ANOVA of all groups. All
statistical analyses were performed using Excel Statistics
software (BellCurve for Excel version 2.11 for Windows;
Social Survey Research Information Co., Ltd., Tokyo, Japan).
P<0.05 was considered statistically significant.

Results
BW, food intake, muscle weight and bone size

Table 1 summarizes the results for BW, food intake, BW-
corrected muscle weight and bone size (bone length, BW-
corrected wet and dry bone weight, and ash weight/dry bone
weight) of the femurin all groups. Final BW did not significantly
differ among groups, although food intake was significantly
greater in the CON group than in all experimental groups.
BW-corrected soleus weight was heavier in all experimental
groups than in the CON group. BW-corrected EDL weight was
heavier in the 15 and 30 Hz groups than in the CON group,
and heavier in the 15 Hz group than in the 90 Hz group. Bone
size did not significantly differ among groups.

Bone mass parameters

There were no differences in bone mass parameters of
trabecular and cortical bones among all groups (Table 2).
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TBMA and CBG parameters

Figure 1 and Table 3 show TBMA and CBG parameters of
the femur in all groups, respectively. Tb.Th and Tb.W of the
femur were significantly higher in the 15 Hz group than in
the CON group (Figure 1). Like bone mass parameters, there
were no differences in CBG parameters among all groups
(Table 3).

Bone mechanical strength

There were no differences in maximum load and energy
absorption of the femur between the CON group and all
experimental groups (Figure 2).

Biochemical analyses

Serum concentration of inorganic phosphorus was
significantly higher in the 90 Hz group than in the CON, 15
Hz and 30 Hz groups (Table 4). On the other hand, there were
no significant differences in serum levels of OC and TRACP-
5b among all groups (Figure 3).

Discussion

In the present study, WBV at 15 Hz/0.5 g for 8 weeks
increased Tb.Th and Tb.W of the femur trabecular bone in
adult male rats. Rubin et al. previously reported a >30%
increase in trabecular density and BV/TV of the proximal
femur in female sheep treated with vertical vibration at a
frequency of 30 Hz and a magnitude of 0.3 g for 20 min/
day, 5 days/week, for 1 year, compared with control sheep'®.
Several investigators, as well as Rubin et al.'®, used 0.3 g
as the magnitude to examine the effects of WBV on bone
in animal studies'”2°-2224 where its positive effects were
observed. On the other hand, other investigators used 1 g
or more magnitude in animal bone studies using WBV'42°,
A vibration stimulus of <1 g is generally considered to be
low-magnitude, whereas a stimulus of =1 g is considered
to be high-magnitude®®3°. Therefore, we have used the half
of 1 g, i.e.,, 0.5 g as low-magnitude in all WBV experiments.
In another study, 3-month-old Sprague Dawley rats, which
were treated with WBV (90 Hz, 0.5 mm amplitude, for 15
min/day, twice a day, 7 days/week, for 35 days), showed
an increase in both the maximum load and stiffness of
the femur?3, Thus, even if the strain on bone is small, i.e.,
low-magnitude, WBV at relatively high-frequencies could
augment bone properties. Two previous studies reported the
effects of WBV frequencies on bone properties. Pasqualini et
al.”? investigated the effects of different vibration frequencies
(8, 52 and 90 Hz, magnitude of 0.7 g, for 10 min/day, 5
days/week, for 4 weeks) in mature Wistar rats, and found
that, compared with the control, WBV at 90 Hz significantly
increases BV/TV of the femur, Tb.Th of the tibia and Conn.D,
BV/TV and trabecular BMD of L2 vertebra, whereas WBV at
8 Hz significantly decreases trabecular BMD of the tibia and
femur. Judex et al.2® reported that WBV at higher frequency
has more positive effects on TBMA parameters of distal femur
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Figure 1. Trabecular bone microarchitecture parameters of femoral metaphysis. *Significantly different from the CON group by
Dunnet test (p<0.05). *Significantly different from the 15 Hz group by one-way ANOVA and Bonferroni test (p<0.05). Bar=SD. Sample
no.=6. Effect sizes; BV, 0.09; BV/TV, 0.10; Th.Th, 0.26; Tb.N, 0.05; Tb.Sp, 0.08; Conn.D, 0.03; Tb.W, 0.33; SMI, 0.11. BV, bone volume;
BV/TV, bone volume ratio; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation; Conn.D, connectivity
density; Tb.W, trabecular width; SMI, structure model index.
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Figure 2. Maximum load (A) and energy absorption (B) of femur in all groups. Bar=SD. Sample no.=6. Effect sizes; Maximum load,
0.04; Energy absorption, 0.02.
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in ovariectomized rats (45 Hz and 90 Hz, magnitude of 0.15
g, for 10 min/day, 5 days/week, for 4 weeks). These results
suggest that higher frequency brings forth positive effects
on bone properties compared with lower frequencies. On the
contrary, in this study, Tb.Th and Tb.W of TBMA parameters
were significantly increased in the 15 Hz group, but not in the
90 Hz group.

WBV-induced mechanical stress to bone is attributable
to both vibration loading and muscle contraction. The action
of vibration loading may be explainable by the daily stress
stimulus theory, which identifies both strain magnitude and
the number of loading cycles as an appropriate maintenance
loading signal*'. The resultant strain magnitude required
for maintaining the bone mass was approximately 340
pe, and the stress exponent value m was calculated to
be approximately 2.24 and 1.04 in our 15 Hz and 90 Hz
groups, respectively®'. The present rats in the 15 Hz group,
which underwent 13,500 cycles of vibration per day, seem
to have been given the loading to maintain/increase bone
mass, because the stress exponent value m for maintaining
the bone mass was reported to be approximately 2.5 in the
range of 10,000-36,000 cycles per day®'. On the other hand,
the 90 Hz group with 1.04 of the stress exponent value m
underwent 81,000 cycles per day. Since more than 100,000
cycles per day were reported to increase bone mass in case
of approximately 1.0 of the stress exponent value m?', it
seems likely that the TBMA parameters remain unchanged in
our 90 Hz group. In addition, WBV at 17 Hz with a magnitude
of 0.5 g, as well as WBV at 45 Hz with a magnitude of 3.0 g,
increased tibia bending stress and femur compression stress
in ovariectomized rats, and these two vibration frequencies
were able to prevent the reduction of bone mechanical
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strength, which was caused by ovariectomy?*. Therefore,
the combination of frequencies and magnitude appear to
influence the TBMA parameters.

Muscle contraction during WBV results from a tonic
vibration reflex, which involves the contraction/relaxation
cycle of muscles during WBV?°. Larger muscle mass is
generally considered to generate stronger muscle strength.
In our adult rats, BW-corrected muscle weight of soleus
and EDL was significantly heavier in the 15 Hz group than
in the CON group. Such an increase in relative muscle mass
appears to have been induced by the exercise effects of WBV.
Likewise, in tail-suspended rats3? and sarcopenia model
mice®3, muscle mass, fiber cross-sectional area or muscle
strength of lower limb muscles could be improved by WBV.
Moreover, in normal mice, not only soleus cross-sectional
area andtype l and Il fiber area but also trabecular BV and CV
of tibia were increased by WBV34. WBV was also reported to
increase or improve muscle strength, power and flexibility®s.
Furthermore, muscle strength and size were found to
correlate with BMD and BMC?3¢, Bone can continuously bear
both gravitational loading and loading induced by muscle
contraction, and consequently, in the bone—-muscle unit, these
mechanical loading could play a pivotal role in determining not
only muscle mass/structure but also bone mass/structure®.
In addition, oscillatory stimulation of muscles requlates both
mechanical bone strain and fluid dynamics. For instance, in
tail-suspended model rats, stimulation at 10 Hz and 20 Hz
could generate the maximum matrix strain and the maximum
intramedullary pressure, respectively*”. In view of these
observations, it seems likely that TBMA parameters are
influenced by mechanical loading accompanied with WBV-
induced muscle contraction.
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Although mechanical loading, as mentioned above, may
have positive effects on bone properties, the reason why
only15 Hz-WBYV increased Tb.Th and Th.W still remains to be
resolved in this study. In addition to loading cycles and muscle
contraction, it should be noted that transmissibility can play a
role in contributing to the strength of stress applied to bone.
In human, transmissibility of lower limb joints (e.qg., hip, knee
and ankle) and spine was shown to differ by frequencies?®®,
suggesting that in rats, too, transmissibility of joints may
depend upon frequency. Likewise, transmissibility may
differ among bones. In rats, the femur transmissibility may
be different from that of the tibia, which was reported to be
less than 5 pe?s. In a previous study of Wehrle et al. (35 Hz
and 45 Hz, magnitude of 0.3 g, for 20 min/day, 5 days/week,
for 10 and 21 days)*°, WBV at lower frequency of 35 Hz, like
our 15 Hz-WBYV, showed positive effects on bone properties
as compared with WBV at higher frequency of 45 Hz. WBV
at 35 Hz increased BV/TV and Th.N of femur, but not CBG
parameters®®. Wehrle et al.®*® reported that the signal
transition of WBV to bone matrix depends on body mass,
individual anatomy, a posture during WBYV, species, age,
gender and genetic predisposition. In addition, 45 Hz-WBV
with a magnitude of 0.1 g or 1.0 g showed positive effects
on BV/TV, Tb.Th and Th.N of tibia, whereas 45 Hz-WBV
with a magnitude of 0.3 g showed no effects on tibia bone
parameters?°. Thus, the complex mechanism comprised of
multiple factors appears to exist in bone-response to WBV.

WBV was reported to increase plasma concentrations
of growth hormone and testosterone“°. Furthermore, we
previously reported that WBV can prevent a decrease in bone
formation marker OC in rats with spinal cord injury*'. On the
other hand, the present WBV at various frequencies did not
induce any change in bone formation/resorption markers.
In view of these results, TBMA changes found in our 15 Hz-
WBYV group may have resulted from the complex interaction
among multiple factors such as mechanical stress, muscle
contraction, transmissibility, hormonal/physiological
conditions, etc. in bone-response to WBV.

In this study, serum IP concentration was significantly
higher in the 90 Hz group than in the CON, 15 Hz and 30
Hz groups. Phosphate metabolism is regulated mainly by
fibroblast growth factor 23 (FGF23), which is produced by
osteocytes and osteoblasts*?43, as well as dietary phosphate,
calcitriol and parathyroid hormone (PTH). Moreover, the
rate of bone remodeling is thought to be another important
factor for determining the plasma IP concentrations“°. In our
study, there was no significant difference in bone formation/
resorption markers, i.e., OC and TRACP-5b, among all
groups, suggesting similar bone remodeling rates in all
groups. Therefore, the increased serum IP found in the 90
Hz group may have been caused by the suppression in the
production and/or action of bone-derived FGF23. To explore
the possible mechanism of serum IP increase by 90 Hz WBY,
the determination of circulating levels of FGF23, calcitriol
and PTH is required.

This study has some limitations. First, the sample sizes
were small and thereby most of data were statistically
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underpowered. Therefore, it should be noted that the data,
presented herein, may lead to potential over-interpretation.
Studies using more animals are indispensable for further
confirming the present results. Second, although WBV was
performed at 5 different frequencies, only one magnitude
(0.5 g) was tested. Several studies used approximately 0.3 g
of magnitude in WBV'"2°2224 Moreover, the previous studies
showed that the effects of WBV on bone differ when various
magnitudes are used at the same frequency?°2'44, Therefore,
further studies will be needed to determine optimal magnitude
of WBV at 15 Hz of frequency. Third, we have not measured
dynamic strain in the femur. The measurements of this strain
magnitude are needed to further confirm the beneficial
effects of muscle contraction on bone quality. Fourth, we have
determined circulating bone formation/resorption markers
in response to WBV, but have not measured hormones and
cytokines. Further studies, that assess both the effects
of WBV on hormones/cytokines and how they influence
bone parameters, are required. Finally, further studies
are needed to explore optimal WBV conditions (frequency,
magnitude, duration, times, period and these combinations)
for augmenting bone mass and TBMA in adult rats.

Conclusions

In adult rats, WBV at 15 Hz of frequency was found to have
beneficial effects on bone and the potency to increase TBMA,
in particular, Tb.Th and Tb.W, in the femur. Thus, WBV at low-
frequency may become a potent modality for the primary
prevention of osteoporosis in adults.
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