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Osteogenesis imperfecta (OI) is characterized by extremely brittle bone. Currently, bisphosphonate drugs
allow a decrease of fracture by inhibiting bone resorption and increasing bone mass but with possible long
term side effects. Whole body mechanical vibrations (WBV) treatment may offer a promising route to stimu-
late bone formation in OI patients as it has exhibited health benefits on both muscle and bone mass in human
and animal models. The present study has investigated the effects of WBV (45 Hz, 0.3 g, 15 minutes/days,
5 days/week) in young OI (oim) and wild type female mice from 3 to 8 weeks of age. Vibration therapy
resulted in a significant increase in the cortical bone area and cortical thickness in the femur and tibia diaph-
ysis of both vibrated oim and wild type mice compared to sham controls. Trabecular bone was not affected by
vibration in the wild type mice; vibrated oim mice, however, exhibited significantly higher trabecular bone
volume fraction in the proximal tibia. Femoral stiffness and yield load in three point bending were greater
in the vibrated wild type mice than in sham controls, most likely attributed to the increase in femur cortical
cross sectional area observed in the μCT morphology analyses. The vibrated oim mice showed a trend toward
improved mechanical properties, but bending data had large standard deviations and there was no significant
difference between vibrated and non-vibrated oim mice. No significant difference of the bone apposition
was observed in the tibial metaphyseal trabecular bone for both the oim and wild type vibrated mice by
histomorphometry analyses of calcein labels. At themid diaphysis, the cortical bone appositionwas not signif-
icantly influenced by the WBV treatment in both the endosteum and periosteum of the oim vibrated mice
while a significant change is observed in the endosteum of the vibrated wild type mice. As only a weak impact
in bone apposition between the vibrated and sham groups is observed in the histological sections, it is possible
that WBV reduced bone resorption, resulting in a relative increase in cortical thickness.
Whole body vibration appears as a potential effective and innocuousmeans for increasing bone formation and
strength, which is particularly attractive for treating the growing skeleton of children suffering from brittle
bone disease or low bone density pathologies without the long term disadvantages of current pharmacological
therapies.

© 2013 Elsevier Inc. Open access under CC BY license. 
Introduction

Osteogenesis imperfecta (OI or brittle bone disease) is a hereditary
disease which results in extreme bone fragility. Mutation of the genes
coding for collagen type 1 (col-1) is themain cause of OI, resulting in a
quantitative or qualitative alteration of col-1 production. This leads to
extremely active bone remodelling, disorganized woven bone tissue,
reduced trabecular and cortical bone mass and degraded bone me-
chanical properties [1]. There is currently no direct cure for OI and
only symptomatic treatments are available, such as physiotherapy to
increase postural strength, surgery to correct bone deformation and
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bisphosphonate treatment. OI patients treated with bisphosphonates,
which reduce the bone resorption, have shown an increase in bone
mass and a reduction of fracture and pain [2,3]. Such pharmacologic
treatments are now commonly used on children (sometime extremely
young) during long periods (2–5 years) with the rationale to maxi-
mize the impact on a growing skeleton. However, some concerns
have been raised about the equivocal efficiency on the fracture reduc-
tion [4,5], the accumulation of those long life drugs and the impact of
inhibiting bone remodelling over long periods, which results in the
build-up of poor quality, highly mineralized bone [1,6].

It is recognized that the bone tissue is highly responsive to dynam-
ic loading and is able to adapt its architecture andmass to themechan-
ical loading environment [7–9]. Bone remodelling is sensitive to strain
magnitude [10,11], frequency [12,13], number of loading cycles [14],
strain rate [15] and rest periods between stimulation [16]. In addition
to bone response to high peak strains [17,18], there is also evidence
of bone adaptation at low strain but high frequency loading [9,19].
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Because high strain exercises in patient suffering from OI may result
in fracture, high frequency low amplitude whole body mechanical vi-
bration (WBV) is an attractive low-impact and drug-free approach to
stimulate bone formation. The therapeutic impact of WBV treatment
has been observed on muscle strength, motion, posture and bone
density in various osteopenic populations: young women [20,21],
post-menopausal women [22–25] or children with disabling condi-
tions like cerebral palsy [26] or with OI [27] but no effect has been
observed on healthy adults [28]. However more investigations are
required to confirm the impact of WBV on bone mass and to identify
the most efficient vibration parameters and the most responsive tar-
get population [29–33].

Numerous studies have investigated the influence of WBV on bone
formation using a large variety of animal models (sheep, rat, mouse)
[34–37], age (growing, young or old adults) [38–40], vibration frequency
(from 20 to 90 Hz) [41–43], maximum peak acceleration (from 0.1 to
3 g) [43,44], treatment duration (from 10 to 30 min) and treatment
length (from 2 weeks to 1 year). A significant osteogenic effect was
observed in the trabecular bone of both the femoral condyle and tibial
metaphysis of adult sheep (1 year treatment, 30 Hz, 0.3 g) [35,36].
In adult mice, an osteogenic response to WBV is observed in the
tibial metaphysis with a non-dose dependent response to acceleration
(5 weeks treatment, 45 Hz, 0.1, 0.3 and 1 g) [44]. An influence of the
mouse genotypewas observed: the osteogenic response toWBV inverse-
ly correlated to the low (C57Bl/6J),medium(BALB/c) or high (C3H) bone
density of themouse strain (2 to 3 weeks treatment, 45 Hz, 0.25 g) [37].
An age effect was also observed with no WBV effect on aged BALB/c
mice bone and low effects on adult mice (5 weeks treatment, 90 Hz,
0.3 and 1.0 g) [40], while 8 week-old growing mice exhibited a positive
response in trabecular and cortical bone [38,39]. Investigations of WBV
as a treatment for osteoporosis have shown a positive impact on ovariec-
tomized rats with greatest increase in bone mass at high frequencies
[34,41,43] while other investigation reported only an impact on cortical
bone [42] or no substantial impact [45]. These variable results suggest a
more complex involvement of the hormonal system in the mechano-
sensitivity of bone to WBV. Interestingly, a positive osteogenic response
to “limb vibration” in the absence of weight-bearing has been observed,
suggesting an additional mechano-transduction pathway than pure
bone strain [9,46].

Previous WBV studies on both patients and animals indicate that
vibration is most effective in young growing bone and low density
bone. Therefore WBV treatment may offer a promising route to non-
invasively stimulate bone formation in OI children. The objectives of
the present study were to investigate the effects of WBV on the cortical
and trabecular bone formation in growing mice suffering a severe form
of osteogenesis imperfecta (oim mice).

Materials and methods

Animals breeding and whole body vibration (WBV) protocol

All animal experiments followed the British Homeoffice and institu-
tional guidance (project license 70/6852). 24 Homozygous wild type
(B6C3Fe-a/a-+/+) and 24 homozygous oim (B6C3Fe-a/a-oim/oim) fe-
male micewere bred. Due to a procollagenα2 gene recessive mutation,
homozygous oimmice produce abnormal homotrimeric collagen type I
(Col1-(α1)3) which results in a phenotype mimicking the human
type III osteogenesis imperfecta (small body weight, skeletal deformi-
ties and brittle bones) [47]. Starting at 3 weeks of age (just after
weaning), 12 mice from each genotype group (vibrated groups: Wild
vib and oim vib) were placed into a custom built WBV transparent plas-
tic cage for 15 min per day, 5 days in a week during 5 weeks. The cage
was vibrated vertically at a frequency of 45 Hzand a peak acceleration of
±0.3 g. This vibration regimen was demonstrated to be osteogenic on
young growing mice [38,39]. The vibration cage had 8 slots (10∗10 cm
each so that 8 mice could vibrate simultaneously) and was mounted
on a linear electromagnetic actuator (LAL95-015-70F linear actuator
and LAC-1 controller, SMAC Europe Ltd., UK). The linear actuator provid-
ed a sinusoidal verticalmovement andwas force-controlled by a custom
made LabVIEWprogram (NI Corporation Ltd., USA) via a laptop comput-
er and a digital acquisition card (NI USB-6211 multifunction DAQ, NI
Corporation Ltd., USA). The actuator was powered by a generator
(HY3005D-2, Rapid Electronics Ltd., UK). The acceleration was moni-
tored via an accelerometer (DE-ACCM3D, Dimension Engineering LTD,
USA) fixed in the middle of the vibrating cage and the force of the actu-
ator was operator-tuned to obtain a maximum peak acceleration of ±
0.3 g. 12 mice from each genotype group were also placed into the vi-
brating cage but not subjected to the mechanical vibration (sham
groups: Wild sham, oim sham). The mice's body weights were recorded
during the 5 weeks of vibration treatment.

The mice were injected intraperitoneally with a calcein solution
(20 mg/kg) at 10 and 3 days before sacrifice in order to assess bone
apposition [48]. Mouse sacrifice was performed by CO2 asphyxia
and the mouse tibiae and femora were dissected and cleaned of soft
tissues. The right bones were stored in gauze soaked with phosphate
buffered solution (PBS) and frozen at −18 °C. The left bones were
fixed in 4% formalin-phosphate buffered solution overnight, rinsed
with PBS and stored in 70% ethanol at 4 °C.
3D bone morphology analyses

Right tibiae and femora were scanned using a micro-computer
tomography scanner (Metris X-Tek HMX ST 225 CT System) with a
10 μm voxel resolution (80 to 120 kV, 140 μA, 500 μs integration
time). Trabecular and cortical bone morphology was analysed in the
femur and the tibia using the open source ImageJ software and
BoneJ plugin [49]. The cortical bone morphology was analysed
(every 10 slices) between 20% and 80% of the femur total length
(%TL distal to proximal) and 20% to 90%TL of the tibia after seg-
menting out the trabecular bone (see Fig. 1). Cortical parameters
analysed were as follows: cross section area (CSA, mm2), minimum
and maximum moment of inertia (Imin, Imax, mm4) and mean cortex
thickness (CtTh, mm). Trabecular bone was analysed (every slice) be-
tween 15 and 25%TL in the femur distal metaphysis and between 83
and 93%TL in the tibia proximal metaphysis (see Fig. 1). The trabecu-
lar bone was separated from the cortical bone by manually drawing a
contour in the proximal tibia while, in the distal femur, an elliptical
region of interest (length/width ratio of 1.5) was drawn and replicat-
ed every slice. Trabecular bone parameters analysed were as follows:
trabecular bone surface (BS, mm2), trabecular bone volume on total
volume (BVTV), mean trabeculae thickness (TbTh, mm) and mean
trabeculae space (TbSp, mm).
Three point bending mechanical testing

After CT scanning, right femurs were tested until fracture by three-
point bending using a standard materials testing machine (5866
Instron, Instron, Norwood, MA, USA). Femurs were placed on their
posterior side on two supports separated by 9 mm and were loaded in
the anterior-posterior direction at the mid-diaphysis with a deflection
rate of 50 μm/s. Force–deflection curves were analysed with a custom
program (Matlab, MathWorks Inc, MA, USA) to measure the bending
stiffness (S: slope of the linear elastic deformation), the yield force
(Fyield, limit between the elastic and plastic deformation) and ultimate
force (Fult, maximum force sustained) and the total work to fracture
(mJ). The bone elastic modulus E (MPa), ultimate stress σult (MPa)
and yield stress σyield (MPa) were calculated using the standard beam
theory [50] and themid femur cross-sectiondimensions (anteror poste-
rior diameter andmedial lateral moment of inertia) measured from the
μCT scanner data.



Fig. 1. Illustration of the regions of cortical and trabecular bone investigated for the
morphology analyses on the micro computed tomography images obtained from the
mice femur and tibia.
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Histomorphometry of un-decalcified tibia bone

Left tibiae (5 tibiae per group) were first dehydrated at 4 °C in
successive 1 h acetone bath of increasing purity (70, 90 and 2 times
in 100% acetone) then infiltrated 3 to 7 days into a destabilized
methyl-methacrylate (dMMA) solution with 10% dibutylphthalate
(DBP) and 0.05% of benzoyl peroxide (BPO). After infiltration, tibiae
were then laid down on prepared polymerized MMA base in individ-
ual glass vials and cured in a dMMA solution with 15% DBP and 2%
BPO at 37 °C for three days. After removing the cured specimens
from the vials, tibiae were cut transversally at the mid diaphysis
with a low speed saw (IsoMet® 1000 Precision Saw, Buehler, UK).
Distal tibia halves were used to cut a 200 μm mid-diaphysis cortical
bone cross-sections which were ground and polished until a thick-
ness of roughly 50 μm was reached. Meanwhile, the proximal tibia
halves were sliced in the frontal plan with a Leica 2255 microtome
(5 μm thickness) and three slices (separated by 100 μm)were chosen
at the middle of the tibia. Mid-diaphyseal cross sections and proximal
tibia slices were imaged (10×) using a fluorescent microscope (Zeiss
Axioplan microscope and Leica DFC 310FX camera) with a fluorescein
iso-thio-cyanate filter (480 nm excitation (cyan), 530 nm emission
(green)). Bone apposition was analysed using ImageJ software follow-
ing classical histomorphometry techniques [51]: mineralizing surface
on bone surface (MS/BS), mineral apposition rate (MAR, μm/days) and
bone formation rate (BFR, μm/day). The tibia metaphyseal trabecular
bone was analysed in a 1000 μm long region of interest starting
200 μm under the mineralized front of the growth plate (see Fig. 2).
In the mid-diaphysis tibia cross sections, bone apposition was analysed
in both the endosteum and the periosteum (see Fig. 2).

Statistics

Cortical bone morphology μCT scan data were analysed using
multi-factor multi-parameter analysis of variance (MANOVA) with
vibration treatments (vibrated, sham), mice genotype (wild, oim),
and position within the diaphysis (20, 30, 40, 50, 60, 70, 80% TL) as
factors. Data were then analysed with wild type and oim groups sep-
arated, followed by an analysis of each position within the diaphysis
individually.

The final mouse body weight, the femur and tibia total length, the
trabecular bone μCT morphology data and the three-point bending
mechanical data were analysed using a 2-way ANOVA with mice
genotype (wild, oim) and vibration treatments (vibrated, sham) as
factors. Genotype groups were then tested separately.

Histomorphometry data were analysed using non-parametricMann
and Whitney tests. All statistical tests were performed using SPSS 19.0
software with a significance level of 5%.

Results

Mouse body weight and hindlimb bone total length

When the genotype groups were tested together, the vibration
treatment did not significantly affect the final body weight or the
femur and the tibia total length (TL) (p=0.084, p=0.12 and p=
0.078 respectively). However, when genotype groups were split, the
body weight and the tibia total length were significantly greater in
the vibrated wild type group compared to those of the sham wild
type group (p=0.001 and p=0.046 respectively) but the femur
length exhibited no difference (p>0.05). In the oim group, no sig-
nificant differences were found for the three parameters (p>0.05
for all).

Micro CT analysis of cortical bone morphology

Vibration treatment had a significant effect on the cortical mor-
phology parameters (CSA, CtTh, Imax, Imin) in the femur and tibia of
both wild type and oim animals when all the position within the
tibia diaphysis were considered (percentage of total length (%TL)).
In the wild type group, vibration treatment increased the cross sec-
tion area (p=0.026) and the mean cortical thickness (pb0.001) in
the tibia and increased CSA (p=0.016); Imin (p=0.014) and CtTh
(p=0.001) in the femur. In the oim mice group, all cortical parame-
ters showed significant increases between vibrated and sham mice
for the femur (CSA: pb0.001, Imin: p=0.008, Imax: p=0.012, CtTh:
pb0.001) and for the tibia (CSA: pb0.001, Imin: p=0.012; Imax: p=
0.019, CtTh: p=0.001).

In the Fig. 3, the differences observed for CSA and CtTh between
the vibrated and sham mice are displayed for each of the positions
along the tibia (Figs. 3a and b) and femur (Figs. 3c and d). In the
femur of the oim vibrated mice, mean CtTh exhibited a significant
increase for the central portion of the diaphysis (30-70%TL) while
the wild mice exhibited a significant increase of CSA at 60%TL (p=
0.045). In the tibia, oim vibrated mice exhibited a significant increase
of CtTh and CSA at the proximal end of the diaphysis (50-80%TL)
while wild type vibrated mice show a significant increase of the
mean cortical thickness at various positions (30, 50 and 60% TL).

Micro CT analysis of trabecular bone morphology

In the proximal tibial trabecular bone, a significant difference was
observed between vibrated and sham groups. Bone surface and bone
volume fraction were significantly increased in the vibrated group



Fig. 2. Calcein labels observed by FITC fluorescence light microscopy (10×) in the tibia mid-diaphysis cross-section of a wild type vibrated mouse (left) and in the frontal slices of
the proximal tibia of a wild type (middle) and oim (right) vibrated mice. The red box represent the trabecular bone region of interest (between 200 and 1200 μm under the growth
plate) analysed from the proximal tibia.
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(p=0.03 and p=0.017 respectively) but not the trabecular thickness
and spacing (p>0.05). When genotype group were analysed separately,
the wild type group exhibited no significant difference between vibrated
Fig. 3. Cortical bone cross section area and mean thickness (mean and standard deviation) m
mice (* pb0.05, ** pb0.01). Cortical mean thickness was significantly greater in the Oim vibra
found significantly greater in the proximal tibia of the oim vibrated mice. Wild vibrated mice
tendency is observed but not significant. A tendency toward greater value of cross-section
significant at 60% of the femur total length.
and sham mice for all trabecular parameters (p>0.05) (Figs. 4a and b).
However, the oim vibrated mice exhibited a significant increase of the
tibia bone volume fraction (p=0.019) (Fig. 4b).
easured along the diaphysis of the tibia (A, C) and femur (B, D) of the wild type and oim
ted mice in the proximal tibia and the femur mid-diaphysis. Cross section area was also
exhibited also greater cortical thickness in the tibia mid-diaphysis. In the femur only a
area was also observed in the tibia and femur of the wild type vibrated mice but only

image of Fig.�2
image of Fig.�3


Fig. 4. Trabecular bone surface (mm2) and bone volume fraction measured in the tibia proximal metaphysis (A, C) and femur distal metaphysis (B, D) of the wild type and oimmice.
(* pb0.05, ** pb0.01). In the tibia, bone volume fraction was significantly greater in the vibrated group for the oim mice but not for the wild type mice. In the femur, no significant
difference was found between vibrated and sham groups for both parameters. Oim vibrated mice exhibited a significantly higher bone volume fraction while wild type mice showed
only a non-significant trend. In the femur, no significant difference were found.
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In the femur distal metaphysis, no significant differences between
vibrated and shammice were found for the trabecular bone morphol-
ogy parameters in either wild type or oim groups (BS, BVTV, TbTh or
TbSp, p>0.05 in all condition, Figs. 4c and d).
Three point bending mechanical data

In the wild type group, the vibration treatment had a significant
impact on the femur bending stiffness and yield load (p=0.034 and
p=0.035 respectively) but the other parameters (ultimate load, total
work to fracture, ultimate stress, Young's modulus and yield stress)
were not significantly different. In the oim group, a tendency toward
greater values was observed in the vibrated mice for all parameters
but did not reach statistical significance as there was a large standard
Table 1
Femur three point bending data obtained from Wild type and Oim mice submitted to vibrat
total work to fracture (mJ), ultimate stress (σult, MPa), Young's modulus (E, MPa), yield st
significance=5%).

Wild vib Wild sham

Mean SD Mean SD

Fult 13.5 1.8 12.6 0.9
S 77.7 5.8 69.9 10.4
Fyield 8.2 1.1 7.4 0.7
Total work to fracture 7.3 2.0 7.7 2.4
σult 117.2 8.2 120.4 13.7
E 6544 734 6521 1017
σYield 71.8 7.1 70.7 9.2
deviation, typical of the oim phenotype. The point bending data are
summarized in Table 1.

Tibial cortical bone histomorphometry

In all the mice analysed (both wild type and oim, vibrated and
sham), bone calcein double labels were clearly defined in both perios-
teum and endosteum of the tibia mid-diaphyseal cross-sections. Bone
apposition parameters (MS/BS, MAR, BFR) were not significantly dif-
ferent in the endosteum and periosteum between the vibrated and
sham mice when both genotype groups were considered together
(p>0.05 for all parameter). When the genotypes were considered
separately, only the MS/BS of the endosteum in the wild type group
was significantly increased (p=0.036) in the wild type group while
all other parameters were not significantly different. In the oim
ion or sham: ultimate force (Fult, N), bending stiffness (S, N/mm), yield force (Fyield, N),
ress (σyield, MPa). (Mean and standard deviation; p value from MANOVA test, level of

Oim vib Oim sham

p Mean SD Mean SD p

0.154 6.1 1.3 5.4 1.6 0.425
0.034 27.3 10.8 21.7 9.7 0.294
0.035 3.6 1.1 3.0 1.2 0.199
0.68 1.7 0.7 1.6 0.6 0.617
0.49 100.2 19.9 93.3 21.4 0.694
0.95 4511 2505 4023 1404 0.707
0.76 59.8 16.5 49.7 14.0 0.188

image of Fig.�4
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group, only a non-significant trend toward higher MAR and BFR
values was observed in both endosteum and periosteum. Cortical
bone histomorphometry data are summarized in Table 2.

Tibial trabecular bone histomorphometry

In the wild type mice group, morphology of the trabecular bone
was well developed with numerous trabeculae and clearly visible
calcein double labels. In the oim mice, the trabeculae were scarcely
present with unclear calcein labels and very few or no visible double
labels. No significant differences were found between vibrated and
sham mice in the wild type group. In the oim group, no statistically
significant difference was observed between the vibrated and sham
mice. Tibia trabecular bone histomorphometry data are summarized
in the Table 2.

Discussion

In the present study, whole body vibration (WBV) treatment im-
proved the trabecular and the cortical bone morphology during the
growth in very young oim mouse hind limbs. In the femur, this im-
provement of the cortical bone morphology correlates with a trend
toward an increase of the mechanical properties observed during
the three point bending. However the heterogeneity of the oim phe-
notype resulted in large standard deviations as previously reported
[52] and the increase in mechanical integrity was not sufficient to
reach statistical significance.

In the vibrated wild type mice, the osteogenic effect of WBV on
the cortical bone morphology was apparent when the full lengths of
the femur and tibia diaphysis were considered. This “global” improve-
ment was sufficient to obtain a significant positive impact on the
femur rigidity and yield limit during the three point bending test.
The improvement of both cortical and trabecular bone compartment
in the oim mice tibial metaphysis when subjected to WBV is in accor-
dance with the findings of Xie et al. in slightly older but still growing
BALB mice [39] and suggests that growing bone may be particularly
sensitive to WBV. In addition, we also observed a positive response
in the cortical bone of both femur and tibia, indicating that the WBV
could be beneficial for both hind limb long bones in oim mice. Inter-
estingly, Xie et al. found no change in cortical thickness, but a positive
effect on the cross section area, bone marrow area and Imax (enlarge-
ment of the metaphysis cross section) [39]. Our investigation showed
thatWBV had a significant influence on themean cortical thickness and
a more “global” effect on other morphological parameters (i.e. signifi-
cant if all position within the diaphysis are considered), which may
be explained by the difference in the growth period observed. In the
present study, we vibrated from 3 to 8 weeks, which corresponds
Table 2
Bone apposition results obtained by histomorphometry analyses of the double calcein labels
of mineral surface on bone surface (MS/BS), mineral apposition rate (MAR, μm/day) and bon
Whitney tests, level of significance=5%).

Cortical bone Wild vib Wild sham

Mean SD Mean SD

Endosteum MS/BS 0.68 0.07 0.58 0.07
MAR 1.76 0.02 2.02 0.38
BFR 1.20 0.13 1.17 0.31

Periosteum MS/BS 0.45 0.08 0.51 0.10
MAR 1.41 0.41 1.56 0.16
BFR 0.65 0.24 0.80 0.18

Trabecular bone Wild vib Wild sham

Mean SD Mean SD

MS/BS 0.24 0.03 0.20 0.03
MAR 2.23 0.29 2.08 0.19
BFR 0.53 0.09 0.42 0.09
with a rapid growth in length; while in Xie et al. [39], mice were vibrat-
ed from 8 to 14 weeks, in which slower growth occurs. In the wild type
group, a small osteogenic responsewas also observed, not at a particular
location but in the diaphysis as awhole (as shownby theMANOVA) and
only in the cortical bone. The difference of effect between oim and wild
type groups could be explained by the lower “bone mass” (thinner cor-
tex and lower trabecular bone volume fraction) in the oim group. This
may increase the response of the bone tissue to the high frequency
low amplitude vibrations as it has been observed in low bone mass
mice strain by Judex et al. [37]. Because wild type mice have higher
bone mass, they may require a different vibration stimulus to trigger
a greater osteogenic response [37] and allow a stronger statistical
response. The use of a higher frequency might improve the impact of
the WBV [41], but increasing the vibration magnitude (acceleration)
has been shown to have little to no effect in the mouse model [44]. A re-
cent computational study has proposed a mechanism of the osteogenic
impact of the WBV on the trabecular bone based on the stimulation of
the bone cells by the fluid shear stress of the bonemarrowon the trabec-
ulae surface generated by high frequency loadings [53]. The simulation
demonstrated that a lower trabecular bone volume fraction resulted in
higher stresses on the trabeculae surface and therefore in increased stim-
ulation of the bone cells. This is in accordance with our results as oim
mice had a greater response. Considering the differences observed in
the intrinsic mechanical properties and mineralization of the bone be-
tweenwild type and oimmice [54], some differences in vibration propa-
gation due to bone material differences in the two groups might also be
considered in addition to the impact of bone morphology.

The sensitivity to the WBV treatment was different between the
cortical and trabecular compartments. Indeed, most of the investiga-
tions of WBV in adult mouse models reported a positive WBV osteo-
genic impact in only the tibial trabecular bone [44] with no impact
on cortical bone [40,46]. Lynch et al. [40] reported no impact of
WBV at all in old mice, which may be interpreted as a change in
mechano-sensitivity with age. Interestingly, in ovariectomized rat
studies, WBV had a beneficial effect on cortical bone [42,43]. Rubinacci
et al. [42] suggested that the difference in response of the trabecular
and cortical bone compartments may be sex-hormone dependent and
inhibited by oestrogen in the cortical compartment. In the present
study, themicewere not sexuallymature (limited influence of oestrogen)
and were actively growing, which could explain the beneficial effects on
cortical bone.

The histomorphometry analyses of bone apposition in the oim
mice exhibited no significant effect in the trabecular or cortical
bone. The lack of positive impact on the trabecular bone apposition
observed in the oim mice (with histology) contrasts with the signifi-
cant improvement of the trabecular bone volume fraction (found
with microCT). This may be explained by a reduction of the osteoclast
in the tibia mid-diaphysis cross-section and the tibia metaphysis trabecular bone: ratio
e formation rate (BFR, μm/day). (Mean and standard deviation; p value from Mann and

Oim vib Oim sham

p Mean SD Mean SD p

0.036 0.69 0.15 0.72 0.18 0.347
0.525 1.26 0.22 1.09 0.24 0.347
0.675 0.86 0.21 0.77 0.22 0.347
0.754 0.62 0.15 0.57 0.11 0.6
0.117 1.25 0.31 1.09 0.31 0.6
0.173 0.79 0.35 0.59 0.10 0.465

Oim vib Oim sham

p Mean SD Mean SD p

0.095 0.16 0.04 0.18 0.02 0.548
0.548 1.21 0.18 1.50 0.40 0.25
0.095 0.27 0.11 0.29 0.05 0.786
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activity, rather than an increase in osteoblast activity [38,39]. In addi-
tion, in the trabecular bone of the oim mice, a very high trabecular
bone turnover [55,56] resulted most likely in the resorption of the
calcein labels leading to an inaccurate measure of bone apposition. In-
deed, the calcein double labels were rarely observable in the trabecu-
lar bone of oim mice but clearly defined in the cortical mid-diaphysis
cross-sections. This will impact the reliability of the measurement of
the mineral apposition rate (MAR) and therefore the calculation of
the bone formation rate (BFR). Future studies will decrease the time
between calcein labels to more accurately capture bone formation
dynamics and will also investigate the osteoclasts activity.

In the tibia cortical bone of the wild type mice, the significant
increase of MS/BS (and trend toward higher bone formation rate) in
the endosteum seems to correlate with the significant increase of
the cortical thickness observed at 50% of the tibia total length in the
μCT analyses. In the oim mice, the improvement observed at 50% of
the tibia total length could not be related to change of the bone
formation despite a tendency toward greater values in both endosteum
and periosteum of the oim vibrated mice (not significant due to large
variability). Also, we onlymeasured the bone apposition in one position
along the diaphysis and our micro CT analyses have shown some more
effects on the proximal tibia. Others have previously shown the impact
ofWBVon the cortical bone apposition in the proximal tibia [38]. Future
work will use a novel 3D histomorphometry technique to investigate
a larger volume of the cortical proximal bone.

The present study has demonstrated the osteogenic impact of a
whole body vibration treatment in an osteogenesis imperfecta mouse
model with cortical thickness and cross-section area increase in both
femur and tibia and a trabecular bone volume increase in the tibia.
This might lead to improvement of the mechanical bending properties
but only a trend was observed in the oim group. The low amplitude
high frequency WBV treatment has potential as a non-invasive and
non-pharmacologic therapy to stimulate bone formation during growth
in OI. The fact that an osteogenic impact was observed in the cortical
bone compartment is even more attracting as it is the most likely to
have a beneficial effect on the bone mechanical function. Such use of
the WBV has been clinically observed in the bone of low bone density
child population [21,26] and a positive impact of WBV on the muscle
was already reported in young OI patients [27]. Further investigations
are required to confirm and optimize the osteogenic effects of the
WBV (vibration frequency, acceleration or treatment duration and
length) in young children and to determine if the beneficial effects
would last during adulthood.

Acknowledgments

This investigation has been funded by the Wellcome Trust (grant
number: 089807/Z/09/Z).

References

[1] Forlino A, Cabral WA, Barnes AM, Marini JC. New perspectives on osteogenesis
imperfecta. Nat Rev Endocrinol 2011;7:540–57.

[2] Rauch F, Glorieux FH. Osteogenesis imperfecta. Lancet 2004;363:1377–85.
[3] Rauch F, Glorieux FH. Osteogenesis imperfecta, current and future medical treat-

ment. Am J Med Genet C 2005;139C:31–7.
[4] Castillo H, Samson-Fang L. Effects of bisphosphonates in children with osteogen-

esis imperfecta: an AACPDM systematic review. Dev Med Child Neurol 2009;51:
17–29.

[5] Ward LM, Rauch F,WhyteMP,D'Astous J, Gates PE, GroganD, et al. Alendronate for the
treatment of pediatric osteogenesis imperfecta: a randomized placebo-controlled
study. J Clin Endocrinol Metab 2011;96:355–64.

[6] Marini JC. Do bisphosphonates make children's bones better or brittle? N Engl J
Med 2003;349:423–6.

[7] Duncan RL, Turner CH. Mechanotransduction and the functional response of bone
to mechanical strain. Calcif Tissue Int 1995;57:344–58.

[8] Turner CH. Three rules for bone adaptation to mechanical stimuli. Bone 1998;23:
399–407.

[9] Ozcivici E, Luu YK, Adler B, Qin Y-X, Rubin J, Judex S, et al. Mechanical signals as
anabolic agents in bone. Nat Rev Rheumatol 2010;6:50–9.
[10] Rubin CT, Lanyon L. Regulation of bone mass by mechanical strain magnitude.
Calcif Tissue Int 1985;37:411–7.

[11] Judex S, Zernicke RF. High-impact exercise and growing bone: relation between
high strains rates and enhanced bone formation. J Appl Physiol 2000;88:2183–91.

[12] Hsieh Y-F, Turner CH. Effects of loading frequency on mechanically induced bone
formation. J Bone Miner Res 2001;16:918–24.

[13] Warden SJ, Turner CH. Mechanotransduction in the cortical bone is most efficient
at loading frequencies of 5–10 Hz. Bone 2004;34:261–70.

[14] Nagasawa S, Honda A, Sogo N, Umemura Y. Effects of low-repetition jump exercise
on osteogenic response in rats. J Bone Miner Metab 2008;26:226–30.

[15] LaMothe JM, Hamilton NH, Zernicke RF. Strain rate influences periosteal adaptation
in mature bone. Med Eng Phys 2005;27:277–84.

[16] Srinivasan S, Ausk BJ, Poliachik SL, Warner SE, Richardson TS, Gross TS. Rest-
inserted loading rapidly amplifies the response of bone to small increases in strain
and load cycles. J Appl Physiol 2007;102:1945–52.

[17] Margulies J, Simkin A, Leichter I, Bivas A, Steinberg R, Giladi M, et al. Effect of
intense physical activity on the bone-mineral content in the lower limbs of young
adults. J Bone Joint Surg Am 1986;68:1090–3.

[18] Robling AG, Burr DB, Turner CH. Recovery periods restore mechanosensitivity to
dynamically loaded bone. J Exp Biol 2001;204:3389–99.

[19] Qin Y-X, Rubin CT, McLeod KJ. Nonlinear dependence of loading intensity and
cycle number in the maintenance of bone mass and morphology. J Orthop Res
1998;16:482–9.

[20] Pitukcheewanont P, Safani D. Extremely low-level, short-term mechanical stimu-
lation increases cancellous and cortical bone density and muscle mass of children
with low bone density: a pilot study. Endocrinologist 2006;16:128–32.

[21] Gilsanz V, Wren TAL, Sanchez M, Dorey F, Judex S, Rubin CT. Low-level, high-
frequency mechanical signals enhance musculoskeletal development of young
women with low BMD. J Bone Miner Res 2006;21:1464–74.

[22] Verschueren SM, Roelants M, Delecluse C, Swinnen S, Vanderschueren D, Boonen
S. Effect of 6-month whole body vibration training on hip density, muscle strength,
and postural control in postmenopausal women: a randomized controlled pilot
study. J Bone Miner Res 2004;19:352–9.

[23] Roelants M, Delecluse C, Verschueren SM. Whole-body-vibration training increases
knee-extension strength and speed of movement in older women. J Am Geriatr
Soc 2004;52:901–8.

[24] Ruan X-Y, Jin F-Y, Liu Y-I, Peng Z-L, Sun Y-G. Effects of vibration therapy on bone
mineral density in post menoposal womenwith osteoporosis. ChinMed J 2008;121:
1155–8.

[25] Mikhael M, Orr R, Amsen F, Greene D, Fiatarone Singh M. Effect of standing pos-
ture during whole body vibration training on muscle morphology and function
in older adults: a randomised controlled trial. BMC Geriatr 2010;10:74.

[26] Ward K, Alsop C, Caulton J, Rubin C, Adams J, Mughal Z. Low magnitude mechan-
ical loading is osteogenic in children with disabling conditions. J Bone Miner Res
2004;19:360–9.

[27] Semler O, Fricke O, Vezyroglou K, Stark C, Strabrey A, Schoenau E. Results of a pro-
spective pilot trial on mobility after whole body vibration in children and adoles-
cents with osteogenesis imperfecta. Clin Rehabil 2008;22:387–94.

[28] Torvinen S, Kannus P, Sievanen H, Jarvinen TAH, Pasanen M, Kontulainen S, et al.
Effect of four-month vertical whole body vibration on performance and balance.
Med Sci Sports Exerc 2002;34:1523–8.

[29] Rubin CT, Recker R, Cullen D, Ryaby J, McCabe J, McLeod K. Prevention of postmeno-
pausal bone loss by a low-magnitude, high-frequency mechanical stimuli: a clinical
trial assessing compliance, efficacy, and safety. J Bone Miner Res 2004;19:343–51.

[30] Crewther B, Cronin J, Keogh J. Gravitational forces and whole body vibration:
implications for prescription of vibratory stimulation. Phys Ther Sport 2004;5:
37–43.

[31] Mikhael M, Orr R, Fiatarone Singh MA. The effect of whole body vibration expo-
sure on muscle or bone morphology and function in older adults: a systematic
review of the literature. Maturitas 2010;66:150–7.

[32] Dupuis H. Medical and occupational preconditions for vibration-induced spinal
disorders: occupational disease no. 2110 inGermany. Int ArchOccup EnvironHealth
1994;66:303–8.

[33] Prisby RD, Lafage-Proust M-H, Malaval L, Belli A, Vico L. Effects of whole body
vibration on the skeleton and other organ systems in man and animal models:
what we know and what we need to know. Ageing Res Rev 2008;7:319–29.

[34] Flieger J, Karachalios T, Khaldi L, Raotou P, Lyritis G. Mechanical stimulation in the
form of vibration prevents postmenopausal bone loss in ovariectomized rats.
Calcif Tissue Int 1998;63:510–4.

[35] Rubin CT, Turner AS, Mallinckrodt C, Jerome C, McLeod KJ, Bain S. Mechanical
strain, induced noninvasively in the high-frequency domain, is anabolic to cancellous
bone, but not cortical bone. Bone 2002;30:445–52.

[36] Rubin CT, Turner AS, Muller R, Mittra E, McLeod KJ, LinW, et al. Quantity and quality
of trabeculra bone in the femur are enhanced by a strongly anabolic, noninvasive
mechanical intervention. J Bone Miner Res 2002;17:349–57.

[37] Judex S, Donahue LR, Rubin CT. Genetic predisposition to low bone mass is
paralleled by an enhanced sensitivity to signals anabolic to the skeleton. FASEB J
2002;16:1280–2.

[38] Xie L, Jacobson JM, Choi ES, Busa B, Donahue LR, Miller LM, et al. Low-level mechan-
ical vibrations can influence bone resorption and bone formation in the growing
skeleton. Bone 2006;39:1059–66.

[39] Xie L, Rubin CT, Judex S. Enhancement of the adolescent murine musculoskel-
etal system using low-level mechanical vibrations. J Appl Physiol 2008;104:
1056–62.

[40] Lynch MA, Brodt MD, Silva MJ. Skeletal effects of whole-body vibration in adult
and aged mice. J Orthop Res 2010;28:241–7.



514 M. Vanleene, S.J. Shefelbine / Bone 53 (2013) 507–514
[41] Judex S, Lei X, Han D, Rubin CT. Low-magnitude mechanical signals that stimulate
bone formation in the ovariectomized rat are dependent on the applied frequency
but not on strain magnitude. J Biomech 2007;40:1333–9.

[42] Rubinacci A, Marenzana M, Cavani F, Colasante F, Villa I, Willnecker J, et al. Ovari-
ectomy sensitizes rat cortical bone to whole-body vibration. Calcif Tissue Int
2008;82:316–26.

[43] Oxlund BS, Ortoft G, Andreassen TT, Oslund H. Low-Intensity, high-frequency vi-
bration appears to prevent the decrease in strength of the femur and tibia associ-
ated with ovariectomy of adult rats. Bone 2003;32:69–77.

[44] Christiansen BA, Silva MJ. The effect of varying magnitudes of whole-body vibra-
tion on several skeletal sites in mice. Ann Biomed Eng 2006;34:1149–56.

[45] Brouwers JEM, van Rietbergenm B, Ito K, Huiskes R. Effect of vibration treatment
on tibial bone of ovariectomized rats analyzed by in vivo micro-CT. J Orthop Res
2010;28:62–9.

[46] Garman R, Gaudette G, Donahue LR, Rubin CT, Judex S. Low-level accelerations
applied in the absence of weight bearing can enhance trabecular bone formation.
J Orthop Res 2006;25:732–40.

[47] Chipman SD, Sweet HO, McBride DJ, Davisson MT, Marks SC, Shuldiner AR, et al.
Defective pro alpha 2(I) collagen synthesis in a recessive mutation in mice: a model
of human osteogenesis imperfecta. Proc Natl Acad Sci U S A 1993;90:1701–5.

[48] Van Gaalen SM, Kruyt MC, Geuze RE, de Bruijin JD, Alblas J, Dhert WJA. Use of fluo-
rochrome labels in in vivo bone tissue engineering research. Tissue Eng Part B Rev
2010;16:209–17.
[49] Doube M, Klosowski M, Arganda-Carreras I, Cordelieres F, Dougherty RP, Jackson J,
et al. BoneJ: free and extensible bone image analysis in ImageJ. Bone 2010;47:
1076–9.

[50] Schriefer JL, Robling AG, Warden SJ, Fournier AJ, Mason JJ, Turner CH. A comparison
of mechanical properties derived from multiple skeletal sites in mice. J Biomech
2005;38:467–75.

[51] Parfitt MA, Drezner MK, Glorieux FH, Kanis JA, Malluche H, Meunier PJ, et al. Bone
histomorphometry: standardization of nomenclature, symbols and units. J Bone
Miner Res 1987;2:595–610.

[52] Vanleene M, Saldanha Z, Cloyd KL, Jell G, Bou-Gharios G, Bassett JHD, et al. Trans-
plantation of human fetal blood stem cells in the osteogenesis imperfecta mouse
leads to improvement in multiscale tissue properties. Blood 2011;117:1053–60.

[53] Coughlin TR, Niebur GL. Fluid shear stress in trabecular bone marrow due to
low-magnitude high-frequency vibration. J Biomech 2012;45:2222–9.

[54] Vanleene M, Porter A, Guillot P-V, Boyde A, Oyen M, Shefelbine S. Ultra-structural
defects cause low bone matrix stiffness despite high mineralization in osteogen-
esis imperfecta mice. Bone 2012;50:1317–23.

[55] Kalajzic I, Terzic J, Rumboldt Z, Mack K, Naprta A, Ledgard F, et al. Osteoblastic
response to the defective matrix in the osteogenesis imperfecta murine (oim)
mouse. Endocrinology 2002;143:1594–601.

[56] Zhang H, Doty SB, Hughes C, Dempster D, Camacho NP. Increased resorptive activ-
ity and accompanying morphological alterations in osteoclasts derived from the
oim/oim mousemodel of osteogenesis imperfecta. J Cell Biochem2007;102:1011–20.


	Therapeutic impact of low amplitude high frequency whole body vibrations on the osteogenesis imperfecta mouse bone
	Introduction
	Materials and methods
	Animals breeding and whole body vibration (WBV) protocol
	3D bone morphology analyses
	Three point bending mechanical testing
	Histomorphometry of un-decalcified tibia bone
	Statistics

	Results
	Mouse body weight and hindlimb bone total length
	Micro CT analysis of cortical bone morphology
	Micro CT analysis of trabecular bone morphology
	Three point bending mechanical data
	Tibial cortical bone histomorphometry
	Tibial trabecular bone histomorphometry

	Discussion
	Acknowledgments
	References


