
Musculoskeletal Response to Whole-Body Vibration During
Fracture Healing in Intact and Ovariectomized Rats

Ewa K. Stuermer • Marina Komrakova • Carsten Werner • Michael Wicke •

Leila Kolios • Stephan Sehmisch • Mohammad Tezval • Clara Utesch •

Orzala Mangal • Sebastian Zimmer • Christian Dullin • Klaus M. Stuermer

Received: 31 March 2010 / Accepted: 13 May 2010 / Published online: 9 June 2010

� The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract This study investigated the effect of vibration

on bone healing and muscle in intact and ovariectomized

rats. Thirty ovariectomized (at 3 months of age) and 30

intact 5-month old female Sprague-Dawley rats underwent

bilateral metaphyseal osteotomy of tibia. Five days later,

half of the ovariectomized and of the intact rats were

exposed to whole-body vertical vibration (90 Hz, 0.5 mm,

4 9 g acceleration) for 15 min twice a day during 30 days.

The other animals did not undergo vibration. After

decapitation of rats, one tibia was used for computed

tomographic, biomechanical, and histological analyses; the

other was used for gene expression analyses of alkaline

phosphatase (Alp), osteocalcin (Oc), tartrate-resistant acid

phosphatase 1, and insulinlike growth factor 1. Serum Alp

and Oc were measured. Mitochondrial activity, fiber area

and distribution, and capillary densities were analyzed in

M. gastrocnemius and M. longissimus. We found that

vibration had no effect on body weight and food intake, but

it improved cortical and callus densities (97 vs. 99%, 72 vs.

81%), trabecular structure (9 vs. 14 trabecular nodes),

blood supply (1.7 vs. 2.1 capillaries/fiber), and oxidative

metabolism (17 vs. 23 pmol O2/s/mg) in ovariectomized

rats. Vibration generally increased muscle fiber size. Tibia

biomechanical properties were diminished after vibration.

Oc gene expression was higher in vibrated rats. Serum Alp

was increased in ovariectomized rats. In ovariectomized

rats, vibration resulted in an earlier bridging; in intact rats,

callus bridging occurred later after vibration. The chosen

vibration regimen (90 Hz, 0.5 mm, 4 9 g acceleration,

15 min twice a day) was effective in improving musculo-

skeletal tissues in ovariectomized rats but was not optimal

for fracture healing.
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Healing of bone fracture greatly depends on the mechanical

conditions at the fracture site. In clinical situations, the

period between injury and the time at which weight bearing

is commenced is often delayed. Moreover, severe osteo-

penia and muscle atrophy may develop under conditions of

immobilization in humans and animals [1, 2]. In immobile

patients, lack of adequate mechanical stimulus is consid-

ered to be a reason for insufficient callus formation and

delayed healing. Micromovements at the fracture site have

been shown to stimulate new bone formation [3, 4].

Besides mechanical stimulation, estrogen plays an impor-

tant role in a fracture healing. In animals with estrogen
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deficiency, delayed fracture healing and slowed muscle

recovery after inactivity have been observed [5, 6].

Evidence in animals and humans indicates that brief

exposure to low-magnitude, high-frequency mechanical

signals of 10 to 100 Hz at \0.5 9 g acceleration benefi-

cially affects the musculoskeletal system [7, 8]. In post-

menopausal women, vibrations (35–40 Hz, 2–5 9 g

acceleration) were able to increase hip bone mineral den-

sity and improved muscle strength [9]. Vibrations (17–

45 Hz, 0.5–3 9 g acceleration) applied in ovariectomized

rats were anabolic to bone, whereas in intact animals, there

was no bone response [10, 11]. The increase in the vibra-

tion frequency from 45 to 90 Hz resulted in a larger tra-

becular and cortical bone formation rates in the tibia

metaphysis of ovariectomized rats [7].

The physical mechanisms by which bone cell responds to

whole-body vibration, with a preference toward certain

vibration frequencies, have not yet been identified. Different

mechanical stimuli can either provide effective augmenta-

tion of fracture healing and bone regeneration or maturation,

or delay these processes [12]. As in muscle, mechanical

stimulation may have beneficial or adverse effects on mus-

culature [8, 13]. Previous studies on induced mechanical

stimulation during fracture healing differ in the type of fix-

ators and strains (tensional or compressional), with a stim-

ulation unit temporally attached to the bone fixator.

Externally induced short-term, cyclical interfragmentary

movements of 1 Hz (1–0.5 mm) were shown to enhance

bone healing process if applied to osteotomies stabilized by

rigid external fixators [14–16]. This effect was not observed

when a flexible external fixator was used [17, 18].

Stimulation of bone healing with whole-body vibration

allows such stimulation to be noninvasively applied to

fractures, regardless of the type of fixators used. Wolf

et al., who investigated the effect of whole-body vibration

(20 Hz; 5 min per day) on fracture of externally fixed

ovine metatarsus, found no improvement in bone healing

[19]. In contrast, a beneficial effect on fracture healing by

the vibration of 25 Hz (60 min per day) in rabbit fibula

[20] and by the 35 Hz vibration (20 min per day) in rat

femora [21] has been reported. These studies were per-

formed on skeletally mature and intact females and are

restricted to the bone-healing processes, whereas the effect

of the vibration on the muscle during fracture healing

remained unknown. Because vibration primarily evokes

reflexive muscle contractions that mechanically load the

bone, investigation of both muscle and bone tissues is

important. Furthermore, osteoporosis remarkably delays

fracture healing [5], and whole-body vibration may aug-

ment the healing processes.

In the present study, we investigated the effect of whole-

body vibration on bone healing and muscle function in

intact and ovariectomized rats.

Materials and Methods

Sixty 3-month-old female Sprague-Dawley rats were

obtained from Harlan Winkelmann (Borchen, Germany).

Thirty rats were bilaterally ovariectomized under intra-

peritoneal ketamine (Medistar, Holzwickede, Germany)

and xylazine (Riemser, Greifswald-Insel Riems, Germany)

anesthesia (40 and 10 mg/kg body weight, respectively).

The remaining 30 rats were left intact. Rats were housed

four to five animals per standard cage under 12-h dark–

light photoperiods at a constant temperature of 22 ± 1�C.

After 10 weeks, when ovariectomized animals developed

severe osteopenia [22], all 60 animals underwent a bilateral

transverse osteotomy of tibia in the metaphysis [23]. Both

tibiae of ketamine- and xylazine-anesthetized rats were

osteotomized 7 mm distal to the knee surface with a pulsed

ultrasound saw (Piezosurgery, Mectron Medical Technol-

ogy, Carasco, Italy). A 1-mm osteotomy gap was gener-

ated, and a five-hole, T-shaped titan plate (Stryker Trauma,

Selzach, Switzerland) was fixed to the ventromedial aspect

of the tibia. Plate fixation was performed in a bridging

technique with the aid of four screws [23].

Five days after osteotomy, half the ovariectomized and

intact rats were exposed to whole-body vertical vibration

with 90 Hz frequency, 0.5-mm amplitude, and 4 9 g

acceleration measured with the aid of SWM 3000 instru-

ment (REO Elektronik, Berlin, Germany). Rats were

transferred 10 at a time to the plastic cage (Fig. 1a) and

underwent vibration for 15 min twice a day for 30 days.

The other animals did not undergo vibration. Vibration was

performed via a newly developed vibration device (Vibra

Maschinenfabrik Schultheis, Offenbach, Germany) con-

sisting of a vibration desk, two alternating current engines,

and a force transducer for monitoring the frequency of

vibration (Fig. 1b–d). A plastic cage (50 9 50 9 25 cm3)

was attached to the vibration desk to maintain the rats

during vibration sessions (Fig. 1a).

All rats received a standard pellet diet (Ssniff Special

Diet, Soest, Germany) throughout the experiment. Animals

were weighed weekly during experiment. The daily food

intake was calculated on the basis of a weekly weighing of

food after osteotomy onward. All animals had free access

to food and water and were allowed to freely move within

the cages at all times.

After 35 days of fracture healing, rats were decapitated

under carbon dioxide anesthesia. Blood samples were

collected and centrifuged, and serum was stored at -20�C

until electrochemiluminiscence immunoassay analyses of

osteocalcin and colorimetric assay of alkaline phosphatase

(Alp) could be conducted. Serum analyses were conducted

at the Department of Clinical Chemistry, University of

Goettingen, with a automated chemistry analyzer (Roche/

Hitachi Modular) according to the manufacturer’s
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instructions (Roche Diagnostics, Mannheim, Germany).

The uterus was extracted and weighed. Muscle samples

were collected from M. gastrocnemius (MG) and M. lon-

gissimus (ML), randomized left or right. From the middle

part of the MG, a piece of muscle (approximately 80 mg)

was immersed in ice-cold storage medium, pH 7.1, for up

to 4 h before respirometric measurements were performed

[24]. A block of muscle (1 cm3) from MG and ML was

frozen directly in liquid nitrogen to be stored at -80�C

until histological analysis.

Left and right tibiae were dissected free of soft tissues.

The plate and screws were carefully extracted. One tibia

chosen randomly was stored at -20�C until use in com-

puted tomographic, biomechanical, histological, and

microradiographic analyses. Metaphyseal clips of other

tibia with a newly formed callus at the osteotomy line were

placed in liquid nitrogen and then stored at -80�C for gene

expression analyses.

All chemicals were obtained from Sigma-Aldrich Che-

mie, Taufkirchen, Germany, unless otherwise indicated.

The animal study protocol was approved by the

local regional government and conformed to German

animal protection laws (permission from December 21,

2006, Az 33.42502-04-011/07, District Government of

Braunschweig).

Bone Analyses

Bone Labeling

The labeling of new bone formation was performed in vivo

with fluorescent dyes injected subcutaneously [25]. Xyle-

nol orange (90 mg/kg body weight) was injected on day 13,

calcein green (10 mg/kg body weight) on day 18, and

alizarin complexone (30 mg/kg body weight) on day 24

and 26 after osteotomy, respectively. The injection of

alizarin complexone was repeated to intensify labeling.

Tetracycline (25 mg/kg body weight) was injected 1 h

before decapitation, i.e., 35 days after osteotomy.

Gene Expression Analyses

Total cellular RNA was extracted as previously reported

[26]. Briefly, tissues were homogenized and RNA was

extracted using the RNeasy Mini Kit (Qiagen, Hilden,

Germany). RNA concentration was measured with the aid

of a photometer (Biometra, Goettingen, Germany). Diluted

RNA (5 ng/ll) was stored at -80�C until usage. The RNA

samples (50 ng) were then reverse transcribed using

Superscript RNase H-reverse transcriptase (Promega,

Mannheim, Germany). Expression of the rat genes, Alp,

osteocalcin (Oc), tartrate-resistant acid phosphatase 1

(Trap-1), and insulin-like growth factor 1 (Igf-1) was

determined by quantitative real-time polymerase chain

reaction (qRT-PCR) based on SYBR Green detection using

iCycler (iQ-System; Bio-Rad Laboratories, Munich, Ger-

many). Ready-to-use primer pairs were obtained from

Qiagen (QuantiTect Primer Assays). The qRT-PCR was

carried out according to the manufacturer’s protocols

(Qiagen). Relative gene expression was calculated by the

2-DDCT method [27] for each gene of interest, where

DDCT = (CT treatment group gene - CT 18S rRNA) -

(CT intact nonvibrated gene - CT 18S rRNA). Gene

expression in intact nonvibrated group was taken as 1.

Flat-Panel Volume Computed Tomography

Tibia were thawed and analyzed by means of flat-panel

detector-based volume computer tomography (fpVCT; GE

Global Research, Niskayuna, NY), a nonclinical computed

tomography prototype [28]. The measurements were per-

formed with a single flat-panel detector consisting of 1024

by 1024 detector elements with an element size of

200 9 200 lm. The X-ray source was operated at 80 kVp

with anode current of 100 mA. Samples were scanned with

a step-and-shoot acquisition protocol with 500 projection

images per full rotation within 4 s. The spatial resolution of

the system is approximately 200 lm at 10% modulation

transfer function. All data were reconstructed with a voxel

Fig. 1 Vibration device a cage for rats; b vibration desk; c two

engines; d force transducer
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size of 100 lm and were analyzed on an Advantage

workstation (version 4.2; General Electric Health Care,

Milwaukee, WI). The measurement area extended 1.5 mm

proximally and 1.5 mm distally from the osteotomy site

(Fig. 2a, b; Fig. 3). Total, callus, and cortical densities

were measured within the 3-D region of interest and ini-

tially assessed in Hounsfield units, then converted into

bone mineral density (mg/cm3) by a linear regression

equation (bone mineral density = 0.3385 9 value in

Hounsfield units ? 33.321) that was formulated measuring

three hydroxyapatite standards of several mineral densities.

The total area and the callus and cortical areas were

measured (mm2) on 2-D images of three longitudinal sec-

tions (200-lm thickness) made similar to those studied in

histological analyses.

Biomechanical Analyses

Stiffness of the tibia was evaluated by a three-point

bending test [29] that used a testing machine (type 145660

Z020/TND; Zwick/Roell, Ulm, Germany). Tibia were

loaded at the osteotomy line of the ventromedial aspect.

After applying a preload of 1 N, nondestructive measure-

ments were performed at a feed motion rate of 5 mm/min

by testXpert software (Zwick/Roell, Ulm, Germany). The

measurements were stopped when elastic deformation

reached yield point. The stiffness (N/mm) was defined as a

slope of the linear rise of the curve and was calculated by

the Excel computer program (Microsoft, Redmond, WA).

Histological Analyses

The entire tibia was subjected to the sequential ascending

concentrations of ethanol and embedded in methylmeth-

acrylate (Merck). Longitudinal sections 150 lm thick were

cut at the right angle to the ventromedial aspect of tibia

with a Leica SP 1600 diamond saw microtome (Leica

Instruments, Nussloch, Germany). The earliest callus

bridging of the osteotomy gap was determined by analyz-

ing at least 10 fluorochrome-labeled sections. Three central

representative sections were microradiographed with the

aid of the Faxitron Cabinet x-ray system using Kodak In-

dustrex film (SR 45, 100 NIF, Kodak, Paris, France) at a

resolution of 0.5 lm and exposure of 0.2 mA for 3 min.

The sections and the corresponding microradiographs were

digitized with a digital camera (Leica DC300F) and zoom

stereo microscope (Leica MZ75) at a magnification of 916

Fig. 2 Computed images of the metaphysis of tibia longitudinal

sections labeled intravital with fluorochromes and the corresponding

microradiographs made after 35 days of osteotomy healing in a, b
intact non-vibrated (vib); (c, d) intact vib; e, f ovariectomized (Ovx)

non-vib; and g, h Ovx vib rats. Arrowheads, ventromedial aspect;

arrows, dorsal aspect; rectangular frame, region of interest

Fig. 3 Schematic diagram of measurement areas (1.5 mm proximally

and distally from the osteotomy line). 1, proximal margin; 2,

alignment line; 3, distal margin; Cl.v, callus ventromedial; Cl.e,

callus endosteal; Cl.d, callus dorsal; Ct.v, cortical bone ventromedial;

Ct.d, cortical bone dorsal; Tr., area of trabecular measurements
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with the aid of QWin image analysis program (Leica,

Bensheim, Germany).

The osteotomy gap was divided into three regions of

interest: (1) plate side, ventromedial aspect; (2) dorsal

aspect; and (3) the endosteal part of the tibia. Alignment

line was set on the osteotomized ends of distal cortical

bone, enabling comparable measurements of the sections

(Fig. 3, line 2). The measurement area extended 1.5 mm

proximally and distally from the alignment line, similar to

that analyzed in the fpVCT data sets (Fig. 3, lines 1 and 3).

Cortical width and density distal to osteotomy, periosteal

callus width and density, endosteal callus density, number

of trabecular nodes, and trabecular width were measured

via microradiographs (Fig. 3). The areas of newly built

callus were determined by analyses of fluorochrome-

labeled sections according to the period of callus forma-

tion. The rate of callus formation was determined dividing

the labeled callus area (lm2) by labeling-specific days [30].

The green-stained area was built during 5 days (within 13

and 18 days after fracture), red-stained tissue during 8 days

(from 18 to 26 days), and yellow-stained area during

9 days (26–35 days after fracture). The xylenol orange-

labeled area was too small to be measured adequately and

therefore was not included in the analyses.

Muscle Analyses

Respirometric Measurements

Respirometric measurements were performed as described

previously [24]. Samples of MG were dissected, perme-

abilized in saponin supplemented storage medium (50 lg/

ml), and washed three times for 15 min each in incubation

medium (pH 7.4). The mitochondrial respiratory activity of

the permeabilized muscle fibers was analyzed with an

oxygraph (Oroboros, Innsbruck, Austria). The weight

specific oxygen consumption rate (pmol O2 s/mg of sample

weight) was measured with substrates: 9.5 mM pyruvate

and 1.9 mM malate in the presence of 5 mM adenosine

triphosphate (state 3) and 26 lM carboxyatractyloside

(state 4) with the aid of DatLab 4.0 analysis software

(Oroboros). Physiological respiratory activity of mito-

chondria was estimated by calculating the respiratory

control ratio, defined as state 3 respiration rate divided by

state 4 respiration rate. At least nine replications per

treatment group were performed.

Histological Analyses

Analyses were performed as described previously [24].

Serial cross sections of 12 lm were cut in a cryostat (Le-

ica) and mounted on glass slides. For the analysis of muscle

fibers, sections were fixed in 1% paraformaldehyde

solution (pH 6.6) and thereafter stained for reduced nico-

tinamide adenine dinucleotide diaphorase activity (pH 7.4)

and calcium-activated myofibrillar adenosine triphospha-

tase activity (pH 9.4) after acidic preincubation (pH 4.2).

Representative sections were used for final measurements

of muscle fibers classified according to Peter et al. [31].

Fast-twitch glycolytic fibers and fast-twitch oxidative gly-

colytic fibers were measured. Because slow oxidative fibers

were rarely represented and cannot always be clearly dis-

tinguished from fast-twitch oxidative glycolytic fibers, they

were included in the analyses of fast-twitch oxidative

glycolytic. At least 60 fibers of each fiber type per rat were

typed and measured in each muscle. Fiber type distribution

was determined in three randomly selected fields (1 mm2

each) from the ML section. For the analysis of blood

capillaries, the periodic acid–Schiff staining method was

applied. Capillaries and fibers found in three randomly

selected fields (1 mm2 each) from the MG and ML sections

were counted. The ratio of capillaries to muscle fiber was

taken in the analysis. At least nine replications per treat-

ment group were performed.

Statistical Analyses

Analysis of variance (F-test, P \ 0.05) was applied to

reveal the impact of the fixed effects vibration, ovariec-

tomy, duration of the treatment (for food intake and body

weight) and their interactions on the respective variables

(SAS version 9.0; SAS Institute, Cary, NC). Significant

interactions between the effects are indicated in the

Results. The weight of the rats was taken as a covariate to

examine its effect on the variables. The effect was insig-

nificant (P [ 0.05, F-test). Differences between individual

means were estimated by the Scheffé test (P \ 0.05). Data

are shown as means and standard errors of the mean.

Nonparametric Kruskal–Wallis test and Dunn multiple

comparison test were used for analyses of gene expression

(GraphPad Prism 4.0; GraphPad Software, San Diego,

CA).

Results

During the experiment, two rats in the nonvibrated group

died, one ovariectomized and one intact. After osteotomy,

rats resumed normal movement within a few hours after

recovering from anesthesia. However, some reduction in

physical activity of the rats was observed subjectively

during the first 2–3 days after osteotomy.

Fibulae were examined for the presence of fractures by

means of 3-D images made by fpVCT. In ovariectomized

rats, the fibula was fractured in four vibrated and three

nonvibrated rats. In intact rats, fibula was fractured in six
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vibrated and three nonvibrated rats, respectively. These

animals were not included in the analyses because of the

different mechanical environment at the fracture site.

Body Weight and Food Intake

Vibration had no significant effect on the body weight of

the rats (P [ 0.05). Ovariectomy significantly increased

body weight of the animals compared to that of the intact

animals even after the first week (P \ 0.05). During the

first 4 weeks after ovariectomy (week 0), the body weight

of the ovariectomized rats increased sharply (P \ 0.001)

from 225 ± 2.5 g up to 334 ± 6.2 g. Thereafter, the rate

of body weight increase slowed, reaching its maximum at

week 10 (368 ± 6.5 g) when osteotomy was conducted.

However, the body weight of intact animals did not

increase as rapidly, from 225 ± 2.2 g at the beginning to

303 ± 4.5 g after 10 weeks. After osteotomy (week 10), a

slight decrease in body weight was observed in all groups.

However, it recovered to the level measured at osteotomy

to the end of the experiment.

Neither vibration nor ovariectomy affected the rats’ food

intake during vibration treatments (P [ 0.05). At 5 weeks

after osteotomy, daily food intake was not different

between the groups, averaging 17 ± 1 g per rat among the

groups.

Uterus Weight

The effect of ovariectomy on uterus weight was highly

significant (P \ 0.001), whereas vibration had no effect

(P [ 0.05). Uterus weight in ovariectomized animals was

in average 0.10 ± 0.01 g (n = 29), and in intact animals

averaged 0.57 ± 0.03 g (n = 29).

Serum Analyses

Ovariectomy significantly increased serum concentration

of Alp (Table 1). The effect of vibration on Alp level was

negligible (P [ 0.05). Serum concentration of Oc did not

differ significantly between the treatment groups (Table 1).

Bone Analyses

Gene Expression Analyses

Osteocalcin gene expression was significantly higher in

vibrated intact and ovariectomized rats compared to that in

the ovariectomized nonvibrated group (Fig. 4a). Neither

ovariectomy nor vibration had significant effect on the

expression levels of other genes (Alp, Igf-1, and Trap-1)

determined in the callus after 35 days of fracture healing

(Fig. 4b–d).

fpVCT Analyses

fpVCT analyses revealed significant effects of ovariectomy

on bone and callus parameters. The vibration had less

effect (P [ 0.05). Cortical area, cortical density, and total

bone density were significantly impaired in ovariectomized

animals compared with those in intact rats (Table 1). In

contrast, the callus area was significantly larger in ovari-

ectomized animals compared to that in intact rats, whereas

callus density did not differ between these groups.

Biomechanical Analyses

Stiffness of the callus was affected by the vibration,

whereas ovariectomy had no effect (Table 2). The vibra-

tion reduced callus stiffness significantly in intact rats

(from 138 to 78 N/mm). The reduction was also observed

in ovariectomized rats (from 122 to 85 N/mm), but it was

not significant. A similar tendency was observed for the

yield load, although the differences between the treatment

groups were insignificant (Table 1).

Histological Analyses

Qualitative analyses of fracture healing showed that after

35 days of fracture healing, bone healing was not com-

plete, and osteotomy could be clearly observed in all

groups (Fig. 2a–h). Osseous callus bridging was observed

in all rats. In ovariectomized rats that were vibrated, the

earliest bridging occurred after 18 days of healing in

average. In nonvibrated ovariectomized rats, the bridging

was observed after 22 days of healing. In intact rats that

were vibrated and not vibrated, fracture gap was bridged

after 25 and 20 days on average, respectively.

Quantitative analyses of microradiographic images of

histological sections revealed significant effect of vibration

on cortical density at the ventromedial aspect, improving it

in ovariectomized rats (P \ 0.05). Slight, although not

statistically significant, improvement was observed in cal-

lus density and trabecular number and width in ovariecto-

mized rats that were vibrated (Table 1). Ovariectomy

resulted in a significant decrease of cortical and callus

densities at the ventromedial aspect and of number of tra-

becular nodes. Periosteal callus width was not changed

ventromedially. At the dorsal aspect, periosteal callus

width was increased in ovariectomized rats compared with

that in intact rats, whereas the density was significantly

lower in these rats. The interactions between two factors

(ovariectomy and vibration) had significant effect on cor-

tical width at the dorsal aspect and on endosteal callus

density. Cortical width was decreased in ovariectomized

rats, whereas in intact rats it remained unchanged. The

vibration lowered endosteal callus density in intact rats,
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whereas in ovariectomized rats, it was slightly increased

after vibration.

Analyses of fluorochrome-labeled callus revealed no

vibration effect on callus formation (P [ 0.05), whereas

lack of estrogen significantly affected periosteal callus

formation (Table 2). At the ventromedial aspect, the callus

area was reduced in ovariectomized rats compared with

intact rats. In contrast, at the dorsal aspect, periosteal callus

was larger in ovariectomized rats than in intact rats. The

interaction between ovariectomy and vibration had a sig-

nificant effect on endosteal callus formation. Vibration

increased endosteal callus area in intact animals and

decreased it in ovariectomized rats. The rate of callus

formation increased during the healing regardless of the

regions studied, so that within 26–35 days and 18 and

26 days of healing (yellow- and red-stained tissues), more

callus was formed per day than within 13 and 18 days of

healing (green-stained tissues).

Muscle Analyses

Respirometric Measurements

Neither ovariectomy nor vibration had a significant effect

on mitochondrial respiration rate among the treatment

groups (Table 3). However, the state 3 respiration in

Table 1 Analyses of tibia performed on day 35 after osteotomy in ovariectomized and intact rats

Parameter Ovariectomized Intact

Vibrated Not vibrated Vibrate Not vibrated

Mean SEM Mean SEM Mean SEM Mean SEM

Analyses

Serum analyses

Alp (U/l) 64A 5 63AC 4 47B 3 52BC 5

Oc (lg/l) 27 4 21 2 19 2 22 2

fpVCT analyses

Cortical area (mm2) 0.9A 0.1 0.8A 0.1 1.8B 0.4 2.1B 0.4

Callus area (mm2) 11AB 0.8 12A 1.5 8B 0.8 9AB 1.2

Total area (mm2) 17 0.7 16 1.4 16 1.0 17 0.6

Cortical density (mg/cm3) 642A 12 655A 13 722B 21 719B 13

Callus density (mg/cm3) 54 5 58 6 55 4 59 3

Total density (mg/cm3) 328A 15 334A 12 420B 27 405B 24

Biomechanical analyses

Stiffness (N/mm) 85A 13 122AB 19 78A 15 138B 30

Yield load (N) 40 6 53 10 40 12 60 17

Microradiography

Ventromedial aspect

Cortical width (mm) 0.5 0.03 0.5 0.02 0.4 0.03 0.4 0.1

Cortical density (%) 99A 0.2 97B 1 100A 0.1 99A 0.2

Callus width (mm) 0.3A 0.03 0.3A 0.02 0.4B 0.1 0.4AB 0.1

Callus density (%) 81AB 3 72B 4 84A 4 86A 5

Dorsal aspect

Cortical width (mm) 0.6A 0.03 0.7B 0.03 0.5A 0.02 0.5A 0.02

Cortical density (%) 98 1 99 1 100 0.1 100 0.1

Callus width (mm) 0.7AB 0.1 0.8A 0.1 0.6C 0.1 0.6BC 0.04

Callus density (%) 82AB 2 80B 3 88A 3 87a 2

Endosteally

Callus density (%) 71A 3 68A 4 70A 7 83B 3

Trabecular nodes (n) 14A 3 9A 2 39B 5 44B 3

Trabecular width (lm) 8 3 6 1 8 1 8 0.3

Serum analyses and flat-panel volume computed tomography (fpVCT), biomechanical, and microradiographic image analyses of tibia performed

at day 35 after osteotomy at the ventromedial and dorsal aspects and endosteally in ovariectomized or intact rats either vibrated or not vibrated.

At least nine replications per treatment group were performed. SEM standard error of the mean, Alp alkaline phosphatase, Oc osteocalcin
ABC Between treatment groups means with different superscripts differ (P \ 0.05, test)
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ovariectomized animals was slightly (P = 0.11), although

not statistically significantly, enhanced after vibration

compared to that observed in nonvibrated ovariectomized

rats (23 vs. 17 pmol O2/s/mg sample weight).

Histological Analyses

The cross-sectional area of fast-twitch glycolytic fibers and

fast-twitch oxidative glycolytic plus slow oxidative in

animals exposed to the vibration was larger independent of

the investigated muscle (Table 3). Vibrated ovariectomized

rats had significantly larger fast-twitch glycolytic fibers in

MG compared with those in ovariectomized and intact rats

that were nonvibrated (6440 vs. 4829 and 4954 lm2,

respectively). The effect of ovariectomy on fiber size in

both muscles was not significant. The fiber type distribu-

tion did not differ significantly in ML between the treat-

ment groups (Table 3). The capillary density in ML was

improved in ovariectomized rats after vibration (Table 3).

The interaction between the effects of ovariectomy and

vibration significantly affected the capillary density. The

vibration enhanced the ratio of capillaries to muscle fiber

significantly in ovariectomized rats (1.65 vs. 2.13 capil-

laries/fiber), whereas in intact rats, it remained without

significant changes (1.73 vs. 1.65 capillaries/fiber). In MG,

density of capillaries did not significantly differ between

the treatment groups. However, a slight increase was

observed after vibration in both in ovariectomized and

intact rats (P = 0.27).

Discussion

In the present study, we report for the first time the effect of

the whole-body vibration on bone and muscle during the

healing of metaphyseal fracture in ovariectomized and

intact rats. The present results showed that a 15-min whole-

body vertical vibration (90 Hz, 0.5 mm, 4 9 g accelera-

tion) starting 5 days after osteotomy and applied twice per

day during 30 days improved cortical and callus density at

the ventromedial aspect and the increased number of tra-

becular nodes endosteally in osteopenic rats. In intact rats,

the vibration had less effect. Vibration resulted in an

increased fiber size in all rats. Furthermore, vibration

beneficially affected blood supply and oxidative metabo-

lism in muscle of ovariectomized rats. Biomechanical

properties of osteotomized bones were diminished after

vibration in all groups, although callus bridging occurred

earlier in vibrated ovariectomized rats.

Bone Analyses

Qualitative analyses of fracture healing showed different

vibration effects on the time of the gap bridging, promoting

Fig. 4 Box plot illustrating

relative expression levels of a
Oc, b alkaline phosphatase

(Alp), c Igf-1, d tartrate-

resistant acid phosphatase 1

(Trap-1) genes in treatment

groups (1) intact vibrated (vib),

(2) ovariectomized (Ovx) non-

vib, (3) Ovx vib calculated by

the 2-DDCT method. Dashed
line, expression level in the

intact group. Each treatment

was conducted with at least nine

replications. Medians with

different letters differ

significantly (P \ 0.05, Dunn

test)
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it in ovariectomized rats and delaying it in intact rats. Intact

and ovariectomized rats responded differently to the

vibration treatments. Quantitative analyses confirmed these

findings, showing decreased callus area in ovariectomized

rats and enlarged area in intact rats due to the vibration.

Nevertheless, the biomechanical properties of the osteo-

tomized bones were diminished after vibration in both

ovariectomized and intact rats. As reported previously, the

callus area does not correlate positively with the biome-

chanical properties [23]. Callus quality may depend on the

noncalcified matrix of the new built-up bone, which we did

not assess. Cortical and periosteal callus densities were

improved in ovariectomized rats by the vibration reaching

the level measured in intact rats. Several researchers

investigated the effect of biomechanical stimulation on

fracture healing. Some reported increased biomechanical

properties and enhanced callus formation and callus min-

eralization at the fracture site [16, 20, 21], whereas others

found no improvement in fracture healing after mechanical

stimulation [18, 19]. However, they used different

stimulation devices applying a range of micromevements

either directly to a fracture site or indirectly through whole-

body vibration. Furthermore, these studies were conducted

on intact animals and differed in the type of fractures and

osteosyntheses.

When investigating intact, nonfractured bone, a different

sensitivity of bone to vibration has been found for ovari-

ectomized and intact animals [11]. Vibration enhanced

periosteal apposition and endosteal resorption in ovariec-

tomized rats, whereas no cortical response to the vibration

was observed in intact rats [11]. Hormone levels seemed to

influence the sensitivity of the bone to the vibration.

The enhanced serum level of Alp in ovariectomized rats

endorsed the previous findings [22] and may be explained

by the enhanced rate of bone turnover in these rats. Serum

Oc level did not change between the groups. The expres-

sion level of the Oc gene was observed to be higher in

vibrated rats compared to ovariectomized nonvibrated

rats, whereas the expression of other genes, such as Alp,

Igf-1, and Trap-1, did not differ between the groups.

Table 2 Rate of callus formation in ovariectomized or intact rats

Osseous callus area (lm2) Ovariectomized Intact

Vibrated Not vibrated Vibrated Not vibrated

Mean SEM Mean SEM Mean SEM Mean SEM

Ventromedial

Total callus, day 35 921A 166 951A 188 1622B 420 983AB 163

Callus formation/day

CG 2x 1 9x 4 12x 4 8x 3

AC 14Axy 8 20Axy 4 50By 17 30ABy 6

TC 27y 7 29y 6 45y 16 36y 5

Dorsal

Total callus, day 35 4765A 670 5163A 517 3249AB 528 1986B 190

Callus formation/day

CG 20x 4 24x 6 28x 6 14x 3

AC 168ABy 31 198Ay 33 91Bxy 19 88By 15

TC 127Ay 23 137Az 22 101ABy 22 51Bxy 8

Endosteal

Total callus, day 35 5780A 572 8511B 780 7347AB 1154 4841A 601

Callus formation/day

CG 62x 16 97x 28 60x 20 53x 17

AC 178y 28 175y 29 244y 55 166y 20

TC 183y 27 185y 27 185y 36 116xy 15

Overall callus 11487A 980 14590B 1024 12201AB 1100 7834C 931

Callus formation in rats at the ventromedial and dorsal aspects, and endosteally determined 35 days after osteotomy on tibia longitudinal sections

labeled intravital with calcein green (CG, 13–18 days), alizarin complexone (AC, 18–26 days), and tetracycline (TC, 26–35 days) in ovariec-

tomized or intact rats either vibrated or not vibrated. At least nine replications per treatment group were performed. SEM standard error of the

mean
ABC Between treatment group means with different superscripts differ (P \ 0.05, Scheffé test)
xyz Between-labeled callus areas (CG, AC, TC) within a treatment group at the respective tibia aspect means with different letters differ

(P \ 0.05, Scheffé test)
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Measurement of gene expression levels may not corre-

spond to the resulting levels of protein synthesis [32]. It

could be suggested that the changes in the expression level

of bone formation gene Oc observed 35 days after osteot-

omy in vibrated rats may promote further bone synthesis in

these animals. The conditions at 35 days after osteotomy

corresponded to the reparative stage of fracture healing in

rat when osseous callus bridges and stabilizes fractured

bone ends [24]. Increased rate of osseous callus formation

within 18 and 35 days (red- and yellow-stained callus)

indicated intensive calcification at this stage of healing.

fpVCT analysis revealed only the effect of ovariectomy

on bone parameters. Estrogen deficiency after ovariectomy

over a period of 3 months resulted in a decreased cortical

area, cortical density, and number of trabecular nodes,

which is in agreement with previous studies. Ovariecto-

mized rats develop severe osteopenia within a few weeks,

which is accomplished with significant loss of cortical and

trabecular bones [22, 33]. Increased periosteal callus area,

also determined histomorphometrically, may be due to the

increased periosteal bone apposition reported for ovariec-

tomized rats [34]. Although the callus area was larger and

the time of the earliest bridging was not delayed, callus and

cortical density were lower compared with those measured

in intact rats. These findings confirmed the previous studies

that the fracture healing is impaired in osteoporotic

organisms [5].

Muscle Analyses

When we analyzed the muscles, we observed that the

vibration stimulated an increase in the cross-sectional area

of fibers in both muscles studied, providing benefits to

musculature. Similarly, Xie et al. reported a beneficial

effect of low-level vibration (45 Hz, 0.3 9 g acceleration,

15 min per day) on the mouse musculoskeletal system,

observing enlargement of muscle fibers and no fiber type

transformation [8]. In our study, the mechanical stimula-

tion of muscle did not lead to the pathological changes in

muscle type distribution. The muscle type distribution was

determined solely in ML because of the considerable var-

iability in fiber-type populations in MG observed within

the muscle [35]. Previous data on the changes in fiber type

distribution in response to mechanical stimuli suggested

both a shift from fast to slow fibers and vice versa [36, 37].

A shift from slow to fast fiber was reported in rats after

chronic high-frequency stimulation of denervated muscle

[36]. Fast to slow transformation was observed in dener-

vated electrically stimulated rat muscle [37]. Pigs with

malignant hyperthermia display spontaneous muscle

Table 3 Respirometric and histological analyses of muscles in ovariectomized and intact rats

Parameter Ovariectomized Intact

Vibrated Not vibrated Vibrated Not vibrated

Mean SEM Mean SEM Mean SEM Mean SEM

Respirometry (pmol O2/s/mg sample) MG

State 3 23 2 17 3 19 3 19 3

State 4 7 1 6 1 6 1 6 2

Respiratory control ratio (state 3/state 4) 5 1 3 0.4 4 1 5 1

Cross-sectional area (lm2)

MG

FG 6440A 486 4829B 448 5624AB 341 4954B 292

FOG ? SO 2153 138 1931 170 2044 114 1935 209

ML

FG 7149 249 7010 554 6246 362 5721 703

FOG ? SO 2299 185 2067 196 2302 257 1934 220

Capillaries/fiber ratio

MG 1.66 0.2 1.62 0.1 1.62 0.2 1.52 0.1

ML 2.13A 0.1 1.65B 0.1 1.65B 0.1 1.73B 0.2

Fibers ML (%)

FG 68 2 73 4 67 3 71 2

FOG ? SO 32 2 28 4 33 3 29 2

Analyses were performed on M. gastrocnemius (MG) and M. longissimus (ML) on day 35 after osteotomy in ovariectomized or intact rats either

vibrated or not vibrated. At least nine replications per treatment group were performed. SEM standard error of the mean, FG fast-twitch

glycolytic fibers, FOG ? SO fast-twitch oxidative glycolytic ? slow oxidative
AB Between treatment groups means with different superscripts differ (P \ 0.05, Scheffé test)
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contractions and greater energy utilization, which leads to

work-induced muscle hypertrophy [38]. When the muscle

contractions proceed rapidly, oxygen becomes limited, and

the muscle will resort to anaerobic glycolysis for energy

supply. The larger muscle area and lower capillary density

of swine with malignant hyperthermia further contribute to

an increased rate of glycolysis [38].

In addition to the enlargement of muscle fibers, we

observed significantly enhanced capillary density in ML

muscle of ovariectomized rats exposed to the vibration

sessions. Vibration evokes reflexive muscle contractions

that require an additional energy supply. To satisfy energy

demand, additional oxygen is required. This probably

causes an increased blood supply to the muscle, thus

improving oxygen supply, and may slightly enhance

mitochondrial activity in ovariectomized rats. The type and

magnitude of the stimuli have been reported to be associ-

ated with vascular adaptations at the capillary level, lead-

ing to network growth or rarefaction [13, 39]. Murfee et al.

reported a significant reduction in the number of blood

vessels per muscle fiber in M. soleus of adult male mice

exposed to the vertical whole-body vibration of 45 Hz

(0.3 9 g acceleration) for 15 min a day [13]. Physical

exercise produced a powerful angiogenic stimulus within

the active muscle, which led to a functionally important

increase in capillarity [39]. Our results did not match these

data, showing no significant changes in capillary density

and in oxidative metabolism in intact rats after vibration.

The precise mechanisms by which musculoskeletal tissues

sense and respond to the vibration have not been identified

so far. However, the similarity in the response of muscle

and bone to the vibration in ovariectomized and intact rats

indicated that hormonal changes contribute to the different

musculoskeletal sensitivity to the mechanical stimuli. Just

as important, the vibration used in the present study stim-

ulated anabolic effect in both muscle and bone in ovari-

ectomized rats, indicating an overall improvement of

musculoskeletal system. Considering the great importance

of muscle and bone quality in the prevention of falls and

fractures in patients with osteoporosis, whole-body vibra-

tion may provide a nonpharmacological way to improve

the musculoskeletal system.

Previous studies have indicated that estrogen is able to

enhance mitochondrial activity and stimulate angiogenesis

in skeletal muscle [24, 40]. It has been reported that

ovariectomized rats had larger muscle fibers than those

supplemented with estrogen [41]. Kadi et al. observed fast

to slow fiber shift in rat muscle after ovariectomy that was

associated with a decreased level of physical activity [42].

However, in our study, we did not find any significant

differences in muscle fiber size, mitochondrial activity,

capillary density, and fiber-type distribution between

ovariectomized and intact rats. Considering that all rats

underwent bilateral tibia osteotomy, it is possible that

regenerative processes were activated in the rats, reducing

the effect of ovariectomy on the muscle, although the bone

quality remained impaired by estrogen deficiency. It is

known that changes in muscle seemed to occur more rap-

idly than did the bone after onset of menopause [43]. Some

previous studies showing the effect of estrogen on muscle

parameters were performed in estrogen-supplemented

ovariectomized animals and not in intact rats, as in our

study.

Animal Model

The ovariectomized rat has been widely used as a model of

postmenopausal osteoporosis [22]. The success of ovari-

ectomy has been confirmed by the atrophied uterine horns

that were observed in ovariectomized animals. Body

weight increased in all animals during first 10 weeks.

Among other factors, the general growth of the 3-month

old rats may have been responsible for this [44]. However,

the weight gain was different between the groups. Because

of the ovariectomy-induced lack of hormones, these ani-

mals weighed much more than intact animals throughout

the experiment, although food consumption did not differ

between the treatment groups. Increased body weight after

ovariectomy is a known phenomenon in rat [24]. Vibration

applied in the present study affected neither body weight

nor food intake. This indicates that the noninvasive whole-

body vibration was not stressful for the rats.

The limitations of the present study are the application

of one vibration regime and the investigation of fracture

healing and muscle function at one point of time. Because

studies on the effect of whole-body vibration on meta-

physeal fracture healing in rat are lacking, the vibration

frequency of 90 Hz was chosen because of its anabolic

effect on nonfractured bone observed in ovariectomized

and intact rats [7, 30]. The time point was set at 35 days

after osteotomy, enabling analyses of callus formation

before callus resorption occurred [24].

Conclusion

The vibration had different effects on ovariectomized and

intact rats, improving some bone and muscle parameters in

ovariectomized rats and having less effect in intact rats.

The present findings suggest that whole-body vibration can

be an effective substitute for estrogen for osteoporotic

organisms. However, the chosen vibration regimen seemed

unfavorable for fracture healing because the biomechanical

properties of tibia were diminished. Perhaps the intensive

biomechanical stimulation (90 Hz twice a day) was too

much, thus disturbing calcification of the callus matrix and
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diminishing its stiffness. The present finding is of signifi-

cant concern when applying this stimulation to improve

fracture healing. To put it in perspective, noninvasive

whole-body vibration could be an option to facilitate

mobilization and bone healing in patients with fractures.

However, further studies are required to investigate the

effect of different vibration regimens and to discover the

best combination of amplitude, frequency, and duration for

fracture healing. Bone healing should be evaluated at

several time points to follow up on complete healing.

Continuous monitoring at different time points of bone and

muscle metabolism (gene expression, and serum and

muscle enzyme analyses) may help our understanding of

how different vibrations affect the musculoskeletal system.

Furthermore, the role of estrogen on the bone healing in the

absence or presence of vibratory stimuli should be

evaluated.
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