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A B S T R A C T

Previous investigations reported enhanced osseous parameters subsequent to administration of whole

body vibration (WBV). While the efficacy of WBV continues to be explored, scientific inquiries should

consider several key factors. Bone remodeling patterns differ according to age and hormonal status.

Therefore, WBV protocols should be designed specifically for the subject population investigated.

Further, administration of WBV to individuals at greatest risk for osteoporosis may elicit secondary

physiological benefits (e.g., improved balance and mobility). Secondly, there is a paucity of data in the

literature regarding the physiological modulation of WBV on other organ systems and tissues. Vibration-

induced modulation of systemic hormones may provide a mechanism by which skeletal tissue is

enhanced. Lastly, the most appropriate frequencies, durations, and amplitudes of vibration necessary for

a beneficial response are unknown, and the type of vibratory signal (e.g., sinusoidal) is often not reported.

This review summarizes the physiological responses of several organ systems in an attempt to link the

global influence of WBV. Further, we report findings focused on subject populations that may benefit

most from such a therapy (i.e., the elderly, postmenopausal women, etc.) in hopes of eliciting

multidisciplinary scientific inquiries into this potentially therapeutic aid which presumably has global

ramifications.

� 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

According to Wolff’s law, bone mass adapts to the demands of
mechanical loading in addition to metabolic influences. Much of
our understanding of mechanically-induced osteogenesis comes
from data collected on young and healthy individuals with little
information in regards to bone remodeling in individuals who
suffer from bone fragility. Bone remodeling patterns differ
between young and elderly individuals and mechanical stimula-
tion of the skeleton that is appropriate for one group may be
ineffective for the other. Moreover, it has been shown that aging
alters the responsiveness of skeletal tissue to mechanical loads
(Rubin et al., 1992). Whole body vibration (WBV) has been utilized
to deliver mechanical accelerations to the appendicular and axial
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skeleton (Rubin et al., 2003) to elicit increased bone mass. The
attractiveness of such a therapy lies in its ability to be applied in a
low-impact manner, which is critical for individuals with impaired
mobility and attenuated muscle strength (i.e., the elderly or
diseased individuals).

Currently, many companies advertise the use of WBV as an
effective means by which muscle strength and bone mass (in
addition to other physiological benefits) can be obtained. While
some scientific evidence support these claims (e.g., accretion of
bone mass), the recommended advertisements should be viewed
with caution since appropriate standards for use of vibrating
platforms have not been established and validated for any segment
of the population. For example, Kiiski et al. (2008) reported subject
discomfort when individuals were vibrated between 20 and 25 Hz
at an amplitude of 0.5 mm or more. Further, site-specific peak
accelerations (e.g., ankle, knee, etc.) were several time higher than
the peak acceleration delivered from the vibrating platform and
the sinusoidal waveform became distorted with vibration ampli-
tudes greater than 0.05 mm (Kiiski et al., 2008). Despite the fact
that there have been no reports of bone fracture reported with the
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Table 1
Summary of skeletal effects of whole-body vibration in animals and humans

Target population Wave type Vibration protocol Duration Intensity

(accelerations (g);

amplitudes (mm);

force (N))

Frequency

(Hz)

Outcome Reference

Animal studies

OVX Wistar rats (12 wks) NR 30 min/d, 5 d/wk 12 wks 2.0 g 50 Vibration: # OVX-induced bone loss " BMD Flieger et al. (1998)

Female Sprague Dawley rats (6–8 mon) NR 10 min/d 4 wks 0.25 g 90 " BFR and MS/BS with normalized BFR in

vibration + HU group similar to CON

Rubin et al. (2001b)

C57BL, BALB/c, and C3H mice (age NR) SIN 10 min/d NR 0.25 g 45 " BV/TV in C57BL only (85%); " BFR/BS in

BALBc (32%), $ in C3H

Judex et al. (2002)

OVX Wistar rats (1 yr) NR 30 min/d 17 wks 0.5 g 17 @ 45 Hz: " periosteal BFR and # OVX-induced

endocortical resorption, # declines in

biomechanical properties

Oxlund et al. (2003)

1.5 g 30

3.0 g 45

Male mice (7 mon) SIN 15 min/d 5 wks 0.1 g 45 " trabecular bone BV/TV in 0.1 and 1.0 g groups Christiansen and

Silva (2006)

Female mice (2 mon) SIN 15 min/d 3 wks 0.3 g 45 # osteoclastic activity; " BFR Xie et al. (2006)

C57BL/6 mice (12 wks) SIN carrier

waveform

3 d/wk 4 wks 2 N ?0–50 No effect of vibration on periosteal bone

formation in the ulna

Castillo et al. (2006)

OVX Sprague Dawley rats (6–8 mon) NR 10 min/d 4 wks 0.15 g 45 90 Hz: " BFR, BV/TV and TbTh Judex et al. (2007)

5 d/wk 90

HU female mice (4 mon) SIN 20 min/d, 5 d/wk 3 wks 0.6 g 45 # unloaded-induced bone loss and #
deterioration of microarchitecture

Ozcivici et al. (2007)

Adult female C57BL/6J mice (19 wks) SIN 10 min/d 3 wks 0.3 g, 0.6 g 45 0.3 g: 88% " trabecular BFR/BS, " MS/BS (64%);

0.6 g: 66% " BFR/BS, 22% " MS/BS, 8% " epiphyseal

cortical area and 8% " thickness

Garman et al. (2007)

BALB/cByJ mice (8 wks) NR 15 min/d, 5 d/wk 6 wks 0.3 g 45 Proximal tibial metaphysis: " MS/BS; cortical

bone: " BV, periosteal bone area, bone marrow

area, cortical area and moment of inertia; "
soleus cross-sectional area

Xie et al. (2008)

OVX Sprague rats (3 mon) SIN 20 min/d, 5 d/wk 8 wks 0.6 g, 3.0 g 30 Longitudinal analysis: no differences in cortical

or trabecular BMD by pQCT; cross-sectional

analysis: no differences in histomorphometric

analysis; in vitro analysis ! vibration at 3 g

increased total cortical and medullary areas and

periosteal and endosteal perimeter in OVX rats

Rubinacci et al. (2008)

Human studies

PMP (58–74 yrs) SIN 30 min, 3 times/wk 24 wks 2.28–5.09 g,

1.7–2.5 mm

35–40 " hip BMD (0.93%); $ markers of bone remodeling;

" isometric (15%) and dynamic (16%) muscle strength

Verschueren et al. (2004)

Pre- or postpubertal disabled,

children (4–19 yrs)

SIN 10 min/d, 5 times/wk 6 mon 0.3 g 90 " vTBMD proximal tibia (6%); vTBMD in control

group # 12% $ cortical BMD, $ muscle parameters

Ward et al. (2004)

PMP (57 yrs) SIN 2 � 10 min/d 12 mon 0.2 g 30 $ BMD hip, lumbar spine, " spine BMD in

compliant subjects

Rubin et al., 2004

Osteoporotic PMP (55–88 yrs) NR 1 time/wk, 4 min 12 mon 0.7–4.2 mm 20 $ BMD lumbar spine, hip; $ markers of bone

remodeling; # chronic back pain

Iwamoto et al. (2005)

Low-BMD females w/ fractures

(15–20 yrs)

SIN 10 min/d 12 mon 0.3 g 30 2.1% " cancellous vertebral BV/TV, 3.4% " femoral

cortical bone, 5% " cross-sectional area of

paraspinous muscle

Gilsanz et al. (2006)

PMP (66 yrs) NR 3 times/wk WBV

vs. walking

8 mon 3 mm 12.5 " BMD femoral neck (4.3%) $ BMD lumbar

spine " balance (29%)

Gusi et al. (2006)

OVX: ovariectomized; BV/TV: bone volume per tissue volume; NR: not reported; min: minutes; d: day; wk(s): week(s); mon: month; yr(s): years; BMD: bone mineral density; MS/BS: mineralizing surface to bone surface ratio;

WBV: whole body vibration; HU: hindlimb unloaded; CON: control; SIN: sinusoidal wave; BFR: bone formation rate; BFR/BS: bone formation rate/bone surface; TbTh: trabecular thickness; PMP: postmenopausal women;

distorted: distorted signal; vTBMD: volumetric trabecular bone mineral density; w/: with; ": increase; #: decreased; $: no change.
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use of WBV, the authors recommend caution when subjecting the
elderly to supra-G vibration (Kiiski et al., 2008). Vibration consists
of three components (i.e., frequency, amplitude, and acceleration)
which can be modified independent of one another. Therefore,
WBV protocols utilizing various combinations of frequency,
amplitude, and acceleration make comparison of results among
the studies difficult. In addition, not all contraindications to
vibration have been identified. In a case study, an athlete with
asymptomatic nephrolithiasis suffered a bout of significant
morbidity subsequent to 5 min of WBV (frequency: 30 Hz;
amplitude: 4.5 mm) (Monteleone et al., 2007). Therefore, inves-
tigations examining all possible contraindications was recom-
mended by the authors, since to date no medical prescription is
necessary for WBV (Monteleone et al., 2007).

In addition, readers should be aware that many investigations
have not been properly controlled and conclusions reached by the
authors in support of vibration were derived from secondary
statistical analysis of the data and were not the original research
design. Further, while the literature is replete with scientific
investigations examining the therapeutic adaptations of skeletal
tissue to short duration WBV, fewer investigations have
examined the impact of such a regimen on other organs and
tissues. For instance, application of WBV similar to that which
derived skeletal benefits decreased capillarity in the soleus
muscle and therefore may prove deleterious to the peripheral
vasculature (Murfee et al., 2005). Recently, 15 weeks of high
frequency, low-acceleration vibration (i.e., 90 Hz and 0.2 g,
respectively) in mice reduced adipogenesis and factors associated
with the onset of type II diabetes (e.g., triglycerides and
nonesterified free fatty acid) (Rubin et al., 2007). Further, several
investigations have reported hormonal fluctuations (e.g., growth
hormone, cortisol, and testosterone) following bouts of WBV
(Bosco et al., 2000; Kvorning et al., 2006) which may have
systemic effects throughout the body long after the vibratory
stimulus has ended. It is well documented that bone metabolism
is controlled by various factors (e.g., calciotropic hormones,
muscle strain, the peripheral and central nervous systems, body
mass, and fat mass) all of which are potentially affected by
vibration.

It would be ill-advised to develop and characterize vibration
protocols that augment skeletal integrity while having a detri-
mental impact on muscles, tendons and/or blood vessels, or that
induce side effects in elderly patients. In contrast, non-pharma-
cological therapies are attractive alternatives for the treatment of
osteoporosis, particularly in populations treated for various
diseases or in whom the use of medication is difficult due to
contra-indications (Jones et al., 2007; Semler et al., 2007). We have
attempted to limit the scope of this review to investigations
relevant to the effects of vibration on senescent and diseased
individuals and/or tissues. However, due to the paucity of
investigations regarding some of the subject headings presented
herein (e.g., effects of vibration on hormones, tissue perfusion, and
body composition, etc.), it was necessary to include data collected
on young, healthy individuals, which provides evidence for the
need for more investigations concerning the elderly. This review
summarizes adaptations that occur with the application of WBV as
well as the protocols utilized in several investigations (see Tables 1
and 2) in an attempt to determine the influence of such a treatment
on other physiological systems and to illustrate the possible
diverse applications of WBV.

2. The effects of vibration on skeletal tissue

Mechanical stimulation in the manner of WBV appears
beneficial to the maintenance and/or enhancement of skeletal
mass in individuals such as the elderly, postmenopausal women,
and adolescents. Therefore, this may be an effective method by
which therapy may be administered to mobility-limited indivi-
duals without the risks associated with high-impact exercise. WBV
applied at increasing accelerations (0.1, 0.3, and 1.0 g) enhanced
trabecular bone volume >30% in a non-dose-dependent fashion as
assessed by histomorphometry in the proximal tibia of adult mice
(Christiansen and Silva, 2006) while no effect was observed at
other bone sites such as vertebrae or femur. Rubin et al. (2001a)
demonstrated a marked 34% increase in femoral trabecular bone
mass in adult ewes following 1 year of vibration as compared to
controls (Rubin et al., 2001a). Trabecular bone formation rate to
bone surface ratio (BFR/BS) and mineralizing surface to bone
surface ratio (MS/BS) were enhanced in female mice following 3
weeks of vibration (Garman et al., 2007). These enhancements in
BFR/BS and MS/BS were acceleration-dependent with higher BFR/
BS and MS/BS with the 0.3 g treatment vs. 0.6 g treatment (see
Table 1) (Garman et al., 2007). Interestingly, Judex et al. (2002)
theorized that genetic variations may modulate the sensitivity of
the skeleton to anabolic or catabolic stimuli. For example, 3-
month-old C57BL, BALB/c, and C3H mice exhibit different bone
mineral densities despite similar body masses (Judex et al., 2002).
Subsequent to 10 min/d of vibration (frequency: 45 Hz; accelera-
tion: 0.25g), variations in bone parameters were observed whereby
bone volume to total volume (BV/TV) was enhanced 85% in
vibrated C57BL mice, BFR/BS was enhanced 32% in BALB/c mice
compared to controls while no changes were observed in C3H mice
(Judex et al., 2002). This investigation suggests that some
individuals may be more sensitive to mechanical vibration and
may benefit more from such a treatment than those who may be
genetically nonresponsive. In contrast to enhanced trabecular BV/
TV observed in C57BL mice (Judex et al., 2002), vibration had no
effect on periosteal bone formation in the ulna of the same strain
(Castillo et al., 2006).

In addition, WBV has been examined in ovariectomized (OVX)
young (Flieger et al., 1998; Rubinacci et al., 2008) and mature
(Oxlund et al., 2003; Judex et al., 2007) animals; e.g., trabecular
BFR/BS rose 159% following 28 days of WBV in 8-month-old OVX
rats (Judex et al., 2007). Further, periosteal BFR was enhanced,
endocortical resorption inhibited, and the decrements in max-
imum bending and compressive stress observed in non-vibrated
OVX rats were partially alleviated in the vibrated group (Oxlund
et al., 2003). Subsequent to 2 months of vibration (20 min/d, 5 d/
week) at a frequency of 30 Hz and two different accelerations (0.6
and 3.0 g) in rats, no differences in cortical and trabecular BMD at
the tibial metaphysis and diaphysis at 4 and 8 weeks were
observed (Rubinacci et al., 2008). Further, histomorphometric
analysis revealed no differences between OVX and the OVX-
vibrated groups for neither the tibial metaphysis nor diaphysis
(Rubinacci et al., 2008). However, ex vivo cross-sectional pQCT
analysis subsequent to the protocol revealed that vibration at 3 g
augmented total cortical and medullary areas in the tibial
diaphysis and also enhanced periosteal and endosteal perimeters
(Rubinacci et al., 2008).

In the growing skeleton, WBV attenuated trabecular osteoclas-
tic activity and enhanced metaphyseal endocortical BFR/BS (Xie
et al., 2006). In addition, cortical bone area, bone marrow area,
periosteal area, polar moment of inertia, and maximum moment of
inertia were all enhanced following 6 weeks of vibration in BALB/
cByJ mice as compared to the control group (Xie et al., 2008). The
potential benefits of vibration for sedentary individuals and
astronauts were illustrated when hindlimb unloaded (HU) mice
(Ozcivici et al., 2007) and rats (Rubin et al., 2001b) were subjected
to vibration. In the latter study, vibration maintained bone
remodeling parameters (i.e., BFR, mineralizing surface, and



Table 2
Summary of effects of whole-body vibration on various physiological systems in animals and humans

Target population Wave type Vibration protocol Intensity

(accelerations (g);

amplitudes (mm);

force (N))

Frequency (Hz) Outcome Reference

Skeletal muscle

Males (33 � 5 yrs) NR 2 bouts (6 min) for 56 d

during bed rest

5–10 mm 19–25 Maintenance of max voluntary

isometric plantar flexion force,

conservation of myofiber pattern

Blottner et al. (2006)

Post-menopausal women (�64 yrs) NR 3 times/wk, 24 wks 2.5–5.0 mm,

2.29–5.09 g

35–40 " isometric dynamic knee extensor

strength, speed of movement of knee

extension, and countermovement

jumps height in both WBV and

strength trained groups

Roelants et al. (2004b)

Males RVE group: (31 yrs);

CON group: (33 yrs)

NR 2 sessions/d (5–10 min) of resistive

vibration exercise (RVE) during

bed rest (56 d)

3.5–4 mm 19–26 Attenuation of multifidus muscle

atrophy and augmented recovery

from atrophy after bed rest

Belavy et al. (2008)

Males and females (66–85 yrs) SIN 8 wks (3 times/wk) of WBV +

exercise or exercise alone

5–8 mm 26 No difference in hip or knee, flexor

and extensor strength and power;

no difference in ankle doriflexor

torque and power; " ankle plantar

flexor torque and power vs. EX group

Rees et al. (2008)

Cartilage

Culture chondrocytes SIN 8 hr/d for 3–15 d; continuous

vibration for 96 hr

1.4 g 200, 300,

400, 800, 1600

300 Hz " DNA synthesis with periodic

and continuous vibration

Liu et al. (2001)

3D cultured chondrocytes Square 2 wks 0.5 nm 100 Synthesis of chondroitin 4- and 6-sulfate

more abundant with vibration and

hyaluronic acid administration

Takeuchi et al. (2006)

Rabbit annulus cells SIN 2, 4, 6, 8 hr 0.1 � gravity 6 # extracellular matrix and matrix

metalloproteinase gene expression

Yamazaki et al. (2002)

Neurological responses

Parkinson’s disease patients (44–79 yrs) NR Step-synchronized vibration

for 6 min (walking)

0.1–0.2 mm 70 Increased walking speed and

improved stride variability

Novak and Novak (2006)

Parkinson’s disease patients (69 yrs) Random 5 series of 60 s 3 mm 6 � 1 Improved postural stability during

certain test conditions

Turbanski et al. (2005)

Rhesus monkeys (8–12 lbs) SIN 1 hr vibration, 3 hr vibration 10 mm, 1 g 6, 8, 10, 12 Severe vibration (6 and 8 Hz)

affected latency

Floyd et al. (1973)

Multiple sclerosis patients (31–64 yrs) Vertical and

horizontal

oscillations

5 series of 1 min 3 mm 2.0–4.4 Time get up and go test scored

reduced from 9.2 to 8.2 s

Schuhfried et al. (2005)

Parkinson’s disease patients (62–84 yrs) NR 3 wks (5 d/wk) of 2 sessions

of WBV (15 min each); control

subjects received tilt board

exercises

7–14 mm 25 No differences between WBV and

conventional physical therapy observed

Ebersbach et al. (2008)

Tissue perfusion

Healthy subjects (25–35 yrs) NR 9 min 3 mm, 78 m s�2 26 Blood volume in quad and gastroc

muscle " and blood flow through

popliteal artery "

Kerschan-Schindl

et al. (2001)

Healthy adults (18–43 yrs) NR Isometric exercise w/ or w/o

vibration (60 s) or vibration

only (3 � 60 s)

5–6 mm, 7 g 30 Vibration only " skin blood flow Lohman et al. (2007)

Females (45–70 yrs) SIN During supine and 358 upright tilt 0.2 g 15, 45 " calf, upper leg–pelvic and thoracic

blood flow and augmented lymphatic

and venous drainage

Stewart et al. (2005)

Males and females: study 1:

(20 yrs); study 2: (23 yrs)

NR 10 min for the dominant arm 5–6 mm, 7 g 30, 50 " skin blood flow for both frequencies;

augmented flow lasted for 9 min

Maloney-Hinds

et al. (2008)
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Dogs (14–30 kg) SIN 1 min stages, 4–6 min rest

between stages

0.9 g 9 " forearm vasodilation with increasing

acceleration and displacement

Liedtke and Schmid, 1969

1.2 g 12

1.6 g 16

Microstructural and mixture theory

model of vertebral cancellous

bone and body

SIN NR 1–15 mg 30–80 Vibration-induced shear stress on

trabeculae are in range for bone

stimulation; volumetric blood flow rates

varied with frequency and strain amplitude

Dickerson et al. (2008)

3D poroelastic finite element

model of intravertebral discs

SIN 1 hr 1000 N 0.5, 1, 2, 4 Static loading: vertebral loads " with time

vertebral fluid flow and deformation were

dependent upon loading frequency

Cheung et al. (2003)

Peripheral vasculature

Sprague Dawley rats (6 wks) NR 4 hr 49 m s�2 125 " a2c-adrenergic receptor mediated

vasoconstriction

Krajnak et al. (2006)

BALB/cByJ (8 wks) SIN 15 min/d for 6 wks 0.3 g 45 Vascular rarefaction in mouse soleus muscle Murfee et al. (2005)

Hormonal responses

Males (�22 � 3 yrs) SIN 10 sets of 60 4 mm, 3.5 g 30 $ salivary [testosterone] and [cortisol] Erskine et al. (2007)

Males (25 � 5 yrs) SIN 10 � 60 s �4 mm, 17 g 26 " in plasma [testosterone] and [growth

hormone] and # [cortisol]

Bosco et al. (2000)

Elderly (� 70 yrs) NR Five 1-min sessions separated by

1-min rest periods

4 mm 30 " IGF-1 levels were higher with WBV

immediately, 1 and 2 hr post-" cortisol

levels immediately post-WBV; 1 and 2 hr

post-treatment ! # cortisol levels with

both conditions

Cardinale et al. (2008)

Males (39 yrs) NR 10 vibration series of 1 min

duration (25 min total)

�4 mm, 17 g 30 # plasma glucose at 30 min; " plasma NE

at 60 min vs. control. No effect on serum

GH, IGF-1, free or total testosterone,

and plasma E

Di Loreto et al. (2004)

Males (�24 yrs) NR 9 wks squat + load; squat + load +

vibration; squat + vibration

NR 20, 25 No $ in body mass; no $ maximal

voluntary contraction: no differences among

groups; no $ in testosterone after 9 wks;

bisphasic response of GH and cortisol levels

(" then #) during first training session;

no $ in GH and cortisol levels during

last training session

Kvorning et al. (2006)

Body composition

Males (�18 yrs) SIN 5 sets of 10 repetitions 4 mm 30 "RER and EE with vibration Da Silva et al. (2007)

Males NR 3 squatting exercises in

cycles of 6, 4, 2 s

4 mm 30 "oxygen consumption and energy

expenditure

Garatachea et al. (2007)

Females (21 yrs) NR 24 wks 2.5–5.0 mm 35–40 No $ in BW, subcutaneous or total

body fat mass " lean mass

Roelants et al. (2004a)

NR: not reported; min: minutes; s: seconds; hr(s): hour(s); d: day; wk(s): week(s); yr(s): year(s); quad: quadriceps muscle; gastroc: gastrocnemius muscle; SIN: sinusoidal wave; w/: with; w/o: without; lbs: pounds; WBV: whole

body vibration; RVE: resistive vibration exercise; EX: exercise; mg: microstrain; []: concentration; IGF-1: insulin-like growth factor; NE: norepinephrine; GH: growth hormone, E: epinephrine; RER: respiratory exchange ratio;

EE: energy expenditure; BW: body weight; ": increase; #: decrease; $: no change.
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mineral apposition rate) similar to ambulatory control rats (Rubin
et al., 2001b). Interestingly, when vibrations were delivered to
specific segments of the murine skeleton, bone anabolism was
observed in the absence of weight-bearing (Garman et al., 2007).
Similarly, vibration for 3 weeks in HU female mice enhanced
mechanical properties by 31% in trabecular bone of the tibia in
stimulated left hindlimbs vs. nonstimulated contralateral right
hindlimbs (Ozcivici et al., 2007). Further, vibration attenuated the
deterioration of trabecular metaphyseal microarchitecture in the
left hindlimbs vs. nonstimulated right hindlimbs; however,
vibration did not totally prevent the bone deterioration associated
with HU (Ozcivici et al., 2007).

Various investigations have been conducted on human sub-
jects. In young women with low bone mineral density (BMD), 12
months of daily WBV (10 min, 30 Hz, 0.3 g) resulted in enhanced
cancellous bone in the spine and increased cortical bone area in the
femur (Gilsanz et al., 2006). The subjects were described as
healthy, given medical examinations prior to admittance to the
study, and therefore, did not suffer from a pathology (e.g.,
osteogenesis imperfecta) which may have increased the fragility
of the skeleton. The reader should note that a placebo effect may
have biased the results of this investigation since the subjects were
not blinded to the experimental conditions (i.e., vibration plat-
forms were only installed in the homes of the vibrated subjects). In
children with disabling conditions, 6 months of vibration increased
tibial volumetric trabecular BMD (vTBMD) 6% above baseline
measures, while vTBMD declined 12% below baseline measures in
children who stood on placebo devices (Ward et al., 2004).
Following 6 months of WBV in postmenopausal women, enhance-
ments in hip density, muscle strength, and postural control were
observed (Verschueren et al., 2004). Following 1 year of vibration
at low frequency and acceleration (i.e., 30 Hz and 0.2 g, respec-
tively) in 70 postmenopausal women, no differences in bone
density were observed between the vibrated and control groups
(Rubin et al., 2004). Post hoc observations revealed that women
with lower body weight may benefit to a greater extent than those
women with high body weight. Further, high compliance of the
vibration protocol is an important factor for a beneficial response
(Rubin et al., 2004). Eight months of WBV (3 sessions/week;
frequency: 12.6 Hz; amplitude: 3 mm) improved hip BMD and
postural balance above values observed in the walking group;
however, no differences in lumbar spine BMD was observed (Gusi
et al., 2006). The subjects in this investigation were divided into
either a WBV or walking group, therefore comparisons with a
control group were not conducted. Further, the combined
treatment of WBV and alendronate for 12 months did not alter
lumbar spine BMD nor markers of bone remodeling above those
levels observed in postmenopausal women administered only
alendronate; however, a reduction in chronic back pain was
reported with combined treatment (Iwamoto et al., 2005). The
experimental design of this investigation does not preclude the
possibility of a placebo effect. Taken together, the discrepancies in
results may reflect different frequencies, amplitudes, and type of
mechanical signal delivered to the skeleton. The data provides
evidence that certain subsets of the population (e.g., postmeno-
pausal and low-BMD women, astronauts, and adolescents) may
derive skeletal benefits from daily regimens of WBV, provided that
the appropriate regimen is delivered to the skeleton.

3. The effects of vibration on articular cartilage

Osteoarthritis (OA) is positively associated with advancing age
and is characterized by deterioration of articular cartilage, which
causes joint pain, deformation, and loss of function (Martin and
Buckwalter, 2002). Further, osteoarthritis contributes to a sig-
nificant decline in physical activity with advancing age (Lawrence
et al., 1998). The development of OA can be attributed to excessive
mechanical forces, inflammatory mediators originating from the
synovium, and factors derived from subchondrondal bone within
the joint (Loeser, 2006). In addition, aging chondrocytes lose their
ability to maintain or repair articular cartilage as a result of
chondrocyte death, mechanical damage, and possible desensitiza-
tion of chondrocytes to anabolic cytokines (Buckwalter and
Mankin, 1998). Recently, the pathogenesis of OA is recognized
as being more complex than merely a mechanically-related
phenomenon (Buckwalter and Mankin, 1998; Loeser, 2004) and
the relation between load and cartilage is complex. Within the
joint, articular cartilage lines the surface of bone and during
mechanical stress is responsible for bearing the load and
distributing this load uniformly across the bone surface (Takeuchi
et al., 2006). Mechanical loads are requisite for the normal
functioning of joints and removal of these loads initiates cartilage
deterioration (Liu et al., 2001). The interaction between biome-
chanical and proinflammatory mediators participates in the
progressive decline of cartilage within the osteoarthritic knee
(Guilak et al., 2004) and the intervertebral discs (Setton and Chen,
2004). However, in vitro evidence suggests that mechanical strain
attenuates the deleterious effects of inflammatory molecules on
chondrocytes (Liu et al., 2001) and may provide therapeutic means
by which the symptoms of OA are alleviated.

Since WBV may modulate skeletal tissue through mechanical
perturbation, such a regimen may improve the age-associated
deterioration of articular cartilage, a tissue in direct contact with
the underlying skeleton. Liu et al. (2001) demonstrated that in
cultured chrondrocytes subjected to mechanical vibration 3H-
thymidine uptake into DNA and H2

35SO4 incorporation into
proteoglycans were augmented (Liu et al., 2001). The culture
plates were affixed to the vibrating platform which provided an
oscillating force to the chondrocytes (Liu et al., 2001). However, not
all vibration frequencies enhanced uptake and incorporation of
these compounds into DNA and proteoglycans, respectively; i.e.,
frequencies above 400 Hz attenuated these responses (Liu et al.,
2001). Similarly, combined administration of hyaluronic acid (HA),
a common local treatment for OA, and mechanical vibration to
chondrocytes in three-dimensional matrices was effective in
increasing the production of chondroitin-4 and -6 sulfate and
augmenting the thickness of the chondrocyte layer in comparison
to chondrocytes treated with HA alone (Takeuchi et al., 2006).
Culture plates were secured to the vibration platform and vibration
was applied to the cells at 100 Hz and 0.5 nm amplitude (Takeuchi
et al., 2006). Conversely, vibration decreased both extracellular
matrix and matrix metalloproteinase gene expression in rabbit
annulus cells (Yamazaki et al., 2002). In this investigation, the
culture plate was also secure to the vibration platform in which a
vibratory jig provided the vibration stimulus (Yamazaki et al.,
2002). Since alterations in organelle movement can affect cell
behavior, the mechanical effects of vibration in these cell culture
studies may have influenced cell behavior via these mechanisms.
Taken together, these results suggest that a vibratory stimulus may
be effective in maintaining or preventing the reduction of
chondrocyte activity with advancing age. However, the beneficial
effects have not been demonstrated in vivo nor has the appropriate
vibratory stimulus been elucidated. Furthermore, the long-term
effects of WBV on the articular cartilage remain to be determined,
even though such a regimen may be osteogenic.

4. The effects of vibration on the neuromuscular system

Skeletal muscle. The application of WBV in recreational and
therapeutic settings is being used to augment muscle strength and
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athletic performance. Many investigations have been conducted
on young, healthy, and athletic individuals (for an excellent review
see Norlund and Thorsstensson, 2007) and will not be the focus of
this section. A recent investigation reported increased total cross-
sectional area of the soleus of 8-week-old BALB/cByJ mice (Xie
et al., 2008). The authors argue that accretion of muscle and
bone during ‘‘adolescence’’ may decrease the risk of osteoporotic
fractures with advanced age (Xie et al., 2008). Fewer investigations
have examined the effects of WBV in the elderly population or
other subgroups (e.g., postmenopausal women) which may derive
the largest benefits from such a therapy. Poor body balance and
attenuated muscle strength in elderly individuals are risk factors
for falls (Hausdorff et al., 2001), which may increase the risk of
fracture. Exercise protocols (e.g., WBV) that improve balance,
mobility, muscle strength, and attenuate the risk of falling (Bruyere
et al., 2005; Kawanabe et al., 2007) drastically enhance the quality
of life for these individuals in addition to reducing the medical cost
associated with fall-related injuries.

Recent evidence suggests that WBV may be an effective and
efficient treatment for these populations. For example, in subjects
bed rested for 56 days, daily resistive-like vibration exercise (RVE)
maintained isometric plantar flexion force, increased soleus
muscle fiber size (type I and II), and prevented the slow-to-fast
fiber type conversion that normally occurs in the soleus muscle
following prolonged bed rest (Blottner et al., 2006). Additional data
from the ‘‘Berlin Bed-Rest Study’’ demonstrated that RVE during
bed rest attenuated atrophy in the multifidus muscle, a muscle in
the lumbo-pelvic region of the human torso; however the cross-
sectional areas of other muscles from the same region (e.g., psoas)
remained similar between groups (Belavy et al., 2008). The
vibration device utilized in the ‘‘Berlin Bed-Rest Study’’ involved
placing the subjects’ feet on the vibrating platform while in a
supine position (Belavy et al., 2008; Blottner et al., 2006). By use of
elastic straps, an axial force approximately 2 times the person’s
body weight was generated and delivered to the subject (Belavy
et al., 2008; Blottner et al., 2006). In an institutional setting, 6
weeks of WBV applied to elderly subjects (mean age: 77 years)
modestly improved some assessments of activities of daily living
(Bautmans et al., 2005). The authors concluded that WBV, which
appears beneficial for balance and mobility, is a feasible form of
exercise for this group of individuals (Bautmans et al., 2005).
Additionally, improvements in gait, muscle strength, balance, and
motor capacity were observed in nursing home residents following
6 weeks of WBV and elicited improvements in risk factors
associated with falling (Bruyere et al., 2005). Two months of
WBV in addition to routine exercises (i.e., balance, muscle
strengthening, and walking) improved walking ability in compar-
ison to the group of elderly individuals who performed only the
routine exercises (Kawanabe et al., 2007) and 3 months of high-
frequency vibration enhanced balance in elderly women (Cheung
et al., 2007).

Similarly, exercises supplemented with WBV (35–40 Hz)
increased jump height, knee-extension isometric strength,
dynamic strength, and speed of movement in older women
following 24 weeks of treatment (Roelants et al., 2004b). A
limitation to these findings is the lack of a proper control group;
i.e., measurements were not taken in subjects performing only
exercise without vibration. The authors do cite previous investiga-
tions from their laboratory whereby a portion of the observed
strength gains were associated with the vibration stimulus
(Roelants et al., 2004b). Subsequent to 1 year of vibration, gains
in muscle strength and mass in elderly men were equivalent to
gains observed in elderly men performing a fitness program
(Bogaerts et al., 2007). Ankle plantar flexor strength and power was
enhanced in elderly individuals (74 years) following 8 weeks of
strength training supplemented with WBV vs. the exercise trained
group; however, no differences were observed between groups in
knee and hip flexor or extensor strength (Rees et al., 2008). In
postmenopausal women (58–74 years), improvements in iso-
metric strength (15%), dynamic strength (16.5%), and postural
balance were observed following 6 months of WBV training in
comparison to the control group (Verschueren et al., 2004). Similar
improvements were observed in the resistance strength training
group, indicating that WBV training is as effective as resistance
training in modifying balance and muscle strength in this
population (Verschueren et al., 2004). Therefore, WBV may be
effective in enhancing muscle strength, balance, and mobility in
individuals affected by age- and pathology-related declines in
these parameters. Further, WBV may be successful in restoring the
quality of life in these individuals whose mobility is limited.

Neurological responses. One proposed mechanism by which
WBV affects muscular strength and performance is via increased
neuromuscular efficiency (Bosco et al., 2000). Enhanced recruit-
ment of motor units during WBV may be one mechanism by which
neuromuscular atrophy associated with advanced age or disease is
attenuated (Blottner et al., 2006). In addition, chemicals (e.g.,
oxygen, enzymes, and glucose) amplified during muscular activity
have the ability to alter nerve axons and nerve conduction time
(Floyd et al., 1973). Therefore, dependent upon the frequency and
duration of the vibratory stimulus, WBV may be beneficial or
detrimental to neuromuscular performance. Indeed, nerve con-
duction time in rhesus monkeys was altered during application of
WBV at frequencies of 6, 8, 10, and 12 Hz (1.0 g) for 1 h (Floyd et al.,
1973). The most dramatic decreases in nerve conduction time
occurred at frequencies of 6 and 8 Hz while increased conduction
time occurred at 12 Hz (Floyd et al., 1973). The authors concluded
that long durations of low-frequency vibration may be detrimental
for tasks requiring rapid response times (Floyd et al., 1973).

Whole body vibration administered in shorter durations may
prove efficacious for individuals with postural instability and
whose motor functions are impaired (e.g., the elderly and
individuals with Parkinson’s disease or multiple sclerosis) (Baut-
mans et al., 2005; Schuhfried et al., 2005; Turbanski et al., 2005;
Novak and Novak, 2006; Cheung et al., 2007; Kawanabe et al.,
2007). For example, patients suffering from Parkinson’s disease
(PD) have approximately double the risk of falling when compared
to other elderly persons (Wood et al., 2002) and many patients
have reported a worsening of postural stability with medication
(Bronte-Stewart et al., 2002). Therefore, nonpharmacological
therapies may be optimal in this patient population (Jöbges
et al., 2004). Enhanced postural control in patients with PD was
observed following random WBV at 6 Hz (5 series of 60 s);
however, not all tests (e.g., narrow standing) indicated enhanced
postural stability (Turbanski et al., 2005). Step-synchronized
vibration delivered to PD patients with mild-to-moderate gait
impairment associated with abnormal balance improved gait
steadiness in these individuals (Novak and Novak, 2006). In this
investigation, vibratory devices were implanted into the insoles of
the shoes of PD patients. Vibration was delivered at 70 Hz during
the stance phase of the step (Novak and Novak, 2006). The authors
concluded that the results were not applicable to all PD patients
and that the experimental design (i.e., short-term investigation,
non-blinded conditions, and learning and placebo effects) may
have limited the findings of the investigation (Novak and Novak,
2006). In contrast, 3 weeks of WBV did not enhance gait and
equilibrium measures above those PD patients who received
standard balance training (Ebersbach et al., 2008). In addition to
the WBV or standard balance training treatment, all patients
received three 40-min sessions per day of standard therapy
(Ebersbach et al., 2008). Therefore, comparisons of gait and
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equilibrium measures between subjects who received treatment
and no treatment could not be made. In another investigation with
multiple sclerosis patients, WBV (2.0–4.4 Hz) delivered in 5 series
of 1 min each improved the Timed Get Up and Go test and may
enhance postural control and mobility in these individuals
(Schuhfried et al., 2005). A limitation of this investigation is a
lack of a group that received no sensory input. The control group
received Burst-transcutaneous electrical nerve stimulation (TENS)
in lieu of vibration, which elicited muscle contractions and may
therefore have affected the results of the study (Schuhfried et al.,
2005). In totality, WBV may be a potential therapeutic aid for
individuals suffering from many types of age- and disease-related
motor impairments; however, more investigations should be
conducted.

5. The effects of vibration on tissue perfusion and the
peripheral vasculature

Tissue perfusion. A potential ubiquitous mechanism of vibra-
tion is its ability to alter tissue perfusion and modify the vascular
network. However, the magnitude of this effect is tissue specific
and depends upon the vibration regimen. The frequencies and
durations of the vibratory stimulus in the occupational setting
are higher in magnitude and duration than those utilized for
therapeutic purposes and the literature is replete with studies
examining the adverse consequences of occupational vibration
(for an example, see Stoyneva et al., 2003). Further, industrial
guidelines safeguarding the health of employees exposed to
vibration have been implemented (see Nelson and Brereton,
2005). Attenuated tissue perfusion (e.g., impaired circulation to
the fingers) is a well-recognized hazard associated with occupa-
tional vibration (Bovenzi et al., 2006). Reductions in finger blood
flow occurred with 5 min of vibration (i.e., 31.5 and 125 Hz),
whereby the greater reductions in blood flow were observed
during the 125 Hz protocol (Bovenzi et al., 2006). The mechanism
attributed to the reduction in blood flow was enhanced
vasoconstriction in the digit (Bovenzi et al., 2006). In contrast,
three bouts (60 s) of vibration at 30 Hz dramatically increased
skin blood flow, which remained elevated for 10 min following the
cessation of vibration (Lohman et al., 2007). Further, skin blood
flow was augmented during vibration (10 min) to the dominant
arm of males and females (Maloney-Hinds et al., 2008). Skin blood
flow rose similarly with both frequencies (30 and 50 Hz) and
remained augmented for at least 9 min (Maloney-Hinds et al.,
2008).

WBV protocols that reported improvements in bone mass
utilized frequencies and durations which ranged from 17 to 90 Hz
and 9–30 min, respectively (Flieger et al., 1998; Rubin et al., 2001a;
Oxlund et al., 2003; Christiansen and Silva, 2006; Gilsanz et al.,
2006; Xie et al., 2006; Judex et al., 2007). Similar protocols have been
used to determine the influence of vibration on tissue perfusion. For
example, 9 min of WBV at 26 Hz enhanced the relative moving blood
volume in skeletal muscle (i.e., quadriceps and gastrocnemius) and
improved mean blood flow through the popliteal artery (Kerschan-
Schindl et al., 2001). It must be noted that these indices were not
measured in the absence of the vibratory stimulus. Plantar vibration
and 358 upright tilt modulated calf blood flow (CBF) whereby
vibration alleviated the orthostatically induced decrement in CBF
(supine: 137 � 18 ml min�1; 358 upright tilt: 99 � 15 ml min�1; 358
upright tilt + 15 Hz: 131� 31 ml min�1; 358 upright tilt + 45 Hz:
146 � 28 ml min�1) (Stewart et al., 2005). Further, plantar vibration
augmented venous drainage and lymphatic fluid flow suggesting that
enhanced blood and lymph flow as well as venous drainage within
skeletal tissue may be a mechanism to modulate bone mass (Stewart
et al., 2005). In dogs, vasodilation in the forelimbs varied inversely with
the frequency (9, 12, and 16 Hz) and directly with the acceleration and
the displacement of the vibration protocol (Liedtke and Schmid, 1969).
The magnitude of vasodilation was greater in the neurally intact vs.
denervated limbs, suggestive of a neurogenically-mediated vasodilator
response to vibration (Liedtke and Schmid, 1969).

A poroelastic finite element model was used to analyze fluid
flow in intervertebral discs and determined that following 1 h of
vibration at 1 Hz or static compression at 1000 N, the loss of fluid
in the discs was 20% and 5%, respectively (Cheung et al., 2003).
When different vibration frequencies were applied for 10 min
subsequent to 50 min of static compression, the rate of change of
fluid volume within the discs transiently improved with increas-
ing frequencies. Therefore, vibration may be beneficial for disc
fluid exchange (i.e., enhanced nutrient transport and waste
removal) but further investigations are needed to determine
whether prolonged durations (e.g., 1 h) are detrimental to the
biomechanical responses of the intervertebral disc (Cheung et al.,
2003).

Similarly, a microstructural model of vertebral cancellous bone
was utilized to predict shear stress and volumetric blood flow rate
within the vertebrae during WBV (Dickerson et al., 2008). The
model predicted that shear stresses perceived by trabeculae
increased linearly with vibration frequency and reached levels
similar to stresses that stimulate osteoblast in vitro (Dickerson
et al., 2008). Further, peak volumetric blood flow rates escalated
linearly with both increasing vibration frequency and macro-
scopic strain, which possibly may enhance nutrient transport
within the vertebrae (Dickerson et al., 2008). Therefore, the
alterations in tissue perfusion appear dependent upon the
duration, frequency, and amplitude of the stimulus as well as
the tissue of investigation. For example, reductions in finger blood
flow occurred at 31.5 Hz (Bovenzi et al., 2006) while, in another
investigation, moving blood volume in the quadriceps and
gastrocnemius muscles and blood flow through the popliteal
artery was enhanced at 26 Hz (Kerschan-Schindl et al., 2001). In
general, these results indicate that vibration exposures of shorter
duration and lower frequencies may be the most beneficial to
enhance tissue perfusion. To date, the optimal duration, fre-
quency, and amplitude have yet to be determined and further
studies should be conducted.

The peripheral vasculature. Hand-arm syndrome can be char-
acterized by neurological and vascular dysfunction (Juntunen and
Taskinen, 1987) in limbs exposed to prolonged vibrational stimuli
in the occupational setting. Excessive vibrational stimulation may
damage endothelial and vascular smooth muscle cells (Curry et al.,
2002, 2005; Govindaraju et al., 2006). While the pathology behind
this syndrome has been studied extensively, the effects of short
duration and low-frequency vibration on the peripheral vascu-
lature have been under-investigated. Decrements in vessel number
occurred in mouse soleus muscle following vibration exposure
(45 Hz, 0.3 g) as brief as 15 min/d (Murfee et al., 2005). Slow-to-
fast fiber type transition did not occur and muscle fibers per area
and total muscle area were not altered, indicating that vascular
rarefaction resulted from the protocol (Murfee et al., 2005).
Vibration alters the functional properties of the peripheral
vasculature as well. For example, a single exposure to vibration
(4 h, 125 Hz) enhanced vasoconstriction via a2-adrenergic recep-
tors and may have amplified sympathetic vasoconstriction in
cutaneous arteries; however endothelial dysfunction and damage
were not observed (Krajnak et al., 2006). These data correspond to
diminished finger blood flow with acute (5 min) vibration (Bovenzi
et al., 2006) and, on the contrary, enhanced skin blood flow with
three bouts (60 s) of WBV (Lohman et al., 2007). To date, the effects
of WBV on the peripheral vasculature and tissue perfusion remain
obscure. Based upon the results summarized in this section, both



Fig. 1. The potential effects of WBV on physiological systems and the potential
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responses through interaction among the systems of which the figure presents only

the most obvious.
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acute and chronic alterations in the peripheral vasculature occur
with WBV. Acute and chronic stimuli alter vessel diameter via
vasodilation, vasoconstriction, and vascular remodeling. Therefore,
the divergent results presumably represent the consequence of the
various acute and chronic WBV protocols as well as the vascular
bed analyzed.

6. Hormonal responses to vibration

Whole-body vibration may augment skeletal mass through
direct mechanical perturbation or modulation of tissue perfu-
sion; however, this augmentation may also develop from
vibration-induced fluctuations in hormones capable of modulat-
ing bone cell activity. Therefore, understanding the physiological
responses of the endocrine system during acute and chronic
vibratory protocols may be imperative when deciphering the
mechanisms involved in enhanced bone remodeling. For
example, cortisol has an inhibitory effect on bone formation
and a stimulatory effect on bone resorption (Manelli and
Giustina, 2000). Endogenous growth hormone is critical for the
maintenance of bone mass in adults (Ueland, 2005) and aged
individuals experience declines in circulating growth hormone
levels (Sherlock and Toogood, 2007). Indeed, an acute bout of
WBV resulted in enhanced levels of blood testosterone
(24.3 � 6.6 nmol l�1 vs. 22.7 � 6.6 nmol l�1) and growth hormone
(28.6 � 29.6 ng ml�1 vs. 6.2 � 16.2 ng ml�1) and attenuated levels
of cortisol (464 � 257 nmol l�1 vs. 682 � 255 nmol l�1) (Bosco et al.,
2000). Enhanced production of growth-stimulating hormones and
attenuated production of growth-inhibiting hormones possibly
contribute to gains in skeletal tissue observed in other investiga-
tions (Flieger et al., 1998; Rubin et al., 2001a,b; Oxlund et al., 2003;
Christiansen and Silva, 2006; Gilsanz et al., 2006; Xie et al., 2006;
Judex et al., 2007).

Other reports indicate that hormonal fluctuations resulting
from WBV vary considerably; i.e., serum concentrations of growth
hormone, testosterone, and insulin-like growth factor were
unaffected following an acute bout of WBV (Di Loreto et al.,
2004). Likewise, subjects who underwent 9 weeks of WBV showed
no change in testosterone levels when comparing the first and last
training sessions (Kvorning et al., 2006). In the same experiment,
growth hormone and cortisol levels rose and fell, respectively,
subsequent to the vibratory stimulus applied during the first
training session but did not change following 9 weeks of WBV, as
was observed following the last training session (Kvorning et al.,
2006). In addition, Erskine et al. (2007) found no change in salivary
testosterone or cortisol levels immediately post-, 1 h post-, 2 h
post- and 24 h post-vibration; however, there was a tendency
(p = 0.052) for cortisol levels to rise across time in the vibrated
group. The authors concluded that WBV consisting of accele-
rations of 3.5 g delivered to young, healthy individuals does not
significantly stimulate the neuroendocrine system (Erskine et al.,
2007). In a recently published manuscript, hormonal fluctuations
were observed in elderly individuals following a single session of
WBV (Cardinale et al., 2008). Insulin-like growth factor-1 (IGF-1)
levels were elevated immediately-, 1 h-, and 2 h-post-WBV plus
static squat (slight knee flexion) vs. levels observed with static
squat alone (Cardinale et al., 2008). Immediately subsequent to the
WBV session, cortisol levels were higher than those observed with
static squat alone; however by 1 h- and 2 h-post-treatment,
cortisol concentrations were reduced below pre-treatment levels
with both WBV plus static squat and static squat alone (Cardinale
et al., 2008). In contrast, no differences were observed between
treatments in testosterone or growth hormone concentrations
(Cardinale et al., 2008). To our knowledge, hormonal fluctuations
subsequent to WBV have not been measured in other populations,
such as postmenopausal women, who may benefit from vibration
therapy.

7. Effects of vibration on body composition

One of the main advertising arguments for use of vibrating
devices available on the market is that they promote weight loss or
decrease fat mass; however, there is a lack of data in the literature
to support these claims. Since body mass has a profound influence
on body composition, weight loss associated with the use of the
vibrating devices may indirectly modulate skeletal tissue (Roelants
et al., 2004a). Twenty-four weeks of WBV (35–40 Hz, 2.5–5.0 mm)
did not alter body weight, total body fat or subcutaneous fat mass,
but slightly increased lean mass in previously untrained females
(Roelants et al., 2004a). In young males, vibration in addition to
exercise training, significantly increased energy expenditure
during exercise and recovery (Da Silva et al., 2007). In a similar
population, energy expenditure, carbohydrate and fat oxidation
rate, and oxygen consumption were positively affected by
vibration (Garatachea et al., 2007). Taken together, these data
suggest that WBV modulates energy expenditure but are
insufficient to determine whether chronic application of WBV
alters body composition.

8. Conclusions

In summary, investigations in the literature provide some
evidence of the effectiveness of WBV in enhancing skeletal mass in
the elderly, in individuals with low-bone mineral density, and
adolescents. The mechanisms by which this occurs may be related
to tissue perfusion, fluctuations in systemic hormones, and/or
occur via direct mechanical stimulation. The potential effects of
WBV on several physiological systems may occur via direct or
indirect mechanisms as illustrated in Fig. 1. Currently, the data are
unclear as to how WBV affects systemic hormones, peripheral
vascular morphology and function, and bone perfusion, especially
in the elderly and in postmenopausal women and women with
low-bone mineral density. In addition, experimental evidence
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indicates that WBV may be beneficial in restoring muscle strength,
balance, and mobility in the elderly and diseased individuals and
may potentially reduce the risk of falls and fall-related injuries.
Prescription of an appropriate and still to be defined WBV regimen
may prove fruitful for individuals suffering from OA by presumably
attenuating the age-associated deterioration of articular cartilage.
Decrements in bone mass, muscle strength, tissue perfusion,
systemic hormones, and articular cartilage are common ailments
in elderly individuals. Therefore, WBV training may be the most
efficient and cost effective method to globally alleviate these
deteriorations.

On the other hand, the use of WBV for therapeutic purposes is
far from being standardized. Currently, the optimal threshold for a
beneficial effect is undetermined and it is unknown whether such
a threshold would be applicable to all tissues and organs of the
body. The vibratory protocols (i.e., waveform, frequency, dura-
tion, and amplitude) reported in the literature summarized herein
vary considerably, making definitive conclusions regarding the
most effective protocol extremely difficult. In many cases, only
the frequency and duration of the protocols are provided and
many of the investigations fail to report the type of vibratory
signal (i.e., sinusoidal, square, etc.). Therefore, future investiga-
tions should focus on determining the optimum frequency,
duration, amplitude, and type of vibratory signal. In addition, the
most appropriate WBV protocols will most likely depend upon the
subject population; e.g., WBV protocols developed for young
individuals may be inappropriate for the elderly. Additionally,
many articles in the literature have faulty experimental designs
and the reader is encouraged to carefully distinguish between
results obtained from primary vs. secondary analysis of the data
when the original hypothesis failed to yield significance. Lastly,
multidisciplinary approaches are requisite in determining
whether the application of WBV is beneficial for all physiological
responses.
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