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Context: The use and popularity of whole-body vibration
(WBV) has increased in recent years, but there is a lack of
consensus in the literature about the effectiveness of the
treatment.
Objective: To quantitatively examine the effects of WBV on
muscle oxygenation and peripheral blood flow in healthy adults.
Data Sources: We searched Web of Science and PubMed
databases and reference lists from relevant articles using the
key terms whole body vibration, whole-body vibration, WBV,
blood flow, peripheral blood flow, oxygenation, muscle oxygenation, circulation, circulatory, near infrared spectroscopy, NIRS,
and power Doppler. Key terms were searched using single word
and combination searches. No date range was specified.
Study Selection: Criteria for inclusion were (1) use of a
commercially available WBV device, (2) a human research
model, (3) a pre-WBV condition and at least 1 WBV experimental condition, and (4) reporting of unstandardized means and
standard deviations of muscle oxygenation or peripheral blood
flow.
Data Extraction: Means, standard deviations, and sample
sizes were extracted from the text, tables, and figures of
included studies. A total of 35 and 90 data points were extracted

for the muscle-oxygenation and blood-flow meta-analyses,
respectively. Data for each meta-analysis were combined and
analyzed using meta-analysis software. Weighted, randomeffects meta-analyses using the Hedges g metric were
completed for muscle oxygenation and blood flow. We then
conducted follow-up analyses using the moderator variables of
vibration type, vibration time, vibration frequency, measurement
location, and sample type.
Data Synthesis: We found 18 potential articles. Further
examination yielded 10 studies meeting the inclusion criteria.
Whole-body vibration was shown to positively influence peripheral blood flow. Additionally, the moderators of vibration type
and frequency altered the influence of WBV on blood flow.
Overall, WBV did not alter muscle oxygenation; however, when
the measurement site was considered, muscle oxygenation
increased or decreased depending on the location.
Conclusions: Acute bouts of WBV increase peripheral
blood flow but do not alter skeletal muscle oxygenation.
Vibration type appears to be the most important factor
influencing both muscle oxygenation and peripheral blood flow.
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Key Points





An acute bout of therapeutic whole-body vibration (WBV) increases peripheral blood ﬂow but does not alter muscleoxygenation levels.
Vibration type and frequency affect peripheral blood ﬂow and muscle oxygenation during an acute bout of WBV.
Additional work examining the effects of WBV on circulatory measures in injured populations is needed.
Although WBV is promising when used in healthy people, clinicians should be cautious in applying WBV as a
therapeutic modality to improve vascular measures after injury or illness.

O

ver the past decade, the incorporation of wholebody vibration (WBV) into ﬁtness and injury
treatment programs has expanded rapidly.1,2 Researchers have demonstrated that WBV can improve
aspects of physical performance, such as strength3–5 and
ﬂexibility,6,7 whereas evidence regarding the physiologic
changes associated with therapeutic WBV remains unclear.8–12 The inﬂuence of WBV on peripheral blood ﬂow
and muscle oxygen use is of special interest, as these
measures provide insight into the metabolic changes
occurring in skeletal muscle. Blood ﬂow and muscle
oxygenation are closely related. During exercise, blood
ﬂow to the exercising muscle increases in response to
increased demands for oxygen and fuel and increased
542

Volume 50  Number 5  May 2015

carbon dioxide and hydrogen ion concentrations, among
other factors.13 Changes in peripheral blood ﬂow resulting
from WBV application could indicate a possible mechanism of action for WBV treatment. A frequent clinical goal
of applying therapeutic modalities is to increase circulation
at the site of musculoskeletal injury during the ﬁbroblasticrepair and maturation-remodeling phases of healing.14 To
prevent secondary ischemic injury after musculoskeletal
damage, athletic trainers must understand tissue oxygenation. A lack of oxygen (ischemia) results in decreased
availability of energy at the cellular level because oxygen
serves as the ﬁnal electron acceptor in the electron transport
chain; this lack of oxygen leads to cell death and eventually
necrosis.15 If WBV increases blood ﬂow or oxygenation, it

could be used as a therapeutic intervention when the
clinical goal is to increase blood ﬂow or muscle
oxygenation.
Results of WBV research on muscle oxygenation and
peripheral blood ﬂow have been mixed because of the
variations in the type of vibration used, time, frequency,
amplitude, and locations measured. Near-infrared spectroscopy (NIRS) is a tool commonly used to examine the effect
of WBV on muscle oxygen use.8,9,12,16–18 The NIRS
noninvasively and indirectly measures changes in oxygensaturation levels by penetrating superﬁcial structures (eg,
skin) and being absorbed by hemoglobin or scattered into
the tissue. The amount of near-infrared light scattered and
absorbed indicates the level of oxygenated hemoglobin.19
Authors of WBV studies of peripheral blood ﬂow have
used NIRS8,9,16 and 2 other methods of assessment: laser
Doppler10,20 and Doppler ultrasound.21–23 Laser Doppler
uses light wavelength changes to calculate the number and
velocity of blood cells in the region of interest.24 Similar to
laser Doppler, Doppler ultrasound calculates the number
and velocity of moving blood cells based on a Doppler
shift. With Doppler ultrasound, the Doppler shift is
measured using the changes in frequency of ultrasonic
waves delivered to the region of interest.25 In addition to
the range of methods used to collect data, investigators
have used various vibration settings (which clinicians may
change depending on the goal of treatment), so comparing
studies of peripheral blood ﬂow is difﬁcult.
Whole-body vibration is a relatively new tool for treating
and rehabilitating patients with musculoskeletal injuries.
However, little is understood about its mechanism of
action. Results of research to determine if WBV alters
peripheral blood ﬂow and muscle oxygenation have been
conﬂicting, so making an informed decision on whether to
implement WBV into their practices can be difﬁcult for
clinicians. A quantitative examination of the literature is
needed to help clinicians understand this potentially
important treatment modality and to determine where gaps
in the research exist. Therefore, the purpose of our study
was to use meta-analyses to quantitatively assess the
research literature to date regarding the acute effects of
WBV on muscle oxygenation and peripheral blood ﬂow in
healthy adults. A better understanding of the physiologic
effects of WBV regarding blood ﬂow and muscle
oxygenation can potentially improve patient outcomes in
clinical practice.
METHODS
Literature Search

The methods and presentation of results used in this
meta-analysis conform to the PRISMA statement, with the
exception that the review protocol is not registered.26 We
searched the Web of Science and PubMed databases
between January 2012 and March 2012 for relevant articles.
We also used the reference lists of relevant articles to locate
additional articles for review. No date range was speciﬁed,
and searches were conducted to include all possible years of
publication in each respective database. Key terms for the
searches were whole body vibration, whole-body vibration,
WBV, blood ﬂow, peripheral blood ﬂow, oxygenation,
muscle oxygenation, circulation, circulatory, near infrared

spectroscopy, NIRS, and power Doppler. We used single
and combined key terms for our searches. The language
was limited to English. The search yielded 18 potential
studies for inclusion in the meta-analyses. On closer
examination, 8 studies did not meet the inclusion criteria:
(1) use of a commercially available WBV device, (2) a
human research model, (3) provision of a pre-WBV
condition and at least 1 WBV experimental condition,
and (4) reporting of unstandardized means and standard
deviations for muscle oxygenation or peripheral blood ﬂow.
We chose these inclusion criteria based on the purpose of
our meta-analysis. A total of 10 studies met the inclusion
criteria.
Data Extraction

Two separate meta-analyses were completed. For studies
included in the muscle-oxygenation meta-analysis, investigators had examined the total oxygen index and the
oxyhemoglobin levels measured by NIRS at multiple
locations in the lower extremity. Both vertical and sidealternating WBV devices were included and amplitude
ranged from 2 to 6 mm. Total WBV application time
ranged from 30 seconds (0.5 minutes) to 300 seconds (5
minutes). All WBV application times were from a single
session of WBV, which may have included a single bout of
WBV exposure or multiple bouts within a single session.
The WBV frequencies for the muscle-oxygenation data
ranged from 16 to 50 Hz.
For studies included in the meta-analysis of peripheral
blood ﬂow, researchers had examined total hemoglobin
levels in the lower extremity measured by NIRS, common
femoral artery blood velocity assessed by color Doppler
ultrasound, popliteal artery blood velocity measured with
power Doppler ultrasound, and skin blood ﬂow assessed by
laser Doppler in both the upper and lower extremities. The
WBV settings present in these data consisted of both sidealternating and vertical vibration at frequencies ranging
from 5 to 50 Hz. Total WBV exposure times ranged from
30 seconds (0.5 minutes) to 900 seconds (15 minutes). Data
on peripheral blood ﬂow included WBV application times
from a single session, which could reﬂect a single bout or
multiple bouts of WBV exposure during a data-collection
session.
Of the 10 studies included in the ﬁnal analyses, muscle
oxygenation was measured in 5 studies,8,9,16–18 and
peripheral blood ﬂow was measured in 8 studies.8–10,16,20–23
Authors of 3 studies8,9,16 examined both muscle-oxygenation changes and peripheral blood-ﬂow changes. In the
combined studies, the data were separated and included in
each of the respective analyses. Authors of all studies used
repeated-measures designs, exposed participants to multiple
WBV settings, and examined 1 or more anatomic locations.
Study variables included vibration type, vibration exposure
time, vibration frequency, vibration amplitude (eg, males or
females), measurement collection method, measurement
location, and sample sex composition. Data were extracted
from the text, tables, and graphs of each study and included
the pre-WBV condition and WBV experimental condition
mean, standard deviation, and sample size for each
condition. Data presented in graphs were extracted using
Scion Image (version 4.0.3.2; Scion Corp, Frederick, MD).
All means, standard deviations, and sample sizes were
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Figure 1. Forest plot and source study information for the muscleoxygenation meta-analysis (mean 6 95% conﬁdence interval).

recorded and organized into a custom spreadsheet (Excel
2010; Microsoft Corp, Redmond, WA). Moderator variables were extracted from each study and consisted of
vibration type, vibration time, vibration frequency, vibration amplitude, measurement method, measurement location, and sample type. The meta-analyses for muscle
oxygenation and peripheral blood ﬂow consisted of 35 and
90 control-treatment comparisons, respectively.
Data Synthesis

To standardize comparisons across studies, we calculated
an effect size using the Hedges g for muscle oxygenation
and peripheral blood ﬂow. The Hedges g metric is based on
a standardized (pooled variation) difference of paired
means between pre-WBV measures and measures during
or immediately after WBV for each data point. The
measures used in the original studies were not on the same
scale, making the standardized mean difference metric
(Hedges g) appropriate. Next, 95% conﬁdence intervals
(CIs) were calculated around the mean effect sizes. Mean
effect sizes and 95% CIs that were above zero indicated
that WBV increased muscle oxygenation and peripheral
blood ﬂow above the pre-WBV conditions. Mean effects
544

Volume 50  Number 5  May 2015

and 95% CIs that were below zero indicated that WBV
decreased muscle oxygenation and peripheral blood ﬂow.
Mean effect sizes and 95% CIs that crossed zero indicated
that WBV had no effect. The studies used a range of
measures and WBV settings, so a weighted, random-effects
model was appropriate to analyze muscle oxygenation and
peripheral blood ﬂow. We created funnel plots for both
analyses to check for publication bias at the outcome level.
A fail-safe N was calculated for both overall analyses to
assess the number of unpublished works needed to nullify
that a ﬁnding was different. Random-effects meta-regressions were conducted after the overall analyses for both
muscle oxygenation and blood ﬂow using the continuous
moderating variables of vibration application time and
vibration frequency.
We conducted several subgroup meta-analyses on both
sets of data: 6 muscle-oxygenation subgroup analyses for the
moderator variable of data-collection location (gastrocnemius lateralis,18 gastrocnemius medialis,8,9,17 rectus femoris,16
vastus lateralis,8,16 upper leg [rectus femoris and vastus
lateralis combined],8,16 and lower leg [gastrocnemius
lateralis and medialis combined]8,9,17,18) and 5 subanalyses
for the moderator of vibration frequency (50, 40, 30, 25, and
16 Hz). Meta-analyses for the peripheral blood-ﬂow
subgroup included 2 analyses for the moderator of vibration
type (side alternating and vertical), 9 analyses for the
moderator of vibration frequency (50, 45, 40, 30, 25, 20, 15,
10, and 5 Hz), 3 analyses for the moderator of measurement
location (vascular tissue [eg, femoral artery], skeletal
muscles [eg, vastus lateralis], cutaneous blood ﬂow [eg,
skin blood ﬂow]), and 3 analyses for the moderator variable
of data-collection method (NIRS total hemoglobin, ultrasound, laser Doppler). Although they were not included in
our original plan, we completed additional subanalyses to
examine the effect of loading on vibration frequency. Data
for peripheral blood ﬂow were from 8 studies, 7 of which
applied WBV in a weight-bearing position; Maloney-Hinds
et al20 applied WBV to a body segment at 2 vibration
frequencies (30 Hz and 50 Hz). All statistical analyses were
performed with Comprehensive Meta-Analysis Software
(version 2.0; Biostat Inc, Englewood, NJ). The a level was
set a priori at .05 for all analyses.
RESULTS

The data points and source study information included in
the meta-analyses for muscle oxygenation and peripheral
blood ﬂow and a summary forest plot of the Hedges g
effect-size metrics and 95% CIs of each study are presented
in Figures 1 and 2, respectively.
Muscle Oxygenation

The funnel-plot analysis revealed a roughly symmetrical
distribution about the mean effect for muscle oxygenation,
indicating that publication bias did not inﬂuence our results.
Overall, therapeutic WBV did not alter muscle oxygenation
compared with control values (Hedges g ¼ 0.005, n ¼ 35,
P ¼ .98; 95% CI ¼ 0.272, 0.261), suggesting that WBV
does not alter muscle-oxygenation levels. Given the lack of
effect, we did not calculate a fail-safe N. The I2 value of
0.80 suggested that true variance was observed in the metaanalysis for muscle oxygenation, and that subanalyses were
warranted.27 The meta-regression for the effects of

Table 1. Results of Subanalyses of the Vibration-Frequency
Moderator on Muscle Oxygenation
Vibration
Frequency, Hz
50
40
30
25
16

No. of Data
Points Included

Hedges g

11
10
10
2
2

0.074
0.035
0.538
4.553
0.483

95% Confidence
Interval
0.501,
0.251,
0.941,
1.647,
0.165,

0.352
0.321
0.134
7.459
1.131

vibration frequency of 25 Hz increased muscle-oxygenation
levels. The 30-Hz data were from studies using vertical
vibration, whereas the 25-Hz data were from studies using
side-alternating vibration. Vibration frequencies of 50, 40,
and 16 Hz used vertical vibration and had no mean effect
on muscle-oxygenation levels.
Peripheral Blood Flow

Funnel-plot analysis showed that no publication bias
existed for the peripheral blood-ﬂow data set. Peripheral
blood ﬂow was positively inﬂuenced by WBV (Hedges g ¼
1.179, n ¼ 90, P , .001; 95% CI ¼ 0.942, 1.416).
Calculation of a fail-safe N revealed that 9718 unpublished
studies with results that were not different would be
required to nullify the mean effects. This number is
sufﬁciently high to conclude that these results are robust
and not inﬂuenced by a possible publication preference for
results that are different.
The I2 value of 0.84 suggested that true variance was
observed in the meta-analysis for peripheral blood ﬂow, and
subanalyses were warranted.27 The meta-regression for the
effects of vibration frequency on peripheral blood ﬂow
revealed a direct, negative linear relationship (Qmodel ¼
28.66, df ¼ 1, P , .001), suggesting that lower frequencies
Figure 2. Forest plot and source study information for the
may lead to greater changes in peripheral blood ﬂow than
peripheral blood-ﬂow meta-analysis (mean 6 95% conﬁdence
higher frequencies (Figure 3). We found a linear relationinterval).
ship that was not different for the effects of vibration time
on peripheral blood ﬂow, suggesting that research to date
vibration time on muscle oxygenation revealed no clear does not indicate if short or long vibration times alter
linear relationship (Qmodel ¼ 1.138, df ¼ 1, P ¼ .29), peripheral blood ﬂow differently (Qmodel ¼ 0.383, df ¼ 1, P
suggesting that WBV application time during an acute bout ¼ .535). Analyses of the moderator vibration type indicated
did not alter the effect of WBV on muscle oxygenation. that vertical WBV produced no mean effect on peripheral
Meta-regression also showed no clear effect of vibration blood ﬂow (Hedges g ¼ 0.182, n ¼ 35, P ¼ .15; 95% CI ¼
frequency on muscle-oxygenation effect size (Qmodel ¼ 0.067, 0.431), whereas side-alternating vibration in0.993, df ¼ 1, P ¼ .32).
Compared with pre-WBV levels, measurements taken at
the gastrocnemius lateralis muscle showed increased
muscle-oxygenation levels (Hedges g ¼ 4.553, n ¼ 2, P ¼
.002; 95% CI ¼ 1.647, 7.459), whereas measurements taken
at the gastrocnemius medialis muscle indicated decreased
muscle-oxygenation levels (Hedges g ¼0.302, n ¼ 15, P ¼
.046; 95% CI ¼ 0.599, 0.005). Measurements of muscle
oxygenation at the rectus femoris (Hedges g ¼ 0.143, n ¼ 3,
P ¼ .69; 95% CI ¼0.593, 0.898), vastus lateralis (Hedges
g ¼ 0.021, n ¼ 15, P ¼ .91; 95% CI ¼ 0.374, 0.332),
upper leg (Hedges g ¼ 0.003, n ¼ 18, P ¼ .98; 95% CI ¼
0.315, 0.322), and lower leg (Hedges g ¼ 0.024, n ¼ 17, P
¼ .91; 95% CI ¼ 0.410, 0.458) yielded no changes.
The mean effects, sample sizes, and 95% CIs for the
moderator of vibration frequency are presented in Table 1. Figure 3. Meta-regression of the moderator of vibration frequency
Compared with pre-WBV levels, a vibration frequency of (Hz) on the mean effect of therapeutic whole-body vibration on
30 Hz decreased muscle-oxygenation levels, whereas a peripheral blood ﬂow.
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Table 2. Results of Subanalyses of the Vibration-Frequency
Moderator on Blood Flow
Vibration
Frequency, Hz
50
45
40
30
25
20
15
10
5

No. of Data
Points Included

Hedges g

31
4
10
34
2
2
2
2
2

0.943
0.338
0.407
1.157
3.581
3.866
3.884
4.172
3.36

95% Confidence
Interval
0.584,
0.806,
0.112,
0.823,
2.545,
2.516,
2.791,
2.051,
2.365,

1.303
0.13
0.927
1.489
4.617
5.217
4.977
6.293
4.356

creased peripheral blood ﬂow (Hedges g ¼ 1.906, n ¼ 55, P
, .001; 95% CI ¼ 1.628, 2.184). These results suggest that
using side-alternating vibration could inﬂuence peripheral
blood ﬂow, whereas vertical vibration may not affect
peripheral blood ﬂow.
We analyzed vibration-frequency moderators of 50, 45,
40, 30, 25, 20, 15, 10, and 5 Hz. The mean effects, sample
sizes, and 95% CIs are summarized in Table 2. Vibration
frequencies of 50, 30, 25, 20, 15, 10, and 5 Hz increased
peripheral blood ﬂow, whereas frequencies of 45 and 40 Hz
did not have a mean effect. The 26-Hz vibration frequency
was included in the overall analysis of peripheral blood
ﬂow, but a subanalysis was not completed because only 1
data point existed at this frequency.
Follow-up analyses were completed for measurement
location. A mean effect was revealed for measures
collected from vascular structures (Hedges g ¼ 2.641, n ¼
17, P , .001; 95% CI ¼ 1.691, 3.592) and measures of skin
blood ﬂow (Hedges g ¼ 1.48, n ¼ 40, P , .001; 95% CI ¼
1.27, 1.69). No effect was revealed for measures collected
from skeletal muscles (Hedges g ¼ 0.25, n ¼ 33, P ¼ .052;
95% CI ¼ 0.002, 0.51). These results suggest that
alterations in peripheral blood ﬂow from WBV can be
quantiﬁed in vascular and muscular tissues.
No mean effect of WBV on peripheral blood ﬂow was
evident from NIRS total hemoglobin (Hedges g¼0.23, n¼31,
P ¼ .08; 95% CI ¼ 0.029, 0.506). However, assessment by
ultrasound (Hedges g ¼ 2.641, n ¼ 17, P , .001; 95% CI ¼
1.691, 3.592) and skin blood ﬂow measured with laser
Doppler (Hedges g¼1.436, n¼42, P , .001; 95% CI¼1.214,
1.659) showed that WBV increased peripheral blood ﬂow.
The supplemental subanalyses revealed that both weightbearing (loaded) WBV (Hedges g ¼ 0.84, n ¼ 14, P ¼ .002;
95% CI ¼ 0.30, 1.38) and body-segment (unloaded) WBV
(Hedges g ¼ 1.37, n ¼ 20, P , .001; 95% CI ¼ 1.04, 1.70) at
30 Hz increased peripheral blood ﬂow. Conversely, at 50
Hz, we found that WBV applied in a weight-bearing
(loaded) position did not alter peripheral blood ﬂow
(Hedges g ¼ 0.15, n ¼ 11, P ¼ .25; 95% CI ¼ 0.41,
0.11); however, when it was applied in an unloaded
position (body-segment vibration), WBV again increased
peripheral blood ﬂow (Hedges g ¼ 1.56, n ¼ 20, P , .001;
95% CI ¼ 1.35, 1.84).
DISCUSSION

The most important result of this analysis is that vibration
type may inﬂuence blood-ﬂow response. Peripheral blood
ﬂow increases during side-alternating vibration but not
546
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during vertical vibration. Thus, vibration type may be key
in the use of therapeutic WBV to inﬂuence blood ﬂow.
Given that no commercially available device can switch
between vertical and side-alternating vibration modes, this
factor may be important for athletic trainers when deciding
which type of device to purchase. Very few researchers
have directly compared side-alternating vibration with
vertical vibration using commercially available devices to
examine changes in peripheral blood ﬂow.2 In a study
directly comparing vertical and side-alternating WBV,
Gojanovic and Henchoz2 found that a 20-minute exercise
protocol of side-alternating WBV increased heart rate
compared with vertical WBV and no-WBV conditions.
This supports our ﬁnding that side-alternating WBV may
cause a different or greater response than vertical
vibrations. No investigators have identiﬁed how sidealternating vibration elicits different physiologic responses
than vertical vibration. Future studies in which researchers
directly compare vertical vibration with side-alternating
vibration are needed to more clearly understand how
vibration type inﬂuences peripheral blood ﬂow and muscle
oxygenation and to understand the physiologic pathway by
which each type of vibration may elicit physiologic
changes.
Vibration frequencies of 50, 30, 25, 20, 15, 10, and 5 Hz
resulted in mean effects of therapeutic WBV on peripheral
blood ﬂow, with the Hedges g ranging from 0.943 (50 Hz)
to 4.172 (10 Hz). These ﬁndings agree with the metaregression analysis, suggesting that a mean effect of
therapeutic WBV on peripheral blood ﬂow would be
greater at lower frequencies than at higher frequencies.
Meta-analysis cannot examine the mechanisms by which
the observed changes occurred. Yet by objectively
measuring the reported effects of WBV, meta-analysis
may uncover the effect of an acute bout of WBV. The
results from both the individual subanalyses and the metaregression demonstrate that vibration frequency inﬂuences
the amount of change produced in peripheral blood ﬂow.
Our meta-analyses indicate that lower frequencies (5–25
Hz) produce a greater observed effect than higher
frequencies (30–50 Hz) of WBV. This evidence suggests
that lower frequencies should be used to increase peripheral
blood ﬂow.
One possible explanation is that the increased blood ﬂow
may be inﬂuenced by the rate of muscle contraction. Lower
frequencies may provide increased time between contractions, allowing for greater perfusion. Higher frequencies, on
the other hand, may not allow for this perfusion, resulting in
lower blood ﬂow during WBV application. This is simply a
theory based on our knowledge; investigators have not
comprehensively examined the effects of vibration frequency on peripheral blood ﬂow in skeletal muscle or
vascular tissues (eg, arteries). Lythgo et al23 examined the
effects of vibration frequency and amplitude of blood
velocity in the femoral artery and found that lower
frequencies (10–30 Hz) increased blood velocity more than
did higher vibration frequencies (20–30 Hz) (33% versus
27%).
Another important WBV variable is the position of the
participants and whether the position is loaded or unloaded
with body weight. Our supplemental subanalyses showed
that loading inﬂuenced peripheral blood-ﬂow responses at
higher frequencies and support our meta-regression data,

suggesting that lower frequencies resulted in a greater
peripheral blood-ﬂow response than did higher frequencies.
These supplemental results must be interpreted carefully
because all of the segmental vibration data were from 1
source study and 1 test location (ie, forearm) and may not
hold true for different WBV settings or application sites.
Measures taken at large vascular structures (eg, femoral
artery) revealed that peripheral blood ﬂow increased after
WBV (Hedges g ¼ 2.64) compared with pre-WBV control
measures. Cutaneous blood ﬂow (ie, skin blood ﬂow) also
showed an increase in peripheral blood ﬂow after WBV
(Hedges g ¼ 1.48) compared with pre-WBV control
measures. However, compared with control measures,
peripheral blood ﬂow measured in skeletal muscle was
not altered after WBV. The data suggest that vascular
tissues and cutaneous blood ﬂow demonstrated larger
responses to therapeutic WBV than did skeletal muscle.
All measures of peripheral blood ﬂow were recorded
superﬁcially from the skin, but the measurement location of
the vascular tissue changed. For example, measures taken
from skeletal muscles examined the capillary changes
within the muscle. If the blood ﬂow through the large
vessels was altered the most, this may hold promise for
using therapeutic WBV as a nonpharmacologic treatment
for diseases of the peripheral vasculature. Comparing
human WBV models with animal models and exercisehyperemia models of blood perfusion, we see mechanisms
by which WBV could elicit changes in peripheral blood
ﬂow. Recent WBV ﬁndings in a mouse model of hind-limb
ischemia support our ﬁndings of increases in peripheral
blood ﬂow in the vascular tissue through vasodilation,
stimulated by the endothelial nitric oxide synthase
mechanism.28 Yet these researchers did not examine mice
without hind-limb ischemia, and the mechanism by which
nitric oxide creates vasodilation may be altered. Further,
examination of the exercise-hyperemia literature suggested
that a large number of potential vasodilatory agents,
including potassium,29 adenosine,30 and nitric oxide,31
may be released with muscle contractions. Contractioninduced hyperemia has been shown to occur after only 1
muscle contraction.32 Whereas exercise-hyperemia studies
support increased blood ﬂow with muscle contractions, the
frequency at which the contractions take place may not be
comparable with the frequencies that occur during a bout of
WBV. Clearly, more work is needed in this area,
speciﬁcally to examine WBV. Many mechanisms (metabolic, humeral, and neuronal factors) potentially play a role
in the increased blood ﬂow observed after WBV exposure.
Additional work is needed to determine the mechanism by
which blood ﬂow increases during therapeutic WBV
exposure.
Vibration frequency was revealed to selectively inﬂuence
muscle-oxygenation levels. A vibration frequency of 30 Hz
decreased muscle-oxygenation levels (Hedges g ¼ 0.53)
compared with control levels. This ﬁnding suggests that the
physiologic oxygen demand is greater than the oxygen
supply during WBV at 30 Hz in the skeletal muscles tested.
Compared with higher vibration frequencies, 30 Hz may
preferentially activate concentric and eccentric musclecontraction cycles. Preferential stimulation of skeletal
muscle by WBV has been supported in recent work by
investigators33 who found that vibration frequencies of 25
to 35 Hz preferentially activated the lateral gastrocnemius

muscle as measured with electromyography. In contrast, we
found that a WBV frequency of 25 Hz greatly increased
muscle-oxygenation levels (Hedges g ¼ 4.55) compared
with baseline values, indicating that the oxygen supply far
exceeded demand during WBV exposure. These results are
difﬁcult to explain given the large range of scores (Hedges
g range, 0.53 to 4.55) after only a 5-Hz frequency change.
A closer investigation of the data showed that the 25-Hz
data consisted of only 2 data points and were from the same
study with a small sample (N ¼ 10); therefore, these data
should be interpreted with caution. Also, the 30-Hz
treatments used vertical vibration, whereas the 25-Hz
treatments used side-alternating vibration. Vertical vibration and side-alternating vibration may affect oxygen
demand and delivery differently. All data points included
in the muscle-oxygenation meta-analysis were obtained
with vertical vibration except for the data point at 25 Hz,
which was obtained with side-alternating vibration. Further
examination of the role of vibration type on muscle
oxygenation is not possible at this point given the limited
data available. The ability of the oxygen supply to meet
oxygen demand under WBV conditions could be attributed
to 2 hypotheses: (1) therapeutic WBV does not elicit a
metabolic demand in the muscle greater than what is
required during rest or (2) therapeutic WBV does elicit a
greater metabolic demand in muscle than at rest, but this
demand is met with increased peripheral blood ﬂow. The
second theory is supported by research suggesting that
WBV elicits reﬂexive muscle contractions.34 The muscleoxygenation data indicate that this increased demand is
matched by increased supply during therapeutic WBV.
Additionally, our results from the meta-analysis of
peripheral blood ﬂow support the hypothesis that WBV
elicits increased metabolic demand, which is adequately
met. Peripheral blood ﬂow increases overall during and
immediately after an acute bout of therapeutic WBV.
Additional research is warranted to determine if WBV is
safe and effective in populations with injury, illness, or
disease. Authors of all of the reports we examined studied
young, healthy participants. Populations with injury,
illness, or disease may produce very different results.
Investigators have examined therapeutic WBV in populations with osteoporosis35,36 and obesity,37,38 but few39 have
examined the effect of WBV on blood-ﬂow and oxygenation measures in special populations. Research needs to be
conducted on the dose-response of WBV after repeated
treatments and the training effects of WBV on measures of
blood ﬂow and muscle oxygenation. Common reporting
standards are also needed. Recent recommendations (eg,
common terminology, proper intervention descriptions) by
the International Society of Musculoskeletal and Neuronal
Interactions for reporting WBV intervention studies have
begun to address this concern40; however, not all researchers have implemented these reporting recommendations.
Comparison among studies is difﬁcult without common
reporting standards.
Our study had several limitations that must be considered
when interpreting our results. Care must be taken in
generalizing these results, as we assessed studies with large
variations in measurement tools and vibration settings. A
risk of bias always exists at both the study and outcome
level. Although we attempted to retrieve as much of the
WBV literature as possible, we may not have completely
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retrieved the data we identiﬁed for inclusion, including
articles that were not published in English and articles
published in journals that were not indexed in the search
engines. Finally, the meta-analysis technique is designed to
uncover the true effect of a treatment by quantitatively
examining the effects of individual data points. This aids in
our understanding of the effects of WBV on blood ﬂow and
muscle oxygenation but does not uncover the mechanism
by which the observed effects are occurring. Mechanistic
studies are needed to understand the pathway by which
WBV inﬂuences blood ﬂow and muscle oxygenation.

13.

14.

15.
16.

CONCLUSIONS

Analysis of the literature suggested that an acute bout of
therapeutic WBV increases peripheral blood ﬂow but does
not alter muscle-oxygenation levels. Vibration type and
frequency inﬂuence the effects of peripheral blood ﬂow and
muscle oxygenation during an acute bout of WBV.
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