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ABSTRACT

BETIK, A. C., L. PARKER, G. KAUR, G. D. WADLEY, andM. A. KESKE.Whole-Body Vibration Stimulates Microvascular Blood Flow

in Skeletal Muscle. Med. Sci. Sports Exerc., Vol. 53, No. 2, pp. 375–383, 2021. Purpose: Whole-body vibration (WBV) therapy has been

reported to potentially act as an exercise mimetic by improving muscle function and exercise capacity in a variety of healthy and clinical pop-

ulations. Considering the important role that microvascular blood flow plays in muscle metabolism and exercise capacity, we investigated the

muscle microvascular responses of acuteWBV to knee extension exercise (KEX) in healthy individuals.Methods:Eleven healthy adults (age:

33 ± 2 yr; body mass index: 23.6 ± 1.1 kg·m−2) underwent 3 min of WBV, or 3 min of KEX at 25% of one-repetition maximum, in a random-

ized order separated by aminimum of 72 h. Femoral arterial blood flowwasmeasured via Doppler ultrasound, and thighmusclemicrovascular

blood flow was measured via contrast-enhanced ultrasound at baseline and throughout the 3-min postintervention recovery period. Results:

Both WBV and KEX significantly increased peak microvascular blood flow (WBV, 5.6-fold; KEX, 21-fold; both P < 0.05) during the 3-min

recovery period. Despite a similar increase in femoral arterial blood flow (~4-fold; both P < 0.05 vs baseline) and whole-body oxygen con-

sumption measured by indirect calorimetry (WBV, 48%; KEX, 60%; both P < 0.05 vs baseline) in both conditions, microvascular blood flow

was stimulated to a greater extent after KEX. Conclusion:A single 3-min session of WBV in healthy individuals is sufficient to significantly

enhance muscle microvascular blood flow. Despite KEX providing a more potent stimulus, WBV may be an effective method for improving

microvascular blood flow in populations reported to exhibit microvascular dysfunction such as patients with type 2 diabetes. Key Words:

ULTRASOUND, MICROCIRCULATION, HYPEREMIA, FEMORAL ARTERY BLOOD FLOW, OXYGEN CONSUMPTION,

MUSCLE ACTIVATION

Exercise has many health benefits, including reducing
the risk of chronic diseases (1). Whole-body vibration
(WBV) has recently received attention as an alternative

or a supplement to traditional exercise due to its proposed ex-
ercise mimetic actions. The ability of WBV to act as an exer-
cise mimetic is in part due to oscillations from the vibration
causing a reactionary activation of skeletal muscles, activation
of sensory and motor neurons (2,3), increased cardiovascular
demand (4–6), and oxygen consumption (5,6). This has led
to the use of WBV for both acute (7) and long-term therapy
(8–10) in healthy and clinical populations. Although it has
long been established that muscle performance during exercise
is highly dependent on adequate blood flow to the working

muscles (11), the muscle hemodynamic responses of WBV
have been poorly characterized.

Muscle contraction (or exercise) stimulates both total limb
and microvascular blood flow (MBF) in skeletal muscle to fa-
cilitate the delivery of nutrients, hormones, and gases (12,13).
Although exercise increases both macrovascular blood flow
andMBF, it is the effect on the microvasculature that is partic-
ularly important for nutrient exchange. This is due to the mi-
crovasculature (or capillaries) being in intimate contact with
the myocyte allowing for amplified delivery of nutrients dur-
ing metabolic demand such as contraction (14,15). Muscle
contraction potently increases MBF, which occurs even with
low levels of muscle contraction (16–19). For example, fore-
arm contraction at 25% of maximal voluntary strength every
20 s has been shown to maximally (or close to maximally) re-
cruit the microvasculature (approximately threefold above
baseline) in healthy humans (18,19). Other exercises such
as calf raises (plantarflexion exercise) (20,21) elicit a
marked increase in skeletal muscle microvascular blood vol-
ume (MBV) and MBF. Importantly, many of these studies
have shown that increases in total limb blood flow through
conduit arteries do not always reflect increases in MBF
(18,22–24). Although studies have shown that an acute bout
of WBV increases total limb blood flow (4,25,26), it is not
known whether WBV also has exercise mimetic actions to
increase MBF, which is important for nutrient exchange.
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It is important to determine whether WBV stimulates MBF
because of the microvascular-based benefits of traditional ex-
ercise. For example, muscle MBF in response to insulin (or a
meal) is blunted in type 2 diabetes, which results in impaired
muscle glucose uptake and poor glucose regulation (27). Exer-
cise training improves postprandial-related microvascular re-
sponsiveness, and this directly improves glycemic regulation
in people with type 2 diabetes (28). Given the importance of
exercise onmicrovascular-related health outcomes, it is impor-
tant to characterize the effect of WBV on MBF to determine
whether WBV can be used as an alternative or a supplement
to traditional exercise, particularly in people who are unable
or have limited capacity to exercise. However, before this, it
is first necessary to characterize the muscle hemodynamic re-
sponses of WBV in healthy individuals. The aim of this study
was to characterize the muscle microvascular responses of an
acute bout of WBV compared with knee extension exercise
(KEX) when matched for the same femoral artery blood flow
response in apparently healthy individuals.

METHODS

Participants and screening. Twelve healthy adults were
recruited through community advertisement of which 11 (5
males and 6 females) completed the study with 1 withdrawal.
Females were recruited and tested at any stage during their
menstrual cycle, and estradiol levels were not measured. Par-
ticipant characteristics are presented in Table 1. Exclusion
criteria for participation included current or previous history
of cardiometabolic disease, smoking, and musculoskeletal or
other conditions that prevent daily activity. Verbal and written
explanations about the study were provided before obtaining
written informed consent. Participants were asked to refrain
frommoderate to vigorous physical activity (48 h) and alcohol
and caffeine ingestion (24 h) before all testing sessions. The
study was approved by the Deakin University Human Re-
search Ethics Committee. To confirm participants did not have
any cardiometabolic risk factors, participants were screened
via a medical history, resting blood pressure, and a fasting
blood sample, which was analyzed at an accredited commer-
cial pathology laboratory (Australian Clinical Labs, Victoria,
Australia) using standard protocols for glucose, insulin, total
cholesterol, triglycerides, and glycated hemoglobin (HbA1c).

Eligible participants were then invited to attend a familiariza-
tion session before completing three experimental sessions,
separated by a minimum of 72 h.

Overview of study design. Participants completed a fa-
miliarization session and three experimental sessions (Fig. 1).
The first experimental session was designed to determine and
match superficial femoral arterial (total limb) blood flow re-
sponses betweenWBV and knee extension. This was achieved
bymeasuring femoral arterial blood flow of the right leg after a
range of vibration frequencies and comparing and matching
this response to that elicited by the KEX protocol. Once com-
pleted, participants were then randomized (and subsequently
crossed over) to undergo two experimental sessions, separated
by a minimum of 72 h, to measure and compare the muscle
MBF responses to both vibration exposure and knee extension
when matched for total leg blood flow.

Familiarization session: WBV familiarization and
determination of 25% one-repetition maximum knee
extension. Participants arrived at the Deakin University ex-
ercise laboratory, and their height and weight were measured
via a standard weight scale and stadiometer. A pneumatic bi-
lateral knee extension machine (AIR250; Keiser Corporation,
Fresno, CA) was than adjusted for each individual participant,
and seat position and leg length settings were documented.
Participants were provided instructions on correct knee exten-
sion technique and allowed to familiarize themselves with the
range of motion of the unloaded machine. The right leg was
used for all participants and experimental sessions. After a
5-min warm-up on a cycle ergometer at 50–75W, participants
returned to the knee extension machine, and an initial resis-
tance was selected that was estimated to correspond to their
4–10 repetition maximum. If participants successfully com-
pleted more than 10 repetitions, the resistance was incremen-
tally increased between sets, with 5–10 min rest periods,
until participants achieved their 4–10 repetition maximum.
Twenty-five percent of one-repetition maximum (1RM)
was calculated using the Brzycki (29) equation: weight /
[1.0278 − (0.0278 � number of repetitions) � 0.25]. After
adequate rest, participants were then familiarized with the
WBV machine by asking them to stand on a synchronous,
side-alternating vibration platform (Galileo Sport; Novotec
Medical GmbH, Pforzheim, Germany). Participants were
instructed to stand as natural as possible with their feet shoul-
der width apart with a slight bend in their knees to absorb the
vibration and minimize discomfort at higher frequencies. Par-
ticipants wore sport shoes and stood flat-footed on both legs in
an upright position. They were instructed to look forward and
not down at the vibration platform and to rest their hands on
the support bar but not to grip it. The standing position was
not made too prescriptive to ensure that participants would
mimic how they would use these platforms at home, in a
gym, or in a clinic. For this reason, foot position was not
regimented between participants, and thus it is not possible
to report on specific amplitude of vibration or acceleration pa-
rameters. Based on estimated foot positions, peak-to-peak dis-
placement would be in the range of 6–8 mm, which at 12.5 Hz

TABLE 1. Participant characteristics (n = 11).

Anthropometrics
Age (yr) 33 ± 2
Body mass (kg) 69.2 ± 4.5
Height (cm) 170.5 ± 2.8
Body mass index (kg·m−2) 23.6 ± 1.1

Fasting blood
Glucose (mmol·L−1) 4.6 ± 0.1
HbA1c (%) 5.0 ± 0.1
HbA1c (mmol·mol−1) 31.4 ± 0.9
Insulin (mU·L−1) 5.9 ± 1.0
Total cholesterol (mmol·L−1) 5.4 ± 0.3
HDL (mmol·L−1) 1.7 ± 0.1
LDL (mmol·L−1) 3.2 ± 0.3
Triglyceride (mmol·L−1) 1.0 ± 0.1

Data are presented as mean ± SEM. HbA1c, glycated hemoglobin.

http://www.acsm-msse.org376 Official Journal of the American College of Sports Medicine

A
PP

LI
ED

SC
IE
N
C
ES

Copyright © 2021 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

http://www.acsm-msse.org


gives an acceleration range of 1.9–2.5g (where g = 9.81 m·s−2).
The vibration frequency was progressively increased from 5 to
15 Hz, over a 5-min period, to ensure participants were com-
fortable with the range of frequencies used in the study.

Experimental session 1: the effects of acute WBV
and knee extension on superficial femoral artery
blood flow. Participants arrived in the laboratory and rested
for 10 min before measurement of resting heart rate, blood

FIGURE 1—A, Overall flow of the study design and participant testing. B, Experimental session overview. Participants underwent 3 min of KEX, or in a
randomized crossover fashion, 3 min of WBV at 12.5 Hz. Skeletal muscle MBF of the thigh was measured before, immediately after, and throughout the
3-min postintervention recovery period. Indirect calorimetry wasmeasured via a portable metabolic cart at baseline and during the intervention. FBF, fem-
oral artery blood flow.
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pressure, and baseline diameter and blood flow velocity of
the superficial femoral artery of the right leg via a
high-frequency L12-5 linear array transducer interfaced to an
ultrasound machine (Philips iU22 Ultrasound Machine;
Philips Medical Systems, Bothell, WA). Participants then
underwent 3-min periods of standing on the vibration platform
at a frequency set to 5, 7.5, 10, 12.5, and 15 Hz, in a random-
ized order and interspersed by a minimum of 5 min recovery
between frequencies. After the last frequency, and after a min-
imum of 5 min rest, participants then underwent a 3-min 25%
1RM knee extension protocol consisting of three initial con-
tractions over 3 s, followed by a single contraction every
15 s (15 total contractions). Heart rate, blood pressure, and su-
perficial femoral artery blood flow (artery diameter and blood
flow velocity) were measured before and 15 s after each individ-
ual vibration frequency and after the KEX protocol. The vibration
frequency of 12.5Hz produced a similar peripheral hemodynamic
response (femoral arterial blood flow) to that of the KEX protocol
(see Results and Fig. 2). As such, the frequency of 12.5 Hz
was selected to be the prescribed frequency for the 3-min
WBV intervention in the subsequent experimental session.

Experimental sessions 2 and 3: the effects of acute
WBV and knee extension on skeletal muscle MBF
and whole-body energy expenditure. On two separate
days, participants arrived in the laboratory after an overnight
fast and rested on a hospital bed while an intravenous cannula
was inserted into an antecubital vein.While rested, a perflutren
lipid microsphere injectable suspension contrast agent (Definity;
Lantheus Medical Imaging, North Billerica, MA) was infused
intravenously to measure resting thigh (vastus lateralis) skele-
tal muscle MBF of the right leg. Participants then underwent
either the 3-min WBV or the 3-min KEX in a randomized or-
der and then crossed over for the subsequent visit. MBF was
assessed before, immediately after the 3-min intervention
and subsequently at 0.5, 1, 2, and 3 min of recovery after ces-
sation of the WBV or KEX protocols (Fig. 1B). During the

KEX, we were able to acquire contrast-enhanced ultrasound
(CEU) measurements at 2 and 2.5 min when the leg remained
rested between contractions. This gave insight into whether
MBF had reached steady state by the end of the 3 min. Be-
cause of the continuous leg movements during WBV, it is
not possible to collect CEU measurements simultaneously
while WBV is occurring. Whole-body oxygen consumption
(V̇O2) and carbon dioxide production were measured during
the protocol via an indirect calorimetry system (CortexMetaMax
3B; Cortex Biophysik, Leipzig, Germany).

Real-timeCEU. Skeletal muscleMBFwas determined by
CEU as previously described (23,28). Definity contrast agent
(1.5 mL) was diluted in 19 mL of saline and infused intrave-
nously at a constant rate of 1.5–2.2 mL·min−1 (infusion rate
based on body weight) using a rotating syringe pump (Vue
Ject, BR-inf 100; Bracco, Geneva, Switzerland). After 4 min
of infusion to allow for whole-body contrast agent equilib-
rium, baselineMBF was measured via CEU using an L9-3 lin-
ear transducer positioned (cross section) over the right vastus
lateralis muscle. A series of 3� 45-s CEU real-time video cap-
tures were recorded before commencement of the protocol.
Single 30-s CEU videos were captured immediately after the
protocol and at 0.5, 1, 2, and 3 min postprotocol. Settings for
mechanical index (0.11 for continuous and 1.30 for flash),
gain (75%), depth, and focus were identical between trials.

Digital images were analyzed offline using Qlab (QLAB;
Philips Medical Systems, Andover, MA). Raw acoustic inten-
sity was background subtracted (0.5 s frame for baseline and
0.25 s frame for postprotocol) to eliminate signal from larger
vessels and tissue artifacts (e.g., tissue and fascia). The acous-
tic intensity measured from a suitable region of interest was
then plotted over time and fitted using the equation
y = A (1 − e−β(t − tb)), where y is the acoustic intensity at time
t, tb is the background time, A is the plateau acoustic intensity
(MBV), and β is the rate constant (a measure of microvascular
refilling rate). MBF was determined by A � β (30).

FIGURE 2—Femoral artery blood flow after 3 minWBV at different vibration frequencies (solid bars) and showing return to baseline by 5 min (gray bars)
(A) and after 3 min of KEX compared with 12.5 Hz WBV (B). Values are presented as mean ± SEM. *P < 0.05 vs baseline; $P < 0.05 vs 10 Hz.
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Statistical methods.Data were analyzed using GraphPad
Prism version 8.0.0 (GraphPad Prism, La Jolla, CA). For time
course MBF responses, comparisons of multiple means within
a condition were examined using a repeated-measures ANOVA
with a Holm–Sidak post hoc to control for multiple compari-
sons (all time points vs baseline). Comparisons between inter-
ventions of baseline and peak responses for MBF measures,
femoral artery blood flow, V̇O2, heart rate, and blood pressure
were performed by a two-factor (protocol–time point) repeated-
measures ANOVA followed by a Holm–Sidak post hoc test
where appropriate. A priori sample size calculation determined
that 12 participants would be needed to detect a twofold in-
crease in MBF after WBV (α = 0.05 and power = 90%). One
participant withdrew because of a vasovagal episode, and
therefore only data from the 11 participants who completed
the study were used in the final analysis. Data are reported
as mean ± SEM, and statistical analysis was conducted at the
95% confidence interval (P ≤ 0.05).

RESULTS

Participant characteristics. Six females and five males
completed the study (age = 33 ± 2 yr; body mass in-
dex = 23.6 ± 1.1 kg·m−2). All participants were apparently
healthy with normal fasting blood glucose (<5.5 mmol·L−1),
HbA1c (<6.5%), and insulin (<25 mU·L−1) levels. Participants
were not on anymedication known to affect glucose or lipid levels.

Superficial femoral artery blood flow. The first testing
visit was used to determine which vibration frequency would
elicit a similar femoral artery blood flow response to the
KEX protocol. Compared with standing with no vibration,
femoral artery blood flow was significantly higher after all
vibration intensities (Fig. 2A). The KEX protocol elicited a
fourfold increase in femoral artery blood flow (Fig. 2B). Fem-
oral artery blood flow at 12.5 Hz was the lowest frequency that
stimulated a comparable fourfold increase compared with 25%
1RM KEX (Fig. 2B). There was no further increase in femoral
artery blood flow at the higher frequency of 15 Hz (Fig. 2A).
The effect of WBV and contraction on femoral artery blood
flow was acute, and flow returned to baseline values after
5 min (Fig. 2A). In summary, the vibration frequency of
12.5Hzwas used for comparisonwith theKEX in themain trial.

Skeletal muscleMBF responses. Baseline muscle mi-
crovascular responses (MBV, β, and MBF) were similar be-
tween KEX and WBV (MBV = 7.2 ± 1.4 vs 8.2 ± 1.9 AI;
β = 0.09 ± 0.01 vs 0.08 ± 0.01 1·s−1; MBF = 0.68 ± 0.23 vs
0.65 ± 0.18 AI·s−1; P > 0.05; Fig. 3), indicating that MBF
was not affected by standing on the nonvibrating platform.

Compared with baseline, KEX elicited a significant in-
crease in MBV (fourfold, P < 0.05) and β (sixfold, P < 0.05;
Fig. 3A and B, respectively). Consequently, MBF (which is
the product of MBV and β) was markedly elevated above
baseline (~23-fold, P < 0.05; Fig. 3C). All microvascular re-
sponses to exercise were similar in magnitude during the last
minute of real-time contraction (2 and 2.5 min) and immedi-
ately after the cessation of KEX (3-min time point)

(Fig. 3A–C). There was a time-dependent decay in microvas-
cular responses (MBV, β, and MBF), which reached baseline
levels 3 min after cessation of KEX (Fig. 3A–C).

Three minutes of WBV did not change MBV when data
from all participants were collated together for each time point
after WBV (Fig. 3D). However, each participant had a differ-
ent microvascular time course after WBV, and all participants
displayed an increase in MBV at some time point. Five partic-
ipants had an immediate increase inMBV in response toWBV
when compared with baseline, which declined over time (see
Figure, Supplemental Digital Content 1, Microvascular blood
volume response after 3 min WBV, http://links.lww.com/
MSS/C80). The other six participants had the opposite time
course with no increase in MBV immediately after WBV
when compared with baseline but increasing and peaking to
a level above baseline over time (see Figure, Supplemental
Digital Content 1, Microvascular blood volume response after
3 min WBV, http://links.lww.com/MSS/C80). Because of the
different microvascular time course in response to WBV, the
data were also analyzed by assessing the peak response of each
participant. Peak muscle MBV in response to WBV was ele-
vated by 2.5-fold above baseline (P < 0.05; Fig. 3G) compared
with the 4.0-fold increase with KEX (P < 0.05). Although
WBV produced an exercise mimetic action on MBV, the re-
sponse to leg exercise was significantly higher than WBV
(P < 0.05; Fig. 3).

Three minutes ofWBV increasedMBF velocity (β) 3.4-fold
compared with baseline (Fig. 3E) and quickly returned to
baseline values within 30 s. Peak β in response to WBV was
3.6-fold higher than baseline (P < 0.05; Fig. 3H), whereas
KEX elicited a 6.2-fold increase from baseline (P < 0.05;
Fig. 3H). Although WBV produced an exercise mimetic ac-
tion on β, the response to KEX was significantly higher than
WBV (P < 0.05; Fig. 3).

Immediately after WBV, skeletal muscleMBF was 5.1-fold
higher than baseline (P < 0.05; Fig. 3F). MBF decreased
quickly in the 30 s after WBV, and although it appeared to re-
main above baseline for the 3 min into recovery, none of the
other time points were statistically different from baseline.
However, as above, participants had a varied response in the
time course of MBF response after WBV. When the peak
MBF for each participant was calculated, irrespective of the
time, WBV elicited a 5.6-fold increase inMBF above baseline
(P < 0.05; Fig. 3I). However, the response to KEX (23-fold in-
crease) was significantly higher than WBV (P < 0.05; Fig. 3).
Representative ultrasound images of the vastus lateralis and
representative data with corresponding curve fit results for
baseline and postintervention are shown in Figure 4.

Oxygen consumption, heart rate, and blood pres-
sure during WBV and knee extension. Whole-body
V̇O2, heart rate, and blood pressure were similar at baseline
between WBV and KEX. V̇O2 increased to a similar degree
in the first minute for both KEX and WBV and remained
significantly elevated throughout the 3-min intervention
(P < 0.05; Fig. 5). Heart rate did not increase from baseline
during WBV (72 ± 3.1 vs 69 ± 2.6 bpm, P > 0.05) but was
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significantly elevated after KEX compared with baseline
(73 ± 2.6 vs 81 ± 3.1 bpm, P < 0.05). Systolic blood pressure
did not change significantly from baseline after either condi-
tion (WBV=119±3.2vs120±4.4mmHg,KEX=119±3.2vs
122 ± 3.1 mm Hg, P > 0.05). However, diastolic blood pres-
sure was elevated slightly from baseline after both conditions
(WBV = 75 ± 2.6 vs 80 ± 2.2 mm Hg, KEX = 75 ± 2.6 vs
81 ± 3.0 mm Hg, both P < 0.05).

DISCUSSION

Microvascular perfusion represents the capacity for ex-
change of nutrients, hormones, and gases as it is the interface
between the blood in the capillaries and the tissue. The major
findings of this study are that WBV significantly increases
muscle MBF but to a much smaller magnitude than exercise,

despite WBV and exercise eliciting similar increases in femo-
ral artery blood flow and whole-body oxygen consumption.
Although 3 min of WBV produced these hemodynamic and
metabolic exercise mimetic actions, knee extension contrac-
tion produced stronger effects on the microcirculation with
greater increases in MBV, β, and MBF. WBV may be a thera-
peutic option for improving microvascular perfusion in at-risk
populations who find it difficult to do traditional exercise.

Although the main objective of this study was to determine
whether WBV could increase skeletal muscle microvascular
perfusion, it was first necessary to determine a vibration fre-
quency that elicited an increase in leg blood flow, as measured
in the superficial femoral artery. We found that leg blood flow
increased above baseline (standing quietly on the vibration
platform) even at the low frequency of 5 Hz, but a higher
blood flow response was achieved at 12.5 Hz with no further

FIGURE 3—CEU results after 3 min of KEX (top panels) orWBV (middle panels). MBV (A, D), β (B, E), andMBF (C, F). Note the different y-axis scale for
MBF (C, F) when comparing KEX vsWBV. Panels G, H, and I are the peak values recorded after the intervention for MBV, β, andMBF, respectively, for
both KEX andWBV. ForWBV, it was not possible to performCEUmeasurements during the vibration so there are no values for 2 and 2.5 min. Values are
presented as mean ± SEM. *P < 0.05 vs base; +P < 0.05 vs WBV. Base, baseline; nd, not determined.
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detectable increase at 15 Hz (Fig. 2A). Our observations of an
approximate threefold increase in femoral artery blood flow
are not too dissimilar with other studies showing a doubling
of popliteal artery blood flow velocity after a 26-Hz vibration
exposure (4) and approximately three- to fivefold increases in
femoral artery mean blood velocity at frequencies of
5–30 Hz (26). Lythgo et al. (2009) also performed a frequency
dose‐response; however, these were done during 1-min intervals
in an isometric squat position and thus difficult to directly
compare with this study. Although they found a main effect
of vibration to increase mean blood velocity, they did not de-
tect significant differences between the frequencies (26). An
increase in skin blood flow in response to WBV has been ob-
served previously in people with type 2 diabetes (31) and dur-
ing supine WBV (32); however, skin blood flow does not
mirror the effects of limb blood flow (28,32). Because
12.5 Hz was the lowest frequency to stimulate a comparable
increase in femoral artery blood flow to knee extension con-
traction, this frequency was chosen to investigate the effects
of WBV on skeletal muscle microvascular perfusion.

This is the first study to our knowledge to directly measure
microvascular perfusion after WBV and present the novel
finding that three min of WBV at 12.5 Hz increases vastus
lateralis muscle microvascular responses. Furthermore, indi-
vidual time course responses after WBV are highly variable
as evident by the large variation in the timing of the increase
in MBV post-WBV. These different time courses may be re-
flective of the body position while standing on the platform
and the degree of loading on the quadriceps while standing

during and after the vibration. A limitation of the study is that
acceleration parameters duringWBV for each participant were
not recorded. Relating acceleration to macrovascular and mi-
crovascular responses will be important to follow-up in future
studies. An investigation of group characteristics found no
group differences in body mass index, body mass, or physical
activity status between immediate and delayed responders (see
Table, Supplemental Digital Content 2, Participant character-
istics for groups identified as immediate or delayed re-
sponders, http://links.lww.com/MSS/C81). However, there

FIGURE 5—V̇O2 response during the 3-min KEX andWBV intervention
(mean ± SEM). There was a main effect for time (*P < 0.05 for all time
points vs baseline within each condition) and no difference in the response
between conditions (WBV vs KEX, P > 0.05).

FIGURE 4—Representative images of the vastus lateralis showing intensity of microbubbles and curve fits at baseline and after 3 min of WBV or KEX.
Images showing intensity of microbubbles at baseline before WBV (A) and KEX (D) and after 3 min of WBV (B) or knee extension (E). Right-side panels
show representative curve fits at baseline and after WBV (C) and KEX (F).
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was a trend for more males to be in the immediate response
group (four males, one female) and more females in the de-
layed response group (one male, five females; see Figure, Sup-
plemental Digital Content 1, Microvascular blood volume
response after 3 min WBV, http://links.lww.com/MSS/C80).
We are unaware of any sex-specific explanation for a differen-
tial time course in microvascular response but do note that the
baseline MBV values in the females appear to be higher. De-
spite an apparent difference in timing of response, the total
peak response was similar between the groups, so in this regard
the significance in sex differences may be minimal. Although
this study is not statistically powered for sex-specific compari-
sons, this observation is worth noting and worthy of future in-
vestigation. A limitation of the study is that females were not
tested during the same phase of the menstrual cycle, and estra-
diol levels were not measured, which are important to follow-up.

Despite a significant increase in microvascular responses
with WBV, the increase in the microcirculation with knee ex-
tension was substantially greater. Contraction at 25% of 1RM
every 15 s increased perfusion (MBF) by greater than 20-fold,
although the task was of light-to-moderate intensity and not
demanding. This level of contraction was used in the current
project because it has been shown in the forearm flexors to
produce near maximal microvascular recruitment, otherwise
known asMBV (18,19). These disparities in microvascular re-
sponses betweenWBV and KEX occurred despite a compara-
ble increase in femoral artery blood flow in both conditions.
As we have pointed out that changes in MBF do not always
mirror changes in femoral artery blood flow, it is possible that
higher vibration frequencies could induce greater MBF re-
sponses than reported here (12.5 Hz), although femoral artery
blood flow does not increase. Limits on the number/volume of
microbubbles than can be safely infused into humans prevented
us from measuring MBF at different vibration frequencies, but
this is worthy of further investigation.

It is well known that skeletal muscle blood flow increases to
meet the metabolic demand of contracting muscle (33–35) al-
though the precise molecular pathways are not fully resolved.
Metabolic biproducts (e.g., inorganic phosphate, carbon diox-
ide, and nitric oxide) and reduced oxygen tension that occurs
during contraction can cause vasodilation of the precapillary
arterioles, increasing the number of open capillaries (capillary
recruitment) (13,36,37) and reducing vascular resistance.
Whether WBV increases skeletal muscle blood flow using
similar mechanisms is unknown. The reason why WBV elic-
ited a similar but smaller microvascular response than KEX,
despite comparable whole-body energy demands, is likely
due to the fact that KEX exercise (a dynamic movement)
was isolated to a small muscle group of higher metabolic

demand, which was the specific site that microvascular mea-
surements were taken, whereas WBV (a more static move-
ment) likely activated muscles of the entire lower limb and
stabilizing muscles of the trunk. Although we did not measure
it directly, standing with WBV likely requires much less than
25% of vastus lateralis muscle strength, which was required by
KEX. We, and others, have shown that bulk blood flow does
not always reflect skeletal muscle MBF (17,18,23,24) for
which these data further support such disparity.

To this end, it is noteworthy that both the WBV and the
knee extension elicited similar total leg blood flow (Fig. 2B)
and oxygen consumption (Fig. 5), suggesting similar metabolic
demands for both activities. Whole-body V̇O2 and femoral
artery blood flow were increased after WBV, which corrob-
orates other published data (4,6). In possibly the most con-
vincing data for WBV increasing V̇O2, Rittweger et al.
used three conditions of increasing load with and without
WBV and found across all three conditions a ~3.5-mL·kg−1⋅min−1

increase in V̇O2 with the addition of WBV. In our study, we
observed a slightly lower increase of ~2.1 mL·kg−1⋅min−1,
which may be explained by the lower vibration frequency in
our study compared with theirs (12.5 Hz vs 26 Hz). It has been
reported that the increases in peripheral blood flow withWBV
are minimized with vibration frequencies above 25 Hz (25,26),
potentially through greater sympathetic stimulation (25).We re-
port thatWBV did not result in an increase in heart rate or blood
pressure compared with standing quietly, an observation seen
by others of similar study design (4).

This study is the first to show that even just a short 3-min
bout of WBV can increase muscle microvascular perfusion
in healthy individuals. Although KEX provides a more potent
stimulus for muscle MBF, WBV may be a suitable and effec-
tive method for stimulating muscle MBF in populations that
commonly exhibit microvascular dysfunction, such as patients
with type 2 diabetes or heart failure. Future research is re-
quired to establish whether the reported cardiometabolic ben-
efits, both acute and chronic, of WBV therapy are in part
due to muscle microvascular-related improvements or adapta-
tions. For example, it would be useful to know if an acute ex-
posure to WBV was able to improve glycemic control after a
meal or if long-term repeated exposure could improve micro-
vascular networks and/or function.
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