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Whole-body vibration training reduces arterial
stiffness, blood pressure and sympathovagal
balance in young overweight/obese women

Arturo Figueroa, Ryan Gil, Alexei Wong, Shirin Hooshmand, Song Y Park, Florence Vicil and

Marcos A Sanchez-Gonzalez

Obesity is associated with early cardiovascular dysfunction and reduced muscle strength. Whole-body vibration (WBV) training
may improve arterial function and muscle strength. The effects of WBV training on arterial stiffness (brachial-ankle pulse wave
velocity, baPWV), wave reflection (augmentation index, Alx), brachial systolic blood pressure (bSBP), aortic systolic blood
pressure (aSBP), heart rate variability, and muscle strength (one-repetition maximum, 1RM) were examined in 10 young

(21 + 2 year) overweight/obese women (body mass index, BMI=29.9 + 0.8 kg m™2). Participants were randomized to a 6-week
WBYV training or non-exercising control (CON) period in a crossover design. WBV training (3 days xweek) consisted of static
and dynamic squats and calf raises with vibration intensity at 25-30 Hz and 1-2 mm amplitude (2.83-4.86 G). There

were significant (P<0.05) decreases in baPWV (—0.9 + 0.3 ms™1), Alx (—8.0 +2.2 %), bSBP (—5.3 + 1.5 mm Hg), aSBP
(—5.2 £+ 2.1 mmHg), low-frequency power (—0.13 £+ 0.05 nu) and sympathovagal balance (LF/HF, —0.42 + 0.16) after WBV
training compared with CON. Significant (P<0.05) increases in high-frequency power (HF, 0.19 + 0.04 nu) and leg extension
1RM (8.2 + 2.3 kg) occurred after WBV training compared with CON. Six weeks of WBV training decreased systemic arterial
stiffness and aSBP via improvements in wave reflection and sympathovagal balance in young overweight/obese normotensive
women. WBV training may benefit arterial function and muscle strength in deconditioned individuals who cannot perform

conventional exercise.
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INTRODUCTION
Vascular damage can be identified as increased arterial stiffness (pulse
wave velocity, PWV), wave reflection (augmentation index, Alx), and
aortic systolic blood pressure (aSBP) in young obese adults with
normal brachial SBP (bSBP),! suggesting that PWV, Alx and
aSBP are more sensitive markers of early arterial dysfunction than
bSBP. Sympathetic overactivity in obese normotensive women?*
may contribute to the increase in PWV> and AIx® by increasing
the vascular tone of small arteries. The predominance of cardiac
sympathetic over parasympathetic activity (increased sympathovagal
balance) is associated with increased brachial-ankle PWV (baPWV),”
a marker of systemic arterial stiffness that is highly correlated with
aortic PWV.3

The baPWV has been inversely associated with muscle mass in
adults with metabolic syndrorne.9 Moreover, muscle strength has been
inversely associated with aortic PWV!? and the prevalence of obesity.!!
This evidence suggests that improvement of muscle function can
occur concurrently with improved endothelial function in obese

women.!>!3 Tt is well recognized that high-intensity resistance exercise
training (RET) is an effective intervention for improving muscle
strength and mass in overweight/obese women.!>!* However, RET
may increase central PWV and Alx in young women.!> Alternatively,
whole-body vibration (WBV) training consisting of isometric and
dynamic leg exercise has shown to effectively increase muscle strength
to levels comparable to RET in young women.!®!7 Moreover, muscle
strength and muscle mass gains have been reported to occur after only
6!% and 10'° weeks, respectively, of WBV training in older women.
Thus, muscular adaptations may be apparent after a 6-week WBV
training in young women. To date, only acute arterial responses to
WBV exercise have been examined. It has been reported that baPWV?20
and AIx*! were decreased within 30 to 40 min after a session of static
squat with WBV in young healthy men. Recent evidence suggests that
acute WBYV attenuates the increases in baPWV, wave reflection and
aSBP in response to sympathetic overactivity induced by post-exercise
muscle ischemia.?2 However, the effects of WBV training on arterial
function and autonomic modulation have not been examined.
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The purpose of this study was to evaluate the effectiveness of a
6-week WBV training program on arterial function, autonomic
function, and muscle strength in young overweight/obese women.
We hypothesized that WBV training would beneficially affect muscle
strength, baPWV, Alx, aSBP and sympathovagal balance in over-
weight/obese women.

METHODS

Subjects

A total of 10 young (18-35 years) overweight/obese (body mass index, BMI
>25kgm) and normotensive (< 140/90 mmHg) women volunteered for
this study. Subjects were nonsmokers, sedentary (<90 min of regular exercise
per week), free of apparent cardiovascular diseases as assessed by medical
history, not pregnant and not taking oral contraceptives. Individuals were
excluded if they had chronic diseases, joint prosthetic devices and recent
thrombosis or wounds in the legs. The Florida State University Human Subject
committee approved the protocol and all subjects gave written informed
consent before their inclusion.

Design

All subjects were examined during the early- to mid-follicular (days 1-10) and
late-luteal phases (>day 19) of the menstrual cycle to avoid possible effects of
endogenous estrogens on autonomic function and arterial function during the
late-follicular and early-luteal phases.>>?* After baseline measurements, subjects
were randomly assigned to 6 weeks of WBV training or non-exercising control
(CON) period, followed by crossover after a 4-week washout period (Figure 1).
During the control and washout period, subjects were instructed to refrain
from any mode of structured exercise training. Before and 6 weeks after WBV
and CON periods, all subjects had cardiovascular function, muscle strength and
body composition measured. Subjects were asked to refrain from caffeine and
alcohol for 24 h before each visit. After WVB training, because arterial responses
to acute WBV are normalized 40 min after exercise cessation,?’ cardiovascular
testing was performed 24 h after the last WBV session. All measurements were
conducted at the same time of the day (8 AM tol10 AM) after an overnight fast
in a quiet temperature-controlled room (23 +1°C). After instrumentation,
subjects rested in the supine position for at least 10 min before data collection.
Subjects were advised not to change their regular lifestyles during the study.

Pulse-wave velocity and brachial blood pressure

The baPWYV, bSBP and brachial diastolic blood pressure (bDBP) were measured
using a PWV/ABI automatic device (VP-2000, Omron Healthcare Inc,
Vernon Hills, IL, USA). ECG electrodes were placed on the forearms, whereas
a heart sound microphone was placed on the left parasternal border of the
second intercostal space. BP cuffs were wrapped around both arms (brachial
artery) and ankles (posterior tibial artery). BP, ECG and pulse waveforms
were simultaneously recorded during 10s. The feet of the pulse waveforms were
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Figure 1 Study design.
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related to the R-wave of the ECG to calculate transit time between the
brachium and ankle (ATba). The path distances from the suprasternal notch
to the brachial (Db) and to the ankle (Da) sensor were calculated automatically
by the device based on the subject’s height.® BaPWV was calculated as Da-Db/
ATba. The average of the left and right baPWV was used in the analysis. The
validity and reproducibility of noninvasive baPWV has been previously shown.?
In our laboratory, the interclass correlation coefficient for baPWV calculated on
two separate days is 0.95.

Pulse wave analysis

The bSBP and bDBP were used to calibrate radial waveforms, which were
obtained from a 10s epoch using a high-fidelity tonometer (SPT-301B; Millar
Instruments, Houston, TX, USA). Aortic pressure waveforms were derived
using a validated generalized transfer function (SphygmoCor, AtCor Medical,
Sydney, NSW, Australia).?> The aortic pressure wave is composed of a forward
wave, caused by stroke volume ejection, and a reflected wave that returns to the
aorta from peripheral sites.”® Augmentation pressure is the difference between
the second and first systolic peaks. The Alx was defined as the augmentation
pressure expressed as a percentage of the aortic pulse pressure. Alx normalized
for a HR of 75 beats per min (AIx@75) was also calculated. Transit time of the
reflected wave (Tr) indicates the round-trip travel of the forward wave to the
peripheral reflecting sites and back to the aorta?® The average of two
measurements of aortic hemodynamic with high-quality (operator index
>80%) was used in the analysis. In our laboratory, the intraclass correlation
coefficients for resting aSBP, Alx and Tr taken on two separate days are 0.97,
0.95 and 0.97, respectively.

Heart rate variability

Five-min ECG recordings from a modified CM5 lead were collected at a
sampling rate of 1000 Hz using a Biopac data acquizition system (Biopac
Systems Inc., Goleta, CA, USA). Following visual inspection of noise and
ectopic beats, power spectral analysis of the R-R intervals was performed by the
autoregressive model using the WinCPRS software (Absolute Aliens Oy, Turku,
Finland). Total power (TP), low-frequency power (LF, 0.04-0.15 Hz), and high-
frequency power (HF, 0.15-0.4 Hz) were calculated. The LF/HF ratio reflects
the complex interplay between sympathetic and parasympathetic modulation
(sympathovagal balance). Increased sympathovagal balance was considered to
reflect predominant sympathetic activity. Normalized units (nu) were assessed
by dividing the power of HF or LF by (LF+HF). The LFnu power is an
indicator of sympathetic modulation, whereas the HF power either in ms?
(absolute units) or nu reflects cardiovagal modulation.?’”

Muscle strength

Quadriceps muscle strength was measured by the one-repetition maximum
(1RM) test using variable resistance equipment for the knee extension exercise
(MedX Corp., Ocala, FL, USA). The highest weight moved one time through
the full range of motion using a good form was considered the 1RM.

Anthropometry and body composition

Height was measured to the nearest 0.5cm using a stadiometer and body
weight was measured to the nearest 0.1 kg using a seca scale (Sunbeam Products
Inc., Boca Raton, FL, USA). BMI was calculated as kg m2. Total fat mass and
bilateral arm and leg lean soft tissue (LST) mass were determined from whole
body dual-energy x-ray absorptiometry scans (GE Lunar DPX-IQ, Madison,
WI, USA).

WBYV training

All subjects underwent three supervised training sessions per week separated by
at least 48 h for 6 weeks. The WBV training included leg exercises standing on a
WBYV platform (PowerPlate, Irvine, CA, USA). Exercises consisted of dynamic
and static semi-squats with a 120° knee angle (considering 180° as full knee
extension), wide-stand semi-squat and calf-raises. The dynamic exercises were
performed with slow movements at a rate of 2 and 3s for concentric and
eccentric phases, respectively. The vibration intensity was progressed by
increasing the frequency (25-30 Hz) and amplitude (1-2mm). The duration
of the sets and rest periods was progressively increased (30-60s) and decreased



(60-30), respectively. During the last 2 weeks, subjects used a weight vest with
5% and 10% of their body weight during week 5 and 6, respectively.

Statistical analyses

Data distribution was confirmed using the Shapiro-Wilk test. All statistical
analyses were performed with SPSS version 17.0 (SPSS Inc., Chicago, IL, USA).
Possible differences between WBV and CON in baseline variables were analyzed
using Student’s #-test. Changes in all variables were analyzed by a 2x2 ((period:
WBYV vs. CON) x time (0 vs. 6 week)) ANOVA with repeated measures. When
a significant group-by-time interaction was observed, a paired t-test was used
for post hoc comparisons. A Pearson’s correlation was used to find the
relationship between changes in two variables. Values are shown as mean * s.e.
and statistical significance was set at P<0.05. A previous study was used to
estimate that 10 subjects would enable 80% power to detect an 8% decrease
in baPWV.28

RESULTS

Subject characteristics

There were no significant differences in all measurements between
CON and WBV training at baseline. Age, height and BMI were
224+ 1.8 years, 1.62%£0.02m, and 29.9+0.8kgm™, respectively.
Table 1 shows body mass, LST mass and 1RM before and after
6 weeks of CON and WBV training. There was a significant increase
in leg LST mass (0.36 £ 0.11kg, P<0.05) after WBV training, which
was not significantly different than CON. A significant treatment-by-
time interaction was detected for leg 1RM (P<0.01), such that it
increased (8.2 +2.3kg, P<0.05) after WBV training, but not after
CON. Body weight, total fat mass, and arm LST mass did not change
after CON and WBYV training.

Arterial function

There were significant treatment-by-time interactions for aSBP
(P<0.05, Table 2), bSBP (P<0.01, Table 2), Alx@75 (P<0.01,
Table 2), baPWV (P<0.05, Figure 2a) and Alx (P<0.05,
Figure 2b). There was a significant decrease in aSBP (—5.2%
2.1mmHg, P<0.01), bSBP (—5.3+1.5mmHg, P<0.01), Alx@75
(—10.7 £2.4%, P<0.01), baPWV (—0.9 + 0.3 ms™., P<0.05) and Alx
(—8.0+£2.2%, P<0.05) after WBV training, but not after CON.

Cardiac autonomic function

There were significant treatment-by-time interactions for TP (P<0.05),
LF (P<0.05) and HR (P<0.01) (Table 2), and for HFnu, LFnu and
LFnu/HFnu (P<0.05, Figure 3). LF power (—376 £ 90 ms2, P<0.01),
HR (-6 %1, P<0.05), LFnu (—0.13 £ 0.05, P<0.05) and LFnu/HFnu
(—0.42+0.16, P<0.05) were significantly decreased, whereas TP
(825+ 258 ms2, P<0.01) and HFnu (0.19 +0.04, P<0.05) were

Table 1 Subjects body composition and strength measurements
before and after 6 weeks of CON and WBV

CON wBvV
Variable Before After Before After
Body weight (kg) 79.2+35 79.4+3.7 79.5+33 784133
Total fat mass (kg) 31.8+2.1 31.7+23 31.0+19 31.0+19
Arm LST mass (kg) 4.7+0.2 4.8+0.2 4.8+0.2 4.7+£0.2
Leg LST mass (kg) 16.2+0.7 16.2+0.8 16.2£0.7 16.6£0.8*
Leg extension 1RM (kg) 122+5 124+5 126+5 134+ 6*#

Abbreviation: CON, control; LST, lean soft tissue; 1RM, one-repetition maximum; WBV, whole-
body vibration training.

*P<0.05 different from before.

#P<0.01 different from CON.

Data are meanz*s.e.

Vibration training and cardiovascular function
A Figueroa et al

significantly increased after WBV training with no changes
after CON.

Correlations

Sympathovagal balance and baPWYV at baseline (r=0.67, P<0.05) and
their changes (r=0.72, P<0.05) after WBV training were positively
correlated. There was no significant association between changes in
LF/HF with changes in baPWV and AIx. No significant correlation was
found between changes in baPWV with changes in leg LST and
strength.

Table 2 Cardiovascular variables before and after 6 weeks of CON
and WBV

CON WBV
Variable Before After Before After
Brachial SBP (mm Hg) 116+2 118+2 1173 112 £ 2%F
Brachial DBP (mm Hg) 64+2 66+2 64+2 6212
Aortic SBP (mm Hg) 102+3 103+4 1013 96+ 1+
Aortic DBP (mm Hg) 67+2 67+2 64+1 62%1
Alx@75 (%) 11.3+£2.9 11.0£2.9 13.3£29 2.6+2.9%
Tr (ms) 153+5 160+10 169+8 169+12
Total power (ms?) 2617 +250 2543+308 2641+377 3467 +243*
LF (ms?) 844+187 965+187 842+132 466+80*
HF (ms?) 1433+404 1582+384 1139+208 1910+67

Heart rate (beats per min) 80+1 81+2 81+1 76+ 1#F

Abbreviations: Alx@75, augmentation index adjusted for 75 beats per min; DBP, diastolic blood
pressure; HF, high frequency power; LF, low frequency power; SBP, systolic blood pressure; Tr,
time of reflection.

*P<0.01 different from before.

fP<0.01 different from CON.

tP<0.05.

#P<0.05.

Data are meants.e.
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DISCUSSION

The novelty of this study is that 6 weeks of WBV training improved
systemic arterial stiffness, aortic hemodynamics, heart rate variability
and muscle strength in young overweight/obese women. To the best of
our knowledge, this is the first report of the effects of WBV training on
arterial function and cardiac autonomic control.

The primary finding of the present study was that baPWV and Alx,
indicators of systemic arterial stiffness and wave reflection, were
significantly decreased after 6 weeks of WBV training. Currently,
only acute arterial responses to WBV exercise have been examined
in young healthy men. It has been shown that a 10-min session of
intermittent static squat with WBV results in acute decreases in
baPWV,20 leg PWV and AlIx,2! which persist for 30 to 40 min after
exercise cessation. Interestingly, a continuous 10-min session of
vibration on the legs without exercise also decreases baPWV, leg
PWV and Alx that is maintained during 15 to 30 min post vibra-
tion.2®3% These previous findings suggest that active and passive
vibration acutely decrease baPWV and Alx through local arterial
effects independently of aortic stiffness as shown by no changes in
aortic PWV and Tr. The present data showed no change in Tr,
suggesting that the reduction in Alx was not influenced by aortic
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stiffness. Although Alx and HR are inversely related, a small decrease
in HR (8 beats per min) occurs with a decrease in Alx after
vasodilating drug therapy.! The observed 5 beats per min decrease
following WBV training did not influence the changes in Alx and
AIx@75. Thus, it is likely that repetition of the acute vascular effects
during 6 weeks would be responsible for the improvements in baPWV
and Alx after WBV training.

We found that WBV training decreased bSBP (—5.3 mmHg) and
aSBP (—5.2 mm Hg). This hypotensive effect may be due in part to the
static component of the WBV protocol. Similar to our findings,
decreases in bSBP have been reported after 4 to 8 weeks of static
training using leg (—49mmHg) and handgrip
(—10mmHg) in normotensive young men®? and older adults,??
suggesting that the magnitude of the hypotensive effect of static
exercise training may be inversely related to the initial level of
bSBP. Although the effect of static training on aSBP is unknown,
Taaffe et al3* showed a significant decrease in aSBP (—6 mmHg) in
older adults after 20 weeks of RET, which has an important static
component specially when performed with slow movement.?
We previously reported acute decreases in Alx following a session of
either leg resistance exercise with slow movement®® or static squat
with WBV.2! As Tr was not affected by WBV training, the decrease
in Alx was attributed to a reduction in the magnitude of the
reflected wave, which corresponds with aSBP in individuals with
increased AIx.” Because our participants were normotensives, the
improved arterial function may have influenced the decrease in
aSBP rather than the reduction in aSBP caused a passive decrease
in baPWV.

The possible mechanisms underlying the effects of WBV training on
arterial function and SBP are the improvement of endothelial and
autonomic functions. WBV may acutely increase local nitric oxide
production.®® Nitrate administration decreases SBP and Alx via a
reduction in vascular tone of small arteries independently from aortic
PWV.*? In a previous study, we showed that acute WBV attenuated the
increases in reflected wave magnitude, aSBP, leg PWV and baPWV
during metaboreflex-induced sympathetic activation following a con-
tinuous 4 min session of static squat, suggesting that vibration-related
factors induced functional sympatholysis in the legs.?? In the current
study, WBV training decreased the sympathovagal balance (LFnu/
HFnu) due to a concurrent decrease in sympathetic (LFnu) and
increase in cardiovagal (HFnu) modulation. Our data showed a
positive relationship between the sympathovagal balance and
baPWYV at baseline in young obese women, as previously reported
in young men.” After WBV training, the decreases in sympathovagal
balance and baPWV were strongly correlated. A decrease in sym-
pathovagal balance may reduce the cardiovascular risk in normoten-
sive obese women.* Saul et al.*° reported that LFnu power of heart rate
variability is associated with muscle sympathetic nerve activity. Recent
work has shown that the association between sympathetic activity and
Alx is positive in men and negative in women.® This sex difference in
the sympathetic control of wave reflection® may explain the lack of
relationship between changes in sympathovagal balance and Alx in
obese women after WBV training. Our data suggest that the improve-
ment in baPWV would be partially attributed to a decrease in
sympathetic dominance after WBV training.

Leg muscle strength was increased by 6.3% after WBV training.
Consistent with the present study, muscle strength improvements
(7.2-9.0%) have been reported after 12 to 24 weeks of static and
dynamic exercises with WBV in young women.'®!” Our findings are
in agreement with a 2.2% increase in body fat-free mass reported in
young women after 24 weeks of unloaded static and dynamic exercises

extension



with WBV.!7 Because the increase in LST mass after 6 weeks of WBV
training was no different than the CON period in our study, muscle
strength gains would be primarily attributed to neural adaptations
rather than muscle hypertrophy.!®!71° Indeed, increased muscle
strength per se may offer protection from obesity.!! In addition,
Bogaerts et al*! showed improvements in muscle strength and
oxygen consumption after WBV training that included static and
dynamic exercises that were comparable to a fitness group that
combined RET and aerobic training, suggesting that WBV training
is an efficient alternative for overall training effects. Because young
obese individuals may develop high SBP, metabolic syndrome and
sarcopenic obesity, which are associated with increased baPWV,%42
WBYV training may be a beneficial exercise modality for the prevention
of these comorbidities through improvements in arterial function and
muscle strength.

There are several limitations of the present study. Because only
young overweight/obese otherwise healthy women were evaluated, our
findings may not be generalizable to overweight/obese men or
individuals of different ages and with different health conditions. It
might be argued that a limitation of this study is the lack of a parallel
non-exercising control group. Because it could be ethically question-
able not to provide WBV training to obese women, we used a cross-
over design. Moreover, exercise without WBV does not induce acute
decreases in hemodynamics and PWV;2921 thus, a non-WBV exercise
period or group was not included. It is possible that a longer WBV
training may be required to show significant correlations between
changes in muscle strength and arterial function. Future research is
needed to examine the effects of WBV training on arterial function in
these populations.

In conclusion, 6 weeks of WBV training was effective at decreasing
baPWV, Alx and aSBP through improvements in wave reflection
magnitude and autonomic regulation in young overweight/obese
normotensive women.
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