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Abstract

It is important to use short breaks to accelerate post-exercise re-
covery in sports. Previous studies have revealed that vibration can
reduce post-exercise muscle soreness. However, there is still high
heterogeneity in the effects of vibration on cardiovascular auto-
nomic activities, and most studies to date have focused on high-
frequency vibration. This study aimed to investigate the effect of
low-frequency lower-body vibration (LBV) on post-exercise
changes in heart rate variability and peripheral arterial tone. Ten
men and 9 women aged 20 to 25 were recruited for this study.
Each subject visited the testing room three times with at least 2
days in between. Each time, the subject received one of the three
different vibration frequencies (0, 5, and 15 Hz) in a random order
in the sitting position for 10 minutes. LBV was performed imme-
diately after a static standing (control) test and 3-min-step test.
Heart rate variability and digital volume pulse wave were rec-
orded during the vibration phase (V1: vibration 0-5 minutes; V2:
6-10 minutes) and the recovery phase (Rcl: recovery phase 11-
15 minutes; Rc2: 16-20 minutes). The result of digital pulse wave
analysis showed that the reflection index (RI) under 15 Hz de-
creased during V1. Heart rate of the 15-Hz group also decreased
during Rel and Re2. According to the analysis of heart rate vari-
ability, low-frequency power/high-frequency power (LF/HF) de-
creased and normalized high-frequency power (nHF) increased
during V2, Rcl and Re2 under 15 Hz and, during Rc2 under 5 Hz
vibration. This study confirmed that the application of low-fre-
quency LBV after exercise can reduce peripheral vascular tone,
accelerate heart rate recovery, decrease cardiac sympathetic nerve
activity, and promote parasympathetic nerve activity. The effect
was more pronounced at 15 Hz than at 5 Hz. The findings provide
a method to accelerate cardiovascular autonomic recovery after
exercise.

Key words: Vibration, pulse wave velocity, heart rate variability.

Introduction

Competitive sports are usually intense. The players go all
out on the field, with very short breaks in between, such as
soccer, basketball, and tennis. When recovery time is in-
sufficient, the performance may decline as the game pro-
gresses. Therefore, fast post-exercise recovery is helpful
for the players to maintain high performance on the court
(Chang et al., 2020). Acceleration of autonomic cardiovas-
cular system recovery after exercise also has other ad-

vantages. Augmentation of post-exercise vascular relaxa-
tion reduces cardiac afterload, and thereby cardiac work
(Sugawara et al., 2001). Moreover, ventricular arrhythmia,
prone to occur at a high sympathetic tone and during the
recovery phase more than exercise (Gooch and McConnell,
1970), is likely to decrease as vagal activity reactivates
faster. Previous studies have found that water immersion
(de Oliveira Ottone et al., 2014), drinks (Karp et al., 2006),
and low-intensity aerobic exercise (Martin et al., 1998)
may facilitate post-exercise recovery. There are also nu-
merous studies exploring the effect of vibration on post-
exercise recovery. Most of them have focused on the mus-
culoskeletal system, such as reducing delayed-onset mus-
cle soreness (Timon et al., 2016) and muscle stiffness
(Pournot et al., 2016). In contrast, the effect of vibration on
the cardiovascular autonomic system has been investigated
less frequently, and the results have been highly heteroge-
neous (Cheng et al., 2010; 2017; Sanudo et al., 2013).

The effect can be different depending on different
vibration frequencies, amplitudes, durations, regional or
whole body, etc. When high-frequency (> 20 Hz) vibration
is applied at rest (Lohman et al., 2011; Sanchez-Gonzalez
et al., 2012; Wong et al., 2012) or during exercise
(Figueroa et al., 2011; Kerschan-Schindl et al., 2001), ar-
teriolar relaxation (Herrero et al., 2011; Kerschan-Schindl
et al., 2001; Koutnik et al., 2014; Sanchez-Gonzalez et al.,
2012; Wong et al., 2012) and skin microvascular expansion
(Lohman et al., 2011) were observed by arterial pulse wave
analysis and laser Doppler. There are few investigations
concerning the effects of low-frequency (< 20 Hz) vibra-
tion on the cardiovascular system. One study found that 8
Hz lower-body vibration (LBV) accelerates the elimination
of metabolic byproducts after exhaustive exercise (Cheng
et al., 2017), but the mechanism is unclear. One of the hy-
potheses of the present study is that low-frequency vibra-
tion facilitates the dilation of peripheral arteries.

Regarding the effect of vibration on cardiac auto-
nomic responses, most studies have adopted high-fre-
quency (>20 Hz) vibration after exercise, and the results
were contradictory. One study showed that vibration (20
Hz and 36 Hz) failed to improve recovery of heart rate var-
iability after exhaustive exercise (Cheng et al., 2010).
However, another study found that vibration (25 Hz) could
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increase the total power of heart rate variability (HRV) af-
ter exercise (Sanudo et al., 2013). Different vibration pro-
tocols might explain the different results. In the former
study, whole-body vibration (WBV) was implemented in
the standing posture with 170 degree knee flexion for 10
minutes. In the latter, intermittent LBV in the sitting pos-
ture was applied for six minutes interspersed with a one-
minute rest every minute. Additionally, low-frequency (8
Hz) vibration (seating on a chair and feet on a vertical vi-
brator) during the post-exercise period seemed to enhance
vagal tone (Cheng et al., 2017). Based on the above studies,
the parasympathetic neurological system may be activated
under post-exercise low-frequency vibration (< 20 Hz).
Therefore, we postulated that low-frequency vibration after
exercise promotes parasympathetic activation and heart
rate recovery, which is the second hypothesis of the present
study. Moreover, low-body vibration in the sitting posture
was adopted in the present study. This is a randomized
crossover study that aimed to investigate the effect of post-
exercise low-frequency vibration on arteriolar tone and
cardiac autonomic activity, which were measured by digi-
tal volume pulse and heart rate variability. Three-minute
step test, a simple and widely-used test to assess cardiovas-
cular fitness (Liu et al., 2017) with good reliability and va-
lidity (Andrade et al., 2012; Borel et al., 2010; Pessoa et
al., 2014), was employed. We hypothesized that low-fre-
quency vibration facilitates cardiac parasympathetic activ-
ity, heart rate recovery, and peripheral arteriolar tone relax-
ation after exercise.

Methods

Subjects

Ten healthy male and 9 female subjects aged 20 to 25 years
old were recruited. The exclusion criteria included those
with cardiovascular diseases, those taking substances or
drugs that interfere with the autonomic nervous system
(such as cigarettes or alcohol), and those with any disease
that may be associated with autonomic dysfunction (such
as diabetes or systemic lupus erythematosus). Those who
had contraindications for vibration, including pregnancy,
urolithiasis, epilepsy, cancer history, recent implants (such
as artificial joints, cornea, cochlea, intrauterine contracep-
tive device or catheters), surgery within three months,
acute thrombosis or hernia, acute rtheumatoid arthritis, or
migraine, were also excluded. All subjects were provided
with oral and written explanations of the whole procedure,
and informed consent was from each subject obtained prior
to the experiment. The study was performed in accordance
with the Declaration of Helsinki and was approved by the
Institutional Review Board of Chang Gung Memorial Hos-
pital.

Experimental protocol

A randomized design with a predetermined random num-
ber table was used to eliminate any order effects. Each sub-
ject visited the testing room three times with at least 2 days
in between (Figure 1). At each visit, the participant re-
ceived a control test (3-minute static standing), followed
by an exercise test (three-minute step test) after a 30-mi-
nute rest. After each of the two tests, LBV was adminis-
tered at one of the three frequencies in a random order (0,

5, and 15 Hz) for 10 minutes in a sitting posture. The LBV
frequency was the same after the control and exercise tests
within each visit. Vertical vibration was used at an
amplitude of 4 mm (AV009, BODYGREEN Technology
Co., Ltd, Taiwan).

each participant ——<—— Informed-consent
Control: static Exercise: 3-
standing 3 min-step test
| > < |
| [ . .
LBV 10: 0 Hz SHz 15Hz V15" |
V2-5' T o
N = =
Rest 10 Rest Rest R1-5 =| ™
R2-5
I I '

Figure 1. Experimental protocol. Each subject visited the testing
room three times. At each visit, the participant received a control test, fol-
lowed by an exercise test after a 10-minute rest. In each of the three visits,
the frequency of LBV (0, 5, or 15 Hz) applied after static standing and the
3-minute step test was the same. The three different frequencies were ap-
plied in a random order. LBV: lower-body vibration; HRV: heart rate var-
iability; DVP: digital volume pulse.

Additionally, the subjects rested in a sitting position for
five minutes before performing the 3-minute static stand-
ing and step test. The three visits were completed within
two weeks. Heart rate variability and digital volume pulse
waves were recorded during the vibration phase (V1: vi-
bration 0-5 minutes; V2: vibration 6-10 minutes) and the
recovery phase (Rcl: recovery phase 11-15 minutes; Re2:
recovery phase 16-20 minutes).

The experiment was conducted in a quiet and tem-
perature- and humidity-controlled room (60% relative hu-
midity, 23°C). The subjects were asked to step up on a
wooden box with a height of 36 cm at a rate of 24 steps per
minute. This protocol was expected to have participants
reach 8.3 metabolic equivalent tasks (Jette et al., 1990).
During the step test, a virtual motion system (Industrial
Technology Research Institute, Taiwan) was applied to
help synchronize the cadence accurately (Liu et al., 2017).

Heart rate variability

Spectral analysis of HRV (HW6E, Medeia, USA) was em-
ployed to evaluate cardiac autonomic nervous system ac-
tivity. In the heart rate variability measurement, power
spectra were calculated by computing the magnitude
squared of the fast Fourier transform based on data points
obtained from 300 seconds of tachometer signal. The rec-
orded ECG signals were retrieved to measure the consecu-
tive R-R intervals, which are the time intervals between
successive pairs of QRS complexes, by using software for
the detection of R waves. The main outcome variables in
the time domain were the standard deviation of normal to
normal (SDNN); the main outcome variables in the fre-
quency domain were low frequency (LF; 0.05-0.15 Hz),
high frequency (HF; 0.15-0.40 Hz), the ratio of LF to HF
(LF/HF), normalized LF (nLF) and normalized HF (nHF).
Cardiac vagal activity is the major contributor to the HF
component and nHF. The LF/HF ratio is considered to
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mirror sympathovagal balance or to reflect sympathetic
modulation (Huang et al., 2009; Malik et al., 1996).

Digital volume pulse

A digital volume pulse (Micro Medical Trace, PT1000) is
a photoelectric plethysmograph that measures pulsatile
changes in blood volume during the cardiac cycle. Two
variables are recorded. The reflection index (RI) equals the
amplitude of the reflection wave divided by the directly
transmitted wave. The stiffness index (meters/second, SI)
equals body height divided by the peak-to-peak time (pulse
propagating time, PPT) (Laurent et al., 2006; Millasseau et
al., 2006). The SI has been validated in different settings
and diseases (Laurent et al., 2006; Millasseau et al., 2000;
2002; 2006). According to the device program, each value
is yielded by averaging the values in a ten-second period.
The recorded SI and RI values were processed to determine
a final value according to the following rule. The first three
SI values produced a median. If the other two values were
within a 10% discrepancy of the median, the three values
were averaged. If one or both values were beyond the 10%
discrepancy, DVPs were continuously recorded until two
new values were obtained. The five values were ranked by
size and yielded a new median. The 2nd, 4th and median
values were averaged if they were within a 10% discrep-
ancy of the median.

If not, two new values were consecutively obtained
to produce seven values. The three RI values selected to be
averaged were based on the simultaneous SI values that
were chosen. Test-retest reliability was determined in 10
subjects on separate days. The intraclass correlation coef-
ficients of ST and RI were 0.99 and 0.93, respectively.

Statistical analysis
All data were analyzed using IBM SPSS Statistics (version
22.0. Armonk, New York, USA) and were expressed as the

mean * standard error of the mean. Repeated measure
ANOVA with Tukey’s post hoc test was used to compare
the parameters obtained among the three different frequen-
cies. A paired t-test was employed in 15 Hz vs. 0 Hz and 5
Hz vs. 0 Hz comparison. Statistical significance was ac-
cepted at p <0.05.

Results

Ten men and 9 women completed the study (Table 1). The
mean age was 21.5 £ 0.3 years.

Table 1. Demographic data. Values are the mean + SEM.
Males (n=10) Females (n=9) Total (n=19)

Age (years) 21.5+£0.5 21.6+0.5 21.5+0.3
Body height (m) 1.71 £0.01 1.61£0.02 1.66=+0.02
Body weight (kg) 71.9+4.5 548+2.8 63.8+3.3
BMI (kg/m?) 24.4+1.3 21.1+£0.9 22.8+0.9

In the waveform analysis of the digital volume
pulse, repeated measure ANOVA with post hoc showed a
significant difference in 15 Hz vs. 0 Hz. In the paired-T test
between 15 Hz and 0 Hz, the RI value of the 15 Hz was
lower than that in the 0 Hz in the V1 phase (Figure 2B).
The PPT in 15-Hz was higher than that in 0 Hz in the V1
phase (Figure 2D). On the contrary, no difference can be
found in the 5 Hz vs. 0 Hz comparison.

Figure 3 shows the heart rate recovery and time do-
main of heart rate variability at pre-, during and postexer-
cise (B, D) or static standing (A, C). Repeated measure
ANOVA with post hoc showed a significant difference of
HR value in 15 Hz vs. 0 Hz. In the paired-T test between
15 Hz and 0 Hz, the HR value of the 15 Hz was lower than
that in the 0 Hz in the Rel and Re2 phase (Figure 3B). Oth-
erwise, no difference can be found in the 5 Hz vs. 0 Hz
comparison. No difference of SDNN values can be found
among different frequency comparisons (Figure 3D).
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Figure 2. Waveform analysis of the digital volume pulse at pre- and postexercise (B, D) or static standing (A, C).
RI: reflection index. PPT: pulse propagating time. C: control. E: exercise. Rt: seated rest. St: static standing. V1: vibration 0-5 minutes.
V2: vibration 6-10 minutes. Rcl: recovery phase 0-5 minutes. Rc2: recovery phase 6-10 minutes. Ex: exercise. #: p-value < 0.05,
15Hz versus OHz, repeated measured ANOVA with Tukey post hoc. *: p-value < 0.05, 15Hz versus OHz, paired-T test.
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Figure 3. Heart rate and SDNN of heart rate variability at pre-, during, and postexercise (B, D) or static standing
(A, C).HR: heart rate. SDNN: standard deviation of all normal to normal intervals. C: control. E: exercise. Rt: seated
rest. St: static standing. V1: vibration 0-5 minutes. V2: vibration 6-10 minutes. Rcl: recovery phase 0-5 minutes. Re2:
recovery phase 6-10 minutes. Ex: exercise. #: p-value < 0.05, 15Hz versus OHz, repeated measured ANOVA with
Tukey post hoc. *: p-value < 0.05, 15Hz versus OHz, paired-T test.
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Figure 4. Frequency domain of heart rate variability at pre-, during, and postexercise (B, D) or static standing
(A, C). LE/HF: ratio of low-frequency power to high-frequency power. nLF: normalized low-frequency power. nHF: normalized
high-frequency power. C: control. E: exercise. Rt: seated rest. St: static standing. V1: vibration 0-5 minutes. V2: vibration 6-10
minutes. Rcl: recovery phase 0-5 minutes. Rc2: recovery phase 6-10 minutes. Ex: exercise.#: p- value < 0.05, 15Hz versus OHz,
repeated measured ANOVA with Tukey post hoc. T: p-value < 0.05, 5 Hz versus 0 Hz, paired-T test *: p-value < 0.05, 15Hz versus

0Hz, paired-T test.

In the comparison of frequency domain of HRV at
pre- and post-exercise, repeated measure ANOVA with
post hoc showed significant difference of LF/HF and nHF
values in 15 Hz vs. 0 Hz. In the paired-T test between 15
Hz and 0 Hz, the LF/HF value of the 15 Hz was lower than
that in the 0 Hz in the V2 and Rcl phase (Figure 4B), and
the nHF value of the 15 Hz was higher than that in the 0
Hz in the V2, Rcl and Re2 phase (Figure 4F). Additionally,

in the paired-T test between 5 Hz and 0 Hz, the LF/HF
value of the 5 Hz was lower than that in the 0 Hz in the Rc2
phase (Figure 4B) and the nHF value of the 5 Hz was
higher than that in the 0 Hz in the Rc2 phase (Figure 4F).
In contrast, no difference of nLF value can be found in re-
peated measure ANOVA test and paired-T test (Figure
4D).
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Discussion

Although research on the effects of vibration on the auto-
nomic nervous system is available, most previous studies
used high-frequency (>20 Hz) vibration. To the best of our
knowledge, this study is the first to investigate the effect of
different low-frequency vibrations (<20 Hz) applied imme-
diately after exercise on both small arterial resistance and
cardiac autonomic nerve activity. This study found that the
application of low-frequency vibration after exercise can
reduce vascular tone, as indicated by a lower RI and longer
PPT. Additionally, low-frequency vibration accelerates
heart rate recovery, reduces sympathetic nerve activity
(lower LF/HF) and facilitates parasympathetic nerve activ-
ity (higher nHF). This effect was evident when 15 Hz LBV
was applied and was not observed at 5 Hz.

Previous studies have shown that the application of
high-frequency vibration promotes vasodilation during
rest. Lohman et al. (2011) found that after 10 minutes of
LBV at 50 Hz, cutaneous microcirculation in the calf area
increases, as measured by laser Doppler. In addition,
Sanchez-Gonzalez et al. (2012) used LBV at 25 Hz for 10
minutes and found that the pulse wave reflection magni-
tude decreased. Wong et al. (2012) also reported that LBV
at 25 Hz for 10 minutes decreased the brachial-ankle and
femoral-ankle pulse wave velocity. Furthermore, several
studies have demonstrated that vibration causes peripheral
vasodilatation during exercise. In Figueroa et al. (2011),
one-minute exposure to 40 Hz WBYV counteracted the in-
crease in the augmentation index, an index of wave reflec-
tion intensity, induced by static squat. Kerschan-Schindl et
al. (2001) found that after applying 26 Hz WBYV for 9
minutes, popliteal artery blood flow and muscle blood vol-
ume of the quadriceps and gastrocnemius increased as as-
sessed by Doppler sonography. The present study further
confirmed that applying 15 Hz vibration immediately after
exercise also exhibited vasodilatory effects. The mecha-
nism of vasodilation caused by vibration may be related to
endothelin. Nakamura et al. (1996) found that after 120 Hz
local vibration by holding a vibration apparatus for 5
minutes, digital blood flow, which was measured by the
thermal diffusion method, increased, and the concentration
of serum endothelin was less than that of the nonvibration
group. Reduced endothelin production may be related to
inhibition of adrenoceptors by vibration (Ekenvall and
Lindblad, 1986). Moreover, Maloney-Hinds et al. (2009)
reported that the production of nitric oxide increased after
receiving local vibration at 50 Hz for 5 minutes in healthy
adults. Hence, endothelin secretion reduction and endothe-
lial nitric oxide production may play a role in vibration-
induced vasodilation.

Acceleration of autonomic cardiovascular system
recovery after exercise has advantages. First, faster HR re-
covery brings a larger heart rate reserve for the next bout,
which helps maintain performance on the court (Chang et
al., 2020). Second, ventricular arrhythmia tends to occur at
a high sympathetic tone and during the recovery phase
more than during exercise (Gooch and McConnell, 1970).
Fast vagal reactivation after exercise helps reduce the

likelihood of arrhythmia. Third, magnification of decline
of total peripheral resistance reduces cardiac afterload, and
thereby cardiac work (Sugawara et al., 2001). According to
the present experimental findings, cardiac autonomic ac-
tivity can be modulated by 10 minutes of 15 Hz LBV ap-
plied immediately after submaximal exercise (3-min step
test), in which heart rate variability is enhanced and the au-
tonomic balance moves toward parasympathetic tone. An-
other similar study by Cheng et al. (2017) showed that ap-
plying LBV at 8 Hz for 10 minutes after exhaustive incre-
mental cycling exercise may promote cardiac parasympa-
thetic tone, though the result was not statistically signifi-
cant. The different results may be due to the small sample
size (n = 12) in the previous study, or the difference in the
vibration frequency or exercise intensity. Literature regard-
ing the mechanism of how low-frequency vibration modu-
lates post-exercise cardiac autonomic system lacks. In our
study, it is possible that faster post-exercise HR and HRV
recovery resulted from vasodilation of the lower body in-
duced by 15Hz low-body vibration. Furthermore, there has
been no consistent conclusion on whether the application
of high-frequency vibration after exercise can promote the
recovery of cardiac autonomic activity. Sanudo et al.
(2013) found that applying 25 Hz intermittent LBV (six
minutes of vibration interspersed with a one-minute rest
every minute in the sitting posture) after exhaustive exer-
cise can promote heart rate recovery and accelerate the in-
crease in the total power of heart rate variability compared
to the control group. According to Cheng et al. (2010), ap-
plying 10 minutes of WBV in the static standing position
with knee flexion at 170° at 20 Hz or 36 Hz after maximal
exercise did not facilitate the recovery of heart rate varia-
bility. We suggest that body posture during vibration is one
of the reasons explaining the different results in the above-
mentioned two studies. Therefore, the sitting posture was
adopted in our study during vibration.

There are limitations in this study. First, the relative
exercise intensity was not identical in each subject, as a 3-
minute step test was employed. Caution is required in in-
terpreting the results. Therefore, the main findings of the
current study are derived from self-comparisons. Second,
the 3-minute step test is roughly a moderate-intensity aer-
obic exercise for participants. Care should be taken in ap-
plying the findings to more exhaustive exercises.

Conclusion

Low-frequency LBV applied in the sitting posture after
submaximal exercise reduces small artery resistance, ac-
celerates heart rate recovery, attenuates sympathetic nerve
activity, and promotes parasympathetic nerve activity. The
effect is more pronounced at 15 Hz than at 5 Hz. The find-
ings provide a method to accelerate cardiovascular auto-
nomic recovery after exercise, which can be helpful to
maintain exercise performance and applicable in the field
of competitive sport.
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Key points

e High-frequency (> 20 Hz) vibration applied at rest or
during exercise was confirmed to facilitate peripheral
vasodilation. On the other hand, the effect of low fre-
quency (< 20Hz) vibration on the autonomic cardio-
vascular system applied in the post-exercise period
was scarcely investigated and remained unclear.
Application of low-frequency low-body vibration af-
ter exercise can reduce peripheral vascular tone, ac-
celerate heart rate recovery, decrease cardiac sympa-
thetic nerve activity, and promote parasympathetic
nerve activity.

The effect of low-frequency LBV on post-exercise
cardiovascular change was more pronounced at 15 Hz
than at 5 Hz.
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