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ABSTRACT

The aim of this study was to investigate the acute effects of
vibration training (WBVT) under hypoxic and normoxic condi-
tions on the voluntary rate of force development (RFD), balance
and muscle oxygen saturation (SMO,) in persons with Multiple
Sclerosis (MS). 10 participants completed the study (30 %
males, 44.4+7.7 years, 164.3+8.9cm, 65.2+11.1kg, 2.5+1.3
Expanded Disability Status Scale, 24.1 4.0 kg.m~2 BMI). Max-
imal force, RFD during isometric knee extension, static balance
with eyes open and closed and sit-to-stand test were evaluated
before and immediately after one session of WBVT (12 60-s
bout of vibration; frequency 35 Hz; amplitude 4 mm; 1-min rest
intervals) under both normoxic and hypoxic conditions. In ad-
dition, SMO, of the gastrocnemius lateralis was assessed during
each condition. No changes were found in force, static balance
and sit-to-stand test. Time-to-peak RFD increased in the left
leg (p=0.02) and tended to increase in the right leg (p=0.06)
after the hypoxic session. SMO, resulted in significant increas-
es from the initial to final intervals of the WBVT under both
hypoxic and normoxic conditions (p <0.05). Increases in SMO,
during WBVT demonstrates muscle work that may contribute
to the observed muscle adaptations in long-term WBVT pro-
grams without inducing decreases in neuromuscular activa-
tion, physical function and balance within a session.

Introduction

Multiple sclerosis (MS) is the one of the main causes of disability in
both young and middle-aged adults [1], affecting approximately
1.3 million people worldwide [2]. MS symptoms include various
motor and sensory dysfunctions, one of them being the deteriora-
tion of postural control [3] due to declines in muscle strength [4].
Muscle weakness [5], spasticity, and ataxia [6] are common physi-

cal disabilities, and as a consequence of these impairments, per-
sons with MS (pwMS) present limitations in daily life tasks, which
can lead to poor quality of life [7].

Although medication can ameliorate MS symptoms to a certain
degree [8], it has been well-demonstrated that physical exercise
can serve as a complement to medical treatment and improve func-
tional mobility and autonomy in pwMS [9]. Exercise has shown to
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inhibit demyelination in animal models [10] and increase the re-
lease of neurotrophic factor [11], suggesting that it provides neu-
roprotective adaptations. In addition, exercise has shown to im-
prove muscular strength, balance, and aerobic capacity in pwMS
[12-14]. One particular training protocol, whole-body vibration
training (WBVT), has shown to be highly effective on the central
nervous system by inducing rapid muscle contraction and relaxa-
tion due to the mechanical multidimensional oscillations of the vi-
bratory platform. Spinal inhibition, decreases in H-reflex, and fa-
cilitation in corticospinal excitability have been observed with
WBVT [15]. The decreased excitability of the H-reflex after WBVT
indicates that there is some inhibition of la afferent pathways of
the spinal circuits, thus facilitating central drive [16], which could
improve motor control during balance tasks and muscle coordina-
tion during walking in patients with neurological disorders [17,18].
WBVT has demonstrated improvements in balance in both healthy
individuals [19] and pwMS [20, 21] via increases in maximal
strength and voluntary rate of force development (RFD) of the
lower limb muscle groups [22, 23].

WBVT is a favorable exercise modality for pwMS because of its
direct effect on the neuromuscular component, and it generates a
low amount of symptomatic fatigue [24, 25]. In addition, research
that has examined the acute effects of a WBVT session found that
variables such as the RFD or the peak force are increased after a
bout of this training in healthy population [26]. However, it is not
clear what the acute neuromuscular alterations are following one
session of WBVT in pwMS.

Another type of modality that could benefit pwMS is hypoxic train-
ing. Because of its potential benefits, the use of hypoxia in strength
training has aroused much interest in the last decade [27], as it has
been shown to alter the intramuscular environment and, consequent-
ly, enhance force production [28]. Hypoxia induces a specific molecu-
lar response of the oxygen-sensing pathways [29] that increases oxy-
gen transport and lactate production, generating ATP via anaerobic
metabolism [30]. When compared to a normoxic condition, exercise
in hypoxia has shown to improve muscle blood flow, activate compen-
satory vasodilation, increase baseline oxygen consumption [31] and
have a greater reliance on anaerobic metabolism [32]. Furthermore,
increased motor unit recruitment is also observed [33] due to the
greater increase in skeletal muscle, capillarization, and vascular en-
dothelial growth factor [34]. Currently, only one study by Andreu et
al. [24] has investigated the acute effects of hypoxia during WBVT
training and demonstrated that one WBVT session does not worsen
strength or mobility in pwMS. However, it is not known how hypoxia
may affect neuromuscular activation, RFD and balance following a ses-
sion of WBVT. Therefore, the overall effects of hypoxia and WBVT could
be beneficial for pwMS, since both training systems use moderate-to-
high intensity with low production of fatigue while enhancing neuro-
muscular activation, which is a variable closely related to many tasks
of daily life [35].

Thus, the main objectives of this study were to: 1) examine the
acute effect of WBVT on RFD, physical function, and balance in
pwMS after one WBVT session, and 2) compare these effects be-
tween normoxic and hypoxic conditions. Our main hypothesis was
that WBVT would acutely decrease RFD, force (F), sit-to-stand time,
and static balance. Our secondary hypothesis was that WBVT in hy-

poxia would further diminish the aforementioned variables due to
the greater motor unit recruitment during the session.

Materials and Methods

Design

All aspects of this cross-over study design were performed at the
UCAM Research Center for High Performance Sport and UCAM
Sport Center (Murcia, Spain). Initially, subjects were randomly
assigned to a WBVT session either under normoxic (WBV T, orm;
Fi0,=20.9%) or hypoxic (WBVTj,,,; FiO,=15.0 %) conditions. In the
first visit, familiarization of all testing procedures and the charac-
teristics of the training session (i. e., different vibration frequencies
and amplitudes) were carried out. Following 1 week (visit 2), sub-
jects returned at the same time of day to perform the assigned
WBVT condition (normoxia or hypoxia). After a week of rest, sub-
jects repeated the WBVT protocol but under the condition not yet
performed (visit 3). Hypoxia was carried out in a normobaric cham-
ber (CAT-430; Colorado Altitude Training, Louisville, CO, USA) that
had 15 % reduced oxygen content facilitated by the CAT-12 gener-
ator (Colorado Altitude Training). Consort guidelines for rand-
omized clinical trials were followed. This study received approval
from the Science Ethics Committee of the Catholic University of
Murcia, in accordance with the Declaration of Helsinki [36] and
meets the ethical standards of the journal [37]. This project was
enlisted in ClinicalTrials.gov (identifier: NCT03856801).

Participants

A total of 13 pwMS were recruited from the local MS association.
Participants (5 males and 7 females, 42.3+9.6 years old, 164.2 +
8.5cmtall, 67.4+12.8kg of body mass, 2.8 + 1.5 Expanded Disability
Status Scale (EDSS), and with a body mass index of 29.6 £ 5.6 kg:-m ~2)
had relapsing-remitting MS, had no need of walking aids, and were
not performing in any physical training programs (i. e., resistance
and or aerobic). The diagnosis of MS was previously determined by
a board-certified neurologist using the McDonald criteria [38]. The
inclusion criteria were if participants: (1) had mild or moderate dis-
ability with clinical mild spastic-ataxic gait disorder, and (2) were
in the stable phase of the disease. PwWMS were excluded if they: (1)
had an EDSS > 6, (2) had suffered a relapse in the prior 12 months,
(3) were on corticosteroid treatment in the preceding 2 months,
and (4) were participating in a resistance training program in the
past 6 months. A written and signed informed consent was given
by all participants before commencing the study.

WBVT procedure

AllWBVT sessions were performed on the Power Plate Pro5 (Power
Plate International, London, UK). Participants were in an isometric
squat position with the knee flexed at 30° [25]. As recommended
by a previous study [14], the vibration frequency and peak-to-peak
amplitude were fixed at 35Hz and 4 mm, respectively. For safety,
participants were allowed to grip lightly onto the rail of the plat-
form. The protocol was comprised of 12 sets of 1-min isometric
squats. The participant remained on the platform and stood up-
right during the 1-min rest periods between sets. The rating of per-
ceived exertion scale (6-20) was provided continuously during the
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session. If the subject exceeded a score on the scale of 17 (very
hard), the session was terminated.

Testing procedure

Prior to and following the WBVT session, tests were conducted in
the laboratory by the same investigator. A standardized 5-min
warm-up on a cycle ergometer (75W; Technogym, Gambettola,
Italy) and a dynamic stretching sequence were performed. The
same test order was used in both intervention visits. The primary
outcomes of neuromuscular performance were voluntary RFD
(RFD¢yly = RFD 050 ms; RFD),. = RFD 0200 ms; RFD,,,, and RFD-
timetopeak) and Force (F) (FO-SO’ FO-ZOO, and FTime-to-peak)' The second-
ary outcomes were muscle oxygenation of gastrocnemius lateralis
(SMO,), and different variables of static balance (mean anterior/
posterior displacement =MAPD; mean medial/lateral displace-
ment=MMLD; total sway displacement=TSD, and sway area=SA)
under two conditions: eyes open (EO) and eyes closed (EC).

Muscle oxygen saturation

Muscle oxygen saturation (SMO,) of the gastrocnemius lateralis
was continuously monitored during sessions using a near-infrared
spectroscopy system, the Moxy 3-Sensor Bundle (Fortiori Design
LLC, Hutchinson, MN, USA). The average SMO, was calculated every
3 sets (SMO; 1.3, SMO; 4.6, SMO5 7.9, SMO> 1¢.12) in both legs at the
same time. Peripheral oxygen saturation (MD300C2; ChoiceMMed,
Beijing, China) was also measured to ensure that the participants
were in a hypoxic situation. The measurements were taken at the
beginning (before set 1), in the middle (before set 6) and at the end
(after set 12) of the training session.

Neuromuscular testing: force and rate of force
development

Participants sat upright on an isokinetic dynamometer chair (Bio-
dex Medical Systems, Shirley, NY, USA) with both the left and right
legs flexed at 90 ° and the ankle strapped to a customized appara-
tus that held a load cell (Model SML500; Interface Inc., Scottsdale,
AZ,USA). Participants carried out 3 trials of maximal voluntary iso-
metric contraction (MVIC), each lasting for 5 s. Three minutes were
allowed between trials. To assess RFD, participants were instructed
to apply “as much force as possible, as fast as possible” and were
verbally encouraged throughout the contraction to ensure maxi-
mal effort. F and RFD were evaluated in both the right and left legs
at time intervals 0-50 ms (Fq.50; RFDeaty), 0-200 (Fo_500; RFDjate),
Peak (RFDpmay), and time-to-peak (RFDyime.to-peak)- The right leg was
always evaluated first.

Balance test

Static balance was performed with the participant standing quiet-
ly over a portable force platform (Kistlet 9286BA; Kistler Group,
Winterthur, Switzerland), barefoot, with the legs shoulder-width
apartand arms hanging at the sides. Each participant completed a
60-s trial with the eyes open and another 60-s trial with the eyes
closed, before and after each training session. The mean anterior/
posterior displacement (MAPD), mean medial/lateral displacement
(MMLD), total sway displacement (TSD), and sway area (SA) were
determined. The variables were calculated using the following for-
mulas [39]:

ZABS[Yi —¥j

MAPD =
N
ZABs[xi—¥J
MMLD = S

TSC=2 (i) =Y + (X, = X))’

Sit-to-stand test

The sit-to-stand test measured the time it took to complete one
repetition of standing as quickly as possible from the sitting posi-
tion. The participants sat in a chair, with the arms crossed over their
chest, back straight, knees flexed at 90 °, and with both feet in full
contact with the floor. The height of the chair was adjusted based
on the dimensions of the patient's lower limb. The test was termi-
nated when the trunk and knees were fully extended. Participants
performed two trials, where the best trial was used for analysis. The
speed at which patients performed the test was measured with the
Sit-to-Stand app [40].

Statistical analyses

Data collection, treatment, and analysis were performed using IBM
SPSS for Statistics for Windows (version 20.0; IBM Corp., Armonk,
NY, USA). Descriptive statistics (mean + SD) were calculated. Before
using parametric tests, the assumption of normality and homosce-
dasticity was confirmed with the Shapiro-Wilks test. Student's t-test
for paired samples was used to test for significant changes between
pre- and post-training for each group, separately. Analysis of covar-
iance (ANCOVA) was performed with the EDSS score as a covariate
to evaluate the differences between hypoxia and normoxia sessions.
For all procedures, the statistical significance was set at p<0.05.

Results

Overall, 13 pwMS volunteered to participate in this clinical trial.
Three participants dropped out of the study for different reasons
(injury outside of the study intervention and incompatibility with
the visiting hours during the study). Thus, a total of 10 participants
with MS completed the study (30 % males, 44.4+7.7 years old,
164.3+8.9cm tall, 65.2+11.1 kg of body mass, 2.5+ 1.3 Expand-
ed Disability Status Scale, and with a body mass index of
24.1+£4.0kg'm~2), including all testing assessments (> Fig. 1S).
None of the participants had adverse effects. Also, no training had
to be interrupted owing to a high rating of perceived exertion.

During the hypoxic session, pwMS showed a peripheral oxygen sat-
uration 0of 92.50+0.577 (before set 1), 92.25+1.50 (before set 6) and
92.00+1.63 (after set 12). During the normoxic session, peripheral
oxygen saturation was 98.17 £ 1.17 (before set 1), 98.00+0.63 (be-
fore set 6) and 97.67 £1.21 (after set 12). Differences were found in
all time points in peripheral oxygen saturation (p<0.05).

As for the SMO, in the gastrocnemius lateralis, pwMS had
74.39+11.77 % and 78.06+8.43 % in the right leg and
63.82+19.91% and 79.27 £ 15.54 % in left leg in hypoxic and nor-
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> Fig. 1 Effects of a whole-body vibration training session on muscle oxygen saturation.

> Table 1 Comparison between hypoxia and normoxia and effect of EDSS in neuromuscular outcomes.

ANCOVA interactions (F, p, ES n2)

Neuromuscular outcomes (Hyp vs. Norm) Conditioning Effect EDSS Effect

F p ES n2 F P ES n2
Fo.s0 Right (N-m) 0.165 0.690 0.010 0.006 0.941 0.000
Fo-so Left (N-m 0.291 0.596 0.016 0.404 0.534 0.023
Fo-200 Right (N-m) 0.238 0.632 0.014 0.305 0.588 0.017
Fo-200 Left (N-m) 0.241 0.630 0.014 0.194 0.666 0.011
RFDeqriy Right (N-m -s71) 0.005 0.944 0.000 0.397 0.537 0.023
RFDegiy Left (N-m-s~1) 0.005 0.942 0.000 0.295 0.594 0.017
RFDjqee Right (N-m-s77) 0.165 0.689 0.009 0.798 0.384 0.044
RFDjgee Left (N-m-s77) 0.496 0.491 0.028 0.204 0.657 0.012
RFD pax Right (N-m-s77) 1.052 0.319 0.057 0.330 0.573 0.018
RFDpox Left (N-m-s~1) 0.782 0.389 0.043 0.243 0.628 0.013
RFD¢imetopeak Right (s) 0.071 0.793 0.004 0.271 0.609 0.016
RFDtimetopeak Left () 0.184 0.674 0.010 1.673 0.213 0.089
F=force; Hyp =hypoxia; Norm =normoxia; RFD =rate of force development. * p<0.05 differences between conditions.

moxic conditions, respectively, after the final interval of the session
(> Fig. 1).

Statistically significant pre-post differences were shown in SMO,
from the initial interval of the session to the next intervals of the
session in both hypoxia and normoxia (see in » Table 1S).

No significant pre-post differences were found in Fg_sq, Fo_200,
RFDeartys RFD)ate, and RFD 4y in normoxia or hypoxia. Regarding the
RFDyimetopeak» there was a significant pre-postincrease in hypoxiain
the leftleg (t=2.66, p=0.02) and a tendency for anincrease in the
rightleg (t=2.13, p=0.06). No statistically significant differences
were found in this variable under the normoxic condition (see
> Table 2S).

Regarding the sit-to-stand test, no pre-post differences were
found. TSD, MMLD, MAPD, and SA with eyes open and closed did
not show any statistically significant pre-post changes in both nor-
moxia and hypoxia (see > Table 3S).

No significant differences between normoxia and hypoxia were
observed in Right;.¢<SMO, (F=1.901, ES=0.105), Right; ¢SMO,
(F=1.052, ES=0.061), Right;.;,SMO, (F = 0.402, ES =0.024),
Left, s<SMO, (F=0.057, ES=0.003), Left, oSMO, (F=0.010,

ES=0.001), Left; ;,SMO, (F=0.252, ES=0.014), or Sit-to-Stand
(F=3.184, ES=0.150). No differences between normoxia and hy-
poxia were observed in balance variables (see > Table 4S).

No significant differences between normoxia and hypoxia were
observed in F or RFD. » Table 1 shows the comparison between
condition and effect of EDSS on neuromuscular outcomes.

Discussion

The present study demonstrated that neuromuscular performance
or functional capacity immediately after a single session of WBVT
does not decline in pwMS in either hypoxic and normoxic condi-
tions, except for RFDmetopeak Where there was a trend for an in-
crease in the right leg and a significantincrease in left leg in hypox-
ia. In addition, muscle oxygen saturation of the gastrocnemius lat-
eralis increased during the session under both conditions.

Muscle oxygen saturation

The SMO, levels measured in the gastrocnemius lateralis of the
pwMS increased during the WBVT session compared to the initial
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values. This is in accordance with a meta-analysis that studied the
effect of a WBVT session on muscle oxygenation in different mus-
cles and showed increases in the gastrocnemius lateralis and not in
other muscles, such as the rectus femoris or vastus lateralis [41].
In addition, the aforementioned meta-analysis indicated that fre-
quency affects SMO,. Lower frequencies (5-25 Hz) have demon-
strated a greater increase in SMO,, as the rate of muscle contrac-
tion allows for more perfusion time between contractions com-
pared to higher vibration frequencies [41]. However, this study
used a higher frequency (35 Hz), as used in other studies in popu-
lations with reduced mobility [42] and still demonstrated a signif-
icant increase in SMO, during WBVT. Because skeletal muscle oxi-
dative metabolism and blood flow are related to an increase in ox-
ygen demand, the observed increase in SMO, suggests that there
was an increase in muscle activities [43], which could in turn lead
to muscle adaptations derived from long-term training programs.
Furthermore, individualized prescribed vibration frequency could
lead to greater optimization and, therefore, greater neuromuscu-
lar adaptation.

Studies of hypoxic resistance training have shown that lower ox-
ygen exposure could improve muscle hypertrophic responses via
myogenesis and immune cell-dependent muscle regeneration [35].
The acute effect of hypoxia on SMO, seems to be similar to nor-
moxic condition at low training intensities, producing a plateau at
high intensities in the hypoxic condition [44].

Neuromuscular performance

To our knowledge, only two studies has previously analyzed the
acute effects of WBVT on muscle performance in this population:
Jackson et al. [45], who studied isometric strength in knee flexion
and extension after a 30-second exposure; and Andreu et al. [24],
who investigated MVIC after a WBVT session. In accordance with
the present results, these researchers found no changes after a
training session compared to baseline values. In the present study,
both RFD,qy and RFD),e were not altered, which suggests that
pwMS did not present any central fatigue (i. e., RFDe,qy), or periph-
eral fatigue (i. e., RFDy,¢e) [46]. In addition, F did not change at any
of the time intervals, which supports the aforementioned findings.

RFD is closely related with the activities of daily living [47], bal-
ance control [48], and the risk of falls [49]. Functional performance
in activities of daily living [50], balance control and falls [51] are
main problems for pwMS. In this population, it is important that
acute fatigue generated after an exercise training session is not
high in order to avoid a decrease in their ability to produce explo-
sive force that could lead to a fall or a sudden decrease in their func-
tional autonomy (inability to get up from a chair, inability to climb
stairs, etc.) [52]. Therefore, WBVT is shown to be a safe method for
pwMS, asimprovements in muscle performance after several weeks
of training have been demonstrated [14], and the acute effects of
this type of training are shown to be safe [24, 45, 53]. Moreover,
the increases in SMO, show that muscular effort is occurring with
very low neuromuscular fatigue.

For RFD.t and Fy.200, N0 changes were found after training with
respect to baseline values in either hypoxia and normoxia. These
results are in agreement with the findings by Andreu et al. [24] that
showed no change in the central activation ratio after a WBVT ses-
sion. RFDy, and F are related to the structural components of force,

mainly with muscle size [46]. As with RFDe,,, an acute decrease in
RFD),te could be a problem for pwMS, especially in tasks such as
walking [54]. In hypoxia, RFDgimetopeak tends to increase in the right
leg and increases significantly in the left leg. These results are con-
sistent with Taylor et al. [55] that greater recruitment and higher
rate coding in hypoxia with respect to normoxia in order to main-
tain the same intensity of exercise. Any increase in the time to reach
maximum RFD would suggest greater central fatigue. Oliveira et
al. [56] stated that RFDe,yy is closely related to the mechanisms of
the central nervous system and occurs between 0-100 ms. Thus,
RFDimetopeak Would be related to RFDe,,, and would be affected by
central fatigue, which was observed under the hypoxic condition.

There were no significant differences in neuromuscular variables
between hypoxia and normoxia. To our knowledge, this is the first
study to evaluate the acute effects after a vibratory training ses-
sion in hypoxia. Some studies have investigated the acute effects
of strength under hypoxic conditions. Some authors have found
increases in lactate concentration, decreases in SMO,, pH, and mus-
cle performance compared to the normoxia condition following
strength training session [32,57]. However, in agreement with
other authors, our results showed that physical performance,
SMO,, and surface electromyography is no different between re-
sistance exercise under normoxic or hypoxic condition [33,58]. In
addition, a meta-analysis by Ramos-Campo et al. [27] that analyzed
the effectiveness of long-term hypoxic training on muscle strength
concluded that there was no evidence that hypoxia favors improve-
ment in muscle strength over normoxic training. Inness et al. [59]
found enhancements in strength in the resistance group with hy-
poxia despite no significant changes in lean mass, which could in-
dicate a higher activation of the neural component during a
strength session under hypoxia.

Functional capacity

Freitas et al. [53] studied the acute effects of WBVT on balance and
mobility after a session in women with MS. The authors used 5 se-
ries of 1-minute vibration, with 1 min of rest between intervals, and
a frequency of 30 Hz and amplitude of 3 mm (parameters similar
to those used in this paper). In accordance with the present results,
the authors found no pre-post changes in mobility and balance,
measured with Timed Up and Go Test, the 500 m walk and limits of
stability, respectively. In a recent study, Andreu et al. [24] also con-
cluded that a WBVT session did not modify the mobility in pwMS.
Although the acute effects of this type of training protocol did not
appear to have a strong impact on balance and functional ability
of pwMS [24, 45, 53], the potential long-term benefits of WBVT
could improve gait [13]; reduce fall risk [21]; and improve mobili-
ty, balance, and postural control [60].

Regarding balance control, it has been shown that pwMS have
a greater medial/lateral displacement when standing compared to
the healthy, control group [61-63] Other studies have demonstrat-
ed that pwMS have less displacement of the center of pressure dur-
ing static and dynamic tasks when compared to non-MS individu-
als and that this could serve as an adaptive strategy for pwMS to
overcome the deficiency in postural control that could result in a
fall [64-65]

A previous study by Morrison et al. [66] concluded that MMLD
is the variable most related to the risk of falls, so it is important that
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this variable is not affected after training. An increase in MMLD
could lead to an increased risk of falls. This study found no pre-post
changes in any balance variable when eyes were closed and open.
Previous research has shown that pwMS, in addition to having poor-
er balance due to damage to the neuromuscular component, also
present a poor vestibular, visual, and proprioceptive system
[63,67,68]. However, the dependence of the three systems is great
in pwMS in order to maintain vertical balance [66]. Thus, the ab-
sence of fatigue after a WBVT session is essential because it does
not increase the risk of falls in this population as neither strength
nor balance are decreased. Our study also has certain limitations.
The main limitation is the low sample size. In addition, another pos-
sible limitation was the non-individualization of the WBVT train-
ing.

This study provides important information about how a single
WBVT session affects neuromuscular performance, balance, mo-
bility, and SMO, in pwMS. One of the more significant findings to
emerge from this research is that vibration training requires mus-
cle demand during the session without causing significant amounts
of fatigue to the neuromuscular system.
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