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Summary

Study aim: With contrary evidence regarding the effectiveness of acute whole-body vibration training (WBVT) on sporting
performance, the current study examined WBVT’s effect on concentric torque of the quadriceps (Q) and hamstrings (H).
Material and methods: Following ethical approval, 11 male team sport players (age: 22.9 £ 3.3 yrs, height: 1.80 + 0.07 m,
mass: 82.5 £ 12.6 kg) completed three separate weekly WBVT sessions. Baseline and post — WBVT intervention measure-
ments of Q and H concentric torque were recorded, using an isokinetic dynamometer, at each session. Isokinetic knee extension
and flexion was performed at 180°s™! through 90° range of motion. For the training intervention, vibration amplitude remained
at 2 mm, while frequency was set at 0Hz, 30Hz or 50 Hz; randomised so participants experienced one frequency per session.
Torque data (Nm) and H and Q ratio (H: Q) were analysed using 3-way and 2-way ANOVA with repeated measures respec-
tively, with three within subjects’ factors: frequency, muscle group and intervention.

Results: Main interaction effect (frequency x muscle group x intervention) was insignificant (P = 0.327). Significant muscle
group X frequency (P = 0.029) and muscle group x intervention (P = 0.001) interactions were found. Intervention, regardless of
WBVT, significantly increased concentric torque of H (P = 0.003) and significantly reduced concentric torque of Q (P =10.031).
While H: Q x frequency interaction was insignificant (P = 0.262), the intervention significantly improved H: Q (P =0.001).
Conclusions: Team sport athletes experience a muscle-specific response in peak concentric torque to lower-body exercise.

Acute WBVT does not provide additional positive or negative effects on Q or H strength.
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Introduction

Vibration can be described as a mechanical action
characterised by periodic oscillatory motion about an
equilibrium point [19]. Humans are exposed to vibrations
on a daily basis in various waveforms, which can be de-
livered through a multitude of agents, including the use of
a pneumatic drill [24], and during the operation of cars,
boats and aircraft [32]. Exposure to the mechanical forces
associated with vibration is generally viewed as deleteri-
ous to human health [38] and is tightly regulated in the
workplace by the International Organization for Stand-
ardization (ISO) [22]. In contrast though, vibration expo-
sure can also induce certain advantageous physiological
responses, which have been exploited to improve neu-
romuscular performance, particularly in a sporting context
[5, 6,10, 12, 18]. Therefore, sports requiring high levels of

power may benefit from incorporating whole-body vibra-
tion training (WBVT) into warm-up protocols [23].

Acute bouts of WBVT have been predominantly ap-
plied to athletic populations in order to transiently enhance
neuromuscular performance; evidenced by power-lifters
using WBVT to increase neural drive and maximise fast-
twitch fibre recruitment prior to a lift [40] and by Olympic
gymnasts utilising vibratory stimuli to facilitate improve-
ments in jump performance, balance and flexibility [17].
The acute effects of WBVT have been attributed to poten-
tiation of the stretch reflex through enhanced neural con-
trol [12]. Skeletal muscles eccentrically and concentrically
contract rapidly in response to vertical vibrations [39] in
an attempt to dampen the vibratory waves, which results
in muscle length changes that are subsequently detected
by the muscle spindles [4]. The primary sensory endings
of the muscle spindles are excited by the muscle length
changes, which cause a tonic contraction of the muscle
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[32]; a phenomenon first proposed by Hagbarth and Ek-
lund [16] and known as the tonic vibration reflex (TVR).

It has been demonstrated that muscles subjected to
vibration training have enhanced electromyographical
(EMQ) activity, above that of a maximal voluntary con-
traction (MVC) [35]. Even muscles in a fatigued state dis-
play higher mean power frequency during WBVT, which
can be attributed to alterations in neuromuscular recruit-
ment patterns [39]. However, the optimal biomechanical
parameters of WBVT are currently undecided in the litera-
ture. Frequency level, essential in stimulating the muscles
at their resonant frequency [5], varies greatly; while 60 Hz
has been reported by some to induce the highest EMG ac-
tivity in the quadriceps [27], others have suggested that
a range of 30 Hz to 50 Hz is optimal to activate the same
group of muscles [28].

With team sports placing a great demand on the lower
limbs, such as the hamstrings (H) and quadriceps (Q) mus-
cle groups, the ability of these muscles to produce force is
vital for performance [13] and injury prevention [14]. Ef-
fective monitoring of the muscles ability to produce force,
combined with a conventional strength ratio between the
H and Q (H: Q) enables the prediction of injuries, in-
cluding anterior cruciate ligament (ACL) and hamstring
strains, which are common in team sports [21]. The cur-
rent study, therefore, was designed to investigate the ef-
fects of acute WBVT in combination with thigh-specific
body-weight exercises on peak torque of the H and Q in
male team sport players to establish the most effective fre-
quency for neuromuscular improvements of key muscle
groups in this population. It was hypothesised that WBVT
will have a positive effect on peak concentric torque in the
Q and H muscles.

Materials and methods

Participants

Following institutional ethical approval, and in ac-
cordance with the latest delineation of the Helsinki Dec-
laration [46], 11 healthy male university team sport ath-
letes (mean + standard deviation: height = 1.79 + 0.07 m;
mass = 82.5 + 12.6 kg; age = 23 + 3 yrs.) were recruited
via a convenience sampling method. Prior to testing, all
participants gave written informed consent and completed
a pre-activity readiness questionnaire (PAR-Q). All partic-
ipants also confirmed verbally, throughout the study, that
they were not suffering from any injuries or illnesses that
would prevent or restrict their participation.

Study design

A randomised controlled design was chosen in order
to negate any learning effects. Three testing sessions were
completed in total, with each session separated by one

week to allow sufficient recovery time between the re-
spective resistance training/testing sessions [31]. Sessions
were completed at the same time of day (= 1 hr.) to avoid
the confounding influence of circadian variation [42]. Par-
ticipants were instructed to refrain from the consumption
of alcohol and undertaking any vigorous activity 24 hours
prior to the testing sessions. Any data obtained was con-
cealed from all participants until the end of the study to
prevent competition bias.

Performance testing protocol

All sessions started with participants completing a ge-
neric S5-minute warm-up on a cycle ergometer (Monark
915E, Sweden) at 100W. Three successive sub-maximal
knee extension and flexion exercises on an isokinetic dy-
namometer (Kin-Com, USA) at 180°s™! were then per-
formed; serving both as part of the warm-up, targeting spe-
cific muscle groups, and as familiarisation trials. During
these submaximal tests, and for the subsequent baseline
and re-testing, participants were seated in the isokinetic
dynamometer with hips aligned 90° to the trunk and with
the seat belt securely fastened to anchor the participants
to the chair; preventing unwanted assistance from the hips
(Fig. 1).

A shin pad was placed around the participants’ right
ankle, superior to the medial malleolus, and a knee restric-
tor was used to prevent hip and knee movement (Fig. 1).
Participants were instructed to place their hands across

Fig. 1. Positioning of participant on the isokinetic dy-
namometer
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Fig. 2. Alignment of knee joint with the lever arm

their chest throughout the testing. The seat and level arm
were manually adjusted to the specific requirements of
each participant, with the axis of the lever arm visually

aligned with the lateral femoral epicondyle of the par-
ticipants’ knee joint (Fig. 2). For the baseline tests par-
ticipants flexed their knee to 90° then performed three
maximal successive contractions of the Q and H muscles
through a range of motion (ROM) of 90°. The angular ve-
locity of the dynamometer was set to 180°s-!. Peak torque
was recorded for the H and Q for each trial and the H: Q
was calculated by dividing the peak torque of the H by the
peak torque of the Q.

Intervention protocol

Immediately following the baseline tests, all partici-
pants undertook a 60 s passive recovery before complet-
ing the WBVT intervention. A NEMES Bosco vibration
platform (NEMES Bosco, Greece) was used to administer
the WBVT stimulus. Amplitude was maintained at 2 mm
throughout the three different frequency conditions (0 Hz,
30 Hz, 50 Hz). All participants experienced each of these
three conditions, one per week, in a randomised order. Five
positions/exercises were performed during the vibration
intervention: Standing posture with knees flexed at 25°
(Fig. 3); isometric squat with knees flexed 80° (Fig. 4); dy-
namic squat (knee flexion from 25° to 80° to 25°) at a tem-
po of 2 seconds up 2 seconds down (Fig. 5); isometric
right (Fig. 6) and left leg lunge with the front knee flexed
to 90°. These positions/exercises were based on a previous
study by Cochrane and Stannard [6] and chosen as they
are commonly performed on WBYV platforms and well-
suited to WBVT.

Fig. 3. Position 1: Standing (knee flexion 25°)

Fig. 4. Position 2: Squat (knee flexion 80°)
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Fig. 5. Position 3: Dynamic squat (knee flexion from 25° to 80° to 25°)

Fig. 6. Position4 [and 5]: Right leg lunge with front knee flex-
ion at 80 © (this was repeated with the left leg [not shown])

Participants were required to maintain their centre of
mass centrally so that additional loading was not placed
on either leg. The first three positions were performed for
60 s each and the lunges for 30 s on each leg. During the
standing and squatting exercises, participants stood on the
platform with feet shoulder width apart and knees flexed to
prevent transmission of vibratory forces to the head [38].
Footwear was also controlled with participants required to

wear the same footwear for every session to standardise
vibration dampening. As acute WBVT can impair proprio-
ception [9], as the muscle spindles are desensitised imme-
diately following exposure [23], and in accordance with
American College of Sports Medicine (ACSM) recom-
mendations regarding resistance-type training [37], a delay
of 60 s between each vibration exposure was incorporated
into the protocol. Following completion of the WBVT in-
tervention a 60 s passive recovery was given before partic-
ipants were re-tested on the isokinetic dynamometer using
the same procedure as for the baseline tests. A cool-down
consisting of 4-min on a cycle ergometer at 100 W was
performed upon completion of the post-intervention test-
ing. The entire performance testing protocol can be seen
in Figure 7.

Statistical analysis

The torque data (Nm) and ratio data (H: Q) were an-
alysed using a 3-way and 2-way ANOVA with repeated
measures, respectively (SPSS, v20). All factors were with-
in subjects. For the torque data, the factors were frequency
(3 levels: 0 Hz, 30 Hz, 50 Hz), muscle group (H vs. Q)
and intervention (baseline vs. post intervention). For H: Q
the factors were frequency (3 levels: 0 Hz, 30 Hz, 50 Hz)
and intervention (baseline vs. post intervention). Follow-
up paired-samples T-tests were performed to assess the
change in peak torque following the intervention condi-
tions. Cohen’s d effect size estimates were calculated for
pre-post comparisons. Significance was assumed at a 95%
level of confidence.

Results

The main interaction effect (vibration frequency x mus-
cle group x intervention) was not significant (P = 0.327).
ANOVA revealed significant muscle group X vibration
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WARM-UP BASELINE TEST RECOVERY WBVT INTERVENTION RECOVERY  POST-INTERVENTION TEST = COOL DOWN
Standing (25° knee flexion)
. . Isometric Squat (80° knee flexion)
3x successive submaximal
voluntary contractions of the Passive Dynamic Squat (25° to 80° to 25° Passive . .
Cycle quadriceps and hamstrings . . recovery 3x successive maximal Cycle
recovery knee flexion at 2:2 s tempo) ) ) -
ergometer followin following contractions of the quadriceps ergometer
at 100 Watts 3x successive maximal owing . WBVT and hamstrings at 100 Watts
. baseline tests Isometric right leg lunge ! .
voluntary contractions of the . intervention
. ; (80° front knee flexion)
quadriceps and hamstrings
Isometric left leg lunge
(80 front knee flexion)
60 s for each of positions 1-3,
5 min 60s 30 s for each of positions 4-5, 60s 4 min

60s recovery between positions

Fig. 7. Warm-up, baseline, WBVT intervention and post-intervention test protocol
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Fig. 8. Pre- and post-peak torque values (mean + SD) for the quadriceps and hamstrings for each acute training intervention
condition. Solid bars represent baseline measurements, dotted bars represent post intervention measurements. ** — p < 0.01,

*_p<0.05

frequency (P = 0.029) and muscle group x intervention
(P = 0.001) interaction effects. There was no significant
H: Q x vibration frequency interaction effect (P = 0.262),
however, a significant H: Q X intervention interaction was
observed (P =0.001) (Fig. 8).

The quadriceps and hamstrings concentric torque was
not significantly affected by the two vibration frequencies
(30 Hz and 50 Hz) compared to the sham (0 Hz) condi-
tion. However, the exercise protocol induced significant
changes in both muscle groups. ANOVA also revealed the
quadriceps concentric torque significantly decreased fol-
lowing the intervention regardless of WBVT exposure
(P = 0.031). However, H concentric torque was signifi-
cantly increased following the intervention regardless of
WBVT (P = 0.003). Post-hoc tests revealed significant in-
creases in H concentric torque following the intervention
for the 0 Hz (P = 0.007), 30 Hz (P = 0.083) and 50 Hz
(P = 0.016) conditions. No significant differences were
found for Q peak torque following any of the interven-
tion conditions. Effect size estimates (Cohen’s d) for the

intervention on Q concentric torque were 0.22 for the
sham condition, 0.44 for 30 Hz WBVT and 0.10 for 50 Hz
WBVT. The effect of acute exercise and WBVT was
greater on concentric torque in the H. For the sham condi-
tion, a large effect size was calculated at 0.73. Moderate to
large effect size were also found for the 30Hz and 50 Hz
conditions, 0.66 and 0.53, respectively.

Discussion

The current study examined how acute WBVT at dif-
ferent frequencies affects concentric torque of the quad-
riceps and hamstrings. The main finding was vibration
frequencies did not have a significant effect on the two
muscle groups. However, and contrary to expectations, the
protocol used, regardless of exposure to WBVT, was able
to significantly increase the concentric torque of the ham-
strings while significantly reducing the concentric torque
of the quadriceps.
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WBVT effects on the quadriceps

The quadriceps responded in a similar way to all of the
vibratory conditions. Exposure to vibration at 30Hz and
50Hz induced the same acute adaptations from the quadri-
ceps as the sham (0 Hz) condition. These findings are sub-
stantiated by another study, which found that an acute bout
of WBVT induced the same adaptations in the knee exten-
sor muscles as an identical protocol without vibration [7].
Exposure to vibration has been suggested to lower recruit-
ment thresholds of fast-twitch motor units [39], which are
able to elicit improvements in quadriceps torque at high
speeds; as fast-twitch muscle fibres are recruited for high
force contractions [30]. However, the sub-elite population
used in the current study may have experienced fatigue
due to not possessing sufficient musculature to dampen
the vibrations. In contrast, according to Mester et al. [32],
the stiff muscle-tendon complex of elite athletes is well
developed and therefore more likely able to dampen such
vibrations.

The performance test used may also explain why no
changes were observed for the vibration conditions. Vibra-
tion has been shown to potentiate the stretch reflex [12];
therefore, dynamic movements incorporating a stretch
shortening cycle (SSC), such as a vertical counter-move-
ment jump, may elicit greater improvements than the
MVCs used in the current study [23]. This is supported
by research from Cormie et al. [10] who found that
while strength did not respond to acute WBVT, vertical
jump performance improved. The isokinetic speed used
(180°s71) may also explain why no changes were found in
quadriceps torque post vibration. Knee extension torque
has improved following a similar vibration protocol when
an isokinetic speed of 60°s’! has been used [40]. Slow-
er isokinetic speeds would allow the muscle to develop
maximal tension at the optimal joint angle [3] rather than
the angular velocity being too fast reflecting the muscle’s
inability to develop maximum tension at the optimal joint
angle [11].

WBVT effects on the hamstrings

WBVT at the two frequencies (30Hz and 50Hz) had
a similar effect on the concentric torque of the hamstrings
as the sham vibration (0Hz) condition. This resulted in
an insignificant interaction effect between vibration fre-
quencies and hamstring torque. These findings are sup-
ported by Siu et al. [41] who also found the concentric
torque of the hamstrings did not significantly change
post-vibration but are contrary to the findings of Avelar
et al. [2] who suggest that the concentric torque of the
knee flexors significantly increases after an acute bout of
WBVT. While Avelar et al. [2] used a similar population
and vibration magnitude to the current study the isoki-
netic velocity at which knee flexion was performed was

significantly lower, with peak concentric torque meas-
ured at 60°s~!, compared to 180°s! for the current study.
Therefore, the slow and fast twitch muscle fibres in the
hamstrings may respond through different mechanisms
to WBVT resulting in an enhanced force output at slower
angular velocities.

Detrimental effects of the exercise protocol on the
quadriceps

The exercises performed significantly reduced the
concentric torque in the quadriceps regardless of expo-
sure to WBVT. As both squatting and lunging exercises
are closed kinetic chain movements, involving hip and
knee extensor muscle groups and ankle plantar flexors,
and activating the vastus lateralis and vastus media-
lis muscles respectively [29, 36], these positions likely
placed an increased gravitational load on the dynamic
stabilising structures. The quadriceps have been shown
to experience greater forces at greater angles of knee
flexion and as participants spent the majority of the time
performing the intervention with large degrees of knee
flexion, the quadriceps would have been subjected to
high forces [33]; linking to previous reports of greater
activation in the quadriceps with increasing knee flex-
ion [15]. It is reasonable to assume that this increased
demand caused fatigue [44] as the population likely did
not possess adequate musculature in the knee extensor
muscles to attenuate fatigue caused by the intervention
exercises; further explaining the decrement in the quad-
riceps concentric torque. This can be further supported
by elite team sports populations exhibiting improve-
ments in lower-limb force output following squatting
exercises [26]; although it is important to note here that,
in this particular example, improvements were only seen
eight minutes after the squatting exercises had been per-
formed. As the participants in the current study rested for
only one minute following the intervention, the brief rest
period may also help to explain why a reduction in the
quadriceps torque was observed.

When performing maximal isokinetic knee exten-
sions, the concentric contraction of the quadriceps caus-
es a co-contraction of the hamstrings especially towards
full knee extension [1]. Co-contraction of the hamstrings
has also shown to increase with increasing fatigue of the
quadriceps during isokinetic knee extensions [43]. As the
quadriceps were fatigued from the exercises performed,
the greater co-contraction of the hamstrings would have
contributed to reducing the peak torque in the quadriceps
during the isokinetic knee extensions by resisting the ago-
nists’ concentric contraction [25]. As co-contraction of the
hamstrings limits the force production of the quadriceps
during concentric contractions the action of the hamstrings
may have limited the torque in the quadriceps.
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Ergogenic effects of the exercise protocol on the
hamstrings

The exercises performed significantly increased the con-
centric torque of the hamstrings irrespective of exposure
to WBVT. It is likely that as the quadriceps fatigued the
hamstrings would have been activated to a greater degree
to resist forces about the knee joint; as the hamstrings func-
tion to support the ACL in resisting antero-posterior forces
[1]. Squatting exercises have been shown to activate the
hamstrings significantly less than other hamstring exercises
[47] and the squat position adopted for much of the exercise
intervention during the current study may have prevented
excessive loads being applied to the hamstrings; the low
demand therefore likely insufficient to induce fatigue. Fur-
thermore, when the participants performed the isokinetic
knee flexions, the resistive force of the knee extensors was
diminished due to their fatigued state and potential reduc-
tion in neural drive. Eccentric exercises reduce the neural
drive to agonist muscles [45]; as the quadriceps eccentri-
cally contracted during the interventions, neural drive to the
quadriceps may have been reduced. This enabled the ham-
strings to produce greater concentric torque than for the pre-
intervention measurements as the quadriceps muscles were
not able to co-contract to the same degree and resist the
agonists’ concentric contraction. In a fatigued state, concen-
tric contractions of the quadriceps have shown to result in
a significant increase in hamstring co-activation [48]. With
the quadriceps likely fatigued due to the exercises, the ham-
strings would have received a potentiating stimulus from
the exercises without having to provide dynamic stability.
As the participants performed the squats and lunges with
upright trunks the hamstrings were not recruited to a great
degree, potentially preventing fatigue [34].

Effects of WBVT and the exercise protocol
on the H: Q

Results suggest WBVT did not directly affect the H: Q
although the exercises performed significantly improved
the H: Q. The exercises performed, regardless of WBVT
exposure, were able to significantly improve the H: Q to
values of approximately 1.0, which is the ratio value in-
dicating the equality of the hamstrings to provide coun-
teracting flexor moments against the extensor moments
exerted by the quadriceps [8]; specifically recommended
for the prevention of ACL injuries [20]. This was to be
expected as the hamstrings significantly improved and the
quadriceps significantly decreased following the exercise
intervention, regardless of WBVT.

Limitations

Whilst the current study employed a rigorous methodol-
ogy, there were limitations that should be acknowledged.
Primarily, there was no control condition in which partici-
pants would have performed no exercises and no exposure

to WBVT. This may have enabled us to separate the effects
of the exercise protocol from the WBVT further. Also, iso-
kinetic testing was performed at 180°s! only. A high angu-
lar velocity was selected as one of the most widely accept-
ed mechanisms of WBVT in augmenting strength output
is through the lowering of fast-twitch motor unit recruit
thresholds. However, using a range of angular velocities
may have provided a more comprehensive evaluation of the
acute effects of WBVT in relation to muscle function char-
acteristics of the lower limb muscles. Other studies have
shown improvements in knee extension torque at slower
angular velocities after WBVT. Therefore, future research
should look to incorporate a greater range of isokinetic test-
ing conditions to further understanding on the effects of
WBVT on muscular strength in the lower limbs.

Finally, the intervention exercises primarily targeted
the quadriceps muscles which may have caused the ap-
parent decline in knee extension torque. Whilst these ex-
ercises involve co-contraction of the hamstrings, exercises
specifically targeting the hamstrings may have yielded dif-
ferent results. A range of exercises should be evaluated in
future studies to investigate the effects of targeted exercise
protocols on lower-limb strength.

Conclusion

The current study shows that acute WBVT at 30Hz and
50Hz does not affect the H: Q or peak concentric torque
of the hamstrings or quadriceps at high speeds (180°s1)
and therefore suggests that WBVT may not be an effective
training modality for transient short-term improvements in
lower-limb force output in team sport athletes. The acute
effects of WBVT on neuromuscular performance therefore
remain equivocal and clarity regarding the biomechanical
parameters, which are optimal to induce the TVR, is still
required. However, the exercises performed in the cur-
rent study augmented the hamstrings and deteriorated the
quadriceps regardless of exposure to WBVT. The H: Q was
also significantly improved by the exercises performed ir-
respective of WBVT, indicating that there is potential for
the exercise protocol to be used in team sport warm-ups
to reduce lower-limb injury risk. Future research should
investigate the efficacy of WBVT as a training modality to
ascertain whether chronic exposure elicits neuromuscular
adaptations, which could improve lower-limb force out-
put. Furthermore, the literature suggests elite populations
benefit from acute WBVT more than recreational popula-
tions as elite athletes” muscle fibres and central nervous
system have a higher sensitivity in response to additional
stimulation. Therefore, the WBVT magnitudes used in the
current study should be applied to a more elite population
to discern whether level of competition affects how ath-
letes respond to WBVT.
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