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Abstract

Despite increasing use of whole body vibration during exercise
an understanding of the exact role of vibration and the support-
ing physiological mechanisms is still limited. An important
aspect of exercise analysis is the utilisation of oxygen, however,
there have been limited studies considering tissue oxygenation
parameters, particularly during dynamic whole body vibration
(WBYV) exercise. The aim of this study was to determine the
effect of adding WBYV during heel raise exercises and assessing
changes in tissue oxygenation parameters of the lateral gas-
trocnemius using Near Infra Red Spectroscopy (NIRS). Twenty
healthy subjects completed ten alternating sets of 15 heel raises
(vibration vs. no vibration). Synchronous oxygenation and
motion data were captured prior to exercise to determine base-
line levels, for the duration of the exercise and 20 sec post exer-
cise for the recovery period. Both vibration and no vibration
conditions elicited a characteristic increase in deoxyhaemoglo-
bin and decreases in oxyhaemoglobin, total haemoglobin, tissue
oxygenation index and normalised tissue haemoglobin index
which are indicative of local tissue hypoxia. However, the addi-
tion of vibration elicited significantly lower (p < 0.001) deple-
tions in oxyhaemoglobin, total haemoglobin, normalised tissue
haemoglobin index but no significant differences in deoxy-
haemoglobin. These findings suggest that addition of vibration
to exercise does not increase the cost of the exercise for the
lateral gastrocnemius muscle, but does decrease the reduction in
local muscle oxygenation parameters, potentially resulting from
increased blood flow to the calf or a vasospastic response in the
feet. However, further studies are needed to establish the
mechanisms underlying these findings.
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Introduction

Recent years have seen an increasing popularity of whole
body vibration (WBV) as an exercise modality. As a
consequence there is an increased need for greater under-
standing of the effects of the addition of vibration to exer-
cise. The effects of WBV on the musculoskeletal system
have been the subject of much research in the last decade
and have been summarised in recent reviews (Cochrane,
2011; Rittweger, 2010; Rauch, 2009). Studies on the
effects of vibration are essentially split into two catego-
ries, those on occupational vibration and those on vibra-
tion as an exercise modality. Typically occupational vi-
bration is much higher frequency (>100 Hz) with expo-
sure over longer durations e.g. hours each day (Griffin,
1990). Vibration for exercise purposes is typically much

shorter in duration e.g. minutes on a few days per week,
with much lower frequencies and amplitudes (Dolny and
Reyes, 2008). To date there have been few studies inves-
tigating the effect of WBV on tissue blood flow and oxy-
genation parameters. Nakamura et al. (1996) was one of
the first researchers to report that vibration exercise has
different blood flow responses to occupational vibration,
in that blood flow is increased to the digits of the hand.
Laser Doppler studies have shown that application of both
local vibration (Maloney-Hinds et al., 2008) and WBV
during isometric weight-bearing exercise (Lohman III et
al. 2008) significantly increased skin blood flow without
subsequent vasoconstriction during the recovery period.
Kerschan-Schindl et al. (2001) reported a 100% increase
of blood flow in the popliteal artery (from 6.5 to 13cm s
", corresponding to Lythgo et al. (2009) who found an
increased mean blood cell velocity in the femoral artery
following WBV. However, previously Hazell et al. (2008)
reported no difference in the femoral artery from WBYV in
addition to Button et al. (2007) who found local vibration
did not affect blood flow.

Cardinale et al. (2007) investigated the effects of
vibration during a static squat on vastus lateralis and gas-
trocnemius oxygenation, however no statistically signifi-
cant results were found. More recently Coza et al. (2011)
investigated gastrocnemius muscle oxygenation during
heel raise exercise in arteriolar occluded (AO) conditions
with respect to performance and recovery, both of which
are dependent on blood flow.

Near Infra-Red Spectroscopy (NIRS) has been
shown to provide valid, non-invasive measurements re-
garding tissue oxygenation parameters (Boushel et al.,
2001; McCully and Hamaoka, 2000; Suzuki et al., 1999)
and provides information on combined arteriolar, capil-
lary and venular haemoglobin concentrations (Quaresima
et al., 2001). The signal obtained is therefore dependent
on both oxygen delivery and rate of use. The aim of this
study was therefore to assess the acute effects of WBV
vibration during dynamic exercise on NIRS-derived mus-
cle oxygenation parameters.

Methods

This study was carried out in accordance with University
Ethics Guidelines and the ethical standards of the Decla-
ration of Helsinki. All participants gave informed consent
and received familiarisation of the procedure before data
collection. Twenty physically active subjects (14 male, 6
female, age 29 + 10.4 years, height 1.75 = 0.09m, weight
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76.2 + 17.15 kg, BMI 24.8 + 4.3), with no recent history
of lower limb musculoskeletal disorders were selected for
inclusion in the study.

Study design

All heel raise exercises were performed on a Power
Plate® pro6 (Power Plate International Ltd) whole body
vibrating platform (40Hz 1.9mm vertical displacement),
with either no vibration (NVIB) or vibration (VIB) being
utilised in ten alternating sets of 15 heel raises. The initial
set for each subject was randomised (i.e. VIB or NVIB).
The exercises were completed using a metronome operat-
ing at 1Hz to ensure all exercises were completed at the
same pace. The subjects were instructed to move at a pace
of 0.5Hz i.e. one second up on to toes to maximum heel
raise and one second down to complete flat foot and to
ensure each repetition was a full heel raise i.e. as far up
onto their toes as possible. Subjects were also instructed
to keep a slight bend on their knees to prevent excessive
transmission to their heads. During straight leg heel raise
activity although the soleus muscle contributes to the
movement, the prime activity comes from the gastrocne-
mius which is mechanically better positioned to generate
full power while the knee is extended compared to when
flexed (Baechle and Earle, 2008; Palastanga et al., 2004).

Data collection and processing

Tissue oxygenation parameters were obtained using a
NIRO 300 (Hamamatsu Photonics, Japan), the emitter and
recording sensor were placed on the right lateral gas-
trocnemius with the central distance between the emitter
and detector 1/3 of the distance between the head of the
fibula and the calcaneus. A constant distance of 4cm was
maintained between the emitter and the detector. Ana-
logue output to a USB AD board allowed synchronous
oxygenation and motion data capture. One retro-reflective
marker was placed on the right lateral malleolus and
tracked for 60 seconds at 20Hz to determine baseline
activity, ankle motion and recovery period (Oqus3, Qua-
lysis SB, Sweden).

Marker motion was tracked and all synchronous
data exported in c3d format for subsequent analysis in
Visual3D (C-Motion). Motion data was filtered (6Hz, 4™
order low pass Butterworth filter), maximal and minimal
vertical displacements were defined from which vertical
ankle displacements were derived as well as total exercise
time. Voltage calibration was used to convert oxygena-
tion signals to appropriate values; these data were then
smoothed using a 0.2Hz 4th order lowpass Butterworth
filter. All signals were baseline corrected relative to the
first 5 seconds of data prior to initiation of the exercise.
Maximal or minimum values during the exercise period
were used to determine absolute concentration changes
for deoxyhaemoglobin (AHHDb), oxyhaemoglobin
(AO2HD), total haemoglobin (AcHb), and tissue oxygena-
tion index (TOI, the ratio of oxygenated to total tissue
haemoglobin) and normalised tissue haemoglobin index
(nTHLI, the relative concentration of total haemoglobin).

Statistical analysis
Mean values of the five VIB and five NVIB repetitions

were determined for each participant and group mean data
are presented as means = SEs. Data were checked for
normality (Shapiro-Wilk test) and between-conditions
analysed using a Paired-Samples T-Test where distribu-
tion was normal and Wilcoxon signed rank test with non-
normal data distributions. Cross correlation analysis was
completed to identify any relationship between movement
and the cyclical changes observed in some of the oxy-
genation parameters. Gender differences were assessed
using one way ANOVA. The minimal level of signifi-
cance was set at p < 0.05. PASW Statistics 18 software
(IBM Corporation, USA) was used for statistical analysis.

Results

No significant differences were observed in range of
motion (NVIB: 9.7 + 0.4 cm, VIB: 9.2 + 0.02 cm) or in
the time taken to complete each set of exercises (NVIB
29.4 + 0.2 sec, VIB: 29.3 + 0.3 sec). Peak changes in
NIRS muscle oxygenation parameters during heel raise
exercises between NVIB and VIB conditions are shown in
Table 1.

Table 1. NIRS tissue oxygenation parameter changes. Data
are means (£SE).

Parameter NVIB VIB

A HHb (pM) 13.7 (1.4) 14. 1(1.5)

A O,Hb (uM) -18.1 (1.3) -144 (1.4)*
A cHb (nM) -8.1(1.1) -3.7(1.0)*
nTHI (a.u.) -3.3(.5) -1.6(5)*

TOI (%) -18.0 (1.0) -16.9 (1.0)

TOI Slope (% s") -.69 (.05) -.63 (.05)

Asterisk denotes significant differences between

NVIB and VIB conditions (p < 0.001).

Aggregate time series data representing increasing
A HHb and decreasing A O,Hb profiles are shown in
Figures la and 1b respectively which together are charac-
teristic of tissue hypoxia. NVIB and VIB conditions pro-
duced very similar A HHb profiles with no significant
difference in absolute concentration changes. However,
the A O,Hb profiles showed a higher O,Hb depletion
during exercise in the NVIB condition. In the VIB condi-
tion O,Hb depletion was significantly reduced relative to
NVIB (p <0.001).

Aggregate time series data representing A cHb and
nTHI profiles are shown in Figures 2 and 3 respectively.
During exercise in both NVIB and VIB conditions the
time series data show similar patterns with an initial rapid
decrease in response to the onset of exercise, a slow but
linear recovery during the exercise, followed by a rapid
increase in both AcHb and nTHI ending in levels above
the pre-exercise baseline. There were no significant dif-
ferences in the slow recovery component slopes during
the exercise protocol; however, the decrease in blood
volume (as indicated by AcHb and AnTHI) during the
VIB condition was less than half of that seen during the
NVIB condition (p < 0.001).

Aggregate time series data representing TOI pro-
files are shown in Figure 4. Similar profiles were ob-
served in both NVIB and VIB conditions with an initial
linear decrease in tissue oxygenation from the onset of
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exercise and a corresponding linear increase following
cessation of exercise. A higher level of tissue desatura-
tion was observed in the NVIB condition compared to the
VIB condition, however the absolute changes from base-
line to minimal TOI values did not reach significance (p =
0.151) nor did the slopes of the initial linear rate of
change in TOI (p = 0.158).
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Figure 1. a. A HHb profile; b. A O,Hb profile; (mean and
SE). Solid line indicates NVIB and dotted line VIB condi-
tions. Vertical dashed lines indicate start and end of the
exercise protocol.
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Figure 2. A cHb profile (mean and SE). Solid line indicates
NVIB and dotted line VIB conditions. Vertical dashed lines
indicate start and end of the exercise protocol.

When investigating gender difference ANOVA
only highlighted differences in A HHb with females pro-
ducing significantly less HHb during both NVIB and VIB
conditions compared to male participants (p < 0.05).

All oxygenation parameter time series profiles ex-
hibited cyclical changes during the exercise protocol.
These data were compared to the ankle motion time series
using cross correlation analysis. This showed the cyclic
nature of ankle motion and changes oxygenation parame-
ters had the highest level of correlation (r = 0.473) with a
lag difference of only 0.6 s.
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Figure 3. nTHI profiles (mean and SE). Solid line indicates
NVIB and dotted line VIB conditions. Vertical dashed lines
indicate start and end of the exercise protocol.
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Figure 4. TOI profiles (mean and SE). Solid line indicates
NVIB and dotted line VIB conditions. Vertical dashed lines
indicate start and end of the exercise protocol.

Discussion

The results obtained indicate that there are significant
differences in tissue oxygenation resulting from the addi-
tion of whole body vibration to heel raise exercise. Whilst
NIRS does not precisely measure blood flow, changes in
haemoglobin levels point towards blood volume in the
arca assessed (Boushel et al., 2001; Bhambhani et al.,
2000; Mileva et al. 2006) and changes can be an indica-
tion of oxygen delivery and utilisation in non-occluded
conditions (McNeil et al., 2006).

The changes in cHb observed in this study suggest
an initial decrease in blood volume/flow, likely to be a
consequence of ‘start up costs’ of exercise, followed by
an increase in blood volume/flow. The differences ob-
served in cHb, nTHI and O,Hb suggest that the addition
of vibration during exercise reduces the depletion of these
measures. Since the nTHI is based on an assessment of an
unknown path length, the actual tissue volume assessed is
not known. Therefore the units obtained are arbitrary
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units, however the relative level of changes are an indica-
tion of changes in blood volume or blood flow, with po-
tential to discriminate between arterial (decreased nTHI)
or venous (increased nTHI) occlusions (Myers et al.,
2009).

During exercise decreased levels of available oxy-
genated haemoglobin in conjunction with increased levels
of deoxygenated haemoglobin are indicative of local
muscular hypoxia; therefore any intervention which alters
these parameters has potential to influence local muscle
hypoxia. The pattern of change observed in nTHI is very
similar to that reported by Coza et al. (2011) when inves-
tigating the effect of vibration in arterially occluded and
non occluded blood flow during vibration exercise, the
changes in nTHI were attributed to increased blood flow.

These results also reflect previous research which
has shown the rate of blood flow in the popliteal artery
doubles during vibration exercise (Kerschan-Schindl et
al., 2001). The increase in blood flow potentially explains
the lower levels of depletion in oxygenated haemoglobin
found in this study. Influx of blood to exercising muscles
brings additional haemoglobin and, in the absence of
occlusion, will influence the recorded levels of oxygen-
ated haemoglobin.

This increase in blood flow and volume will also
influence tissue saturation and therefore TOI (Quaresima
and Ferrari, 2009) which may explain the lack of a sig-
nificant difference observed between the exercise condi-
tions. The similar A HHb profiles observed during exer-
cise with and without vibration suggest that the mechani-
cal and metabolic costs of each protocol were essentially
the same. The only parameter noted to have a significant
difference between male and female participants was A
HHb. It could be suggested that female subjects were
subjected to less mechanical work (due to lower body
masses), or that gender differences in subcutaneous adi-
pose tissue thickness affected NIRS signals Cooper et al.
(2010). However, further work in this area is required to
determine the relative impact of subcutaneous adipose
tissue thickness on each of the NIRS signals. It should
also be noted that the female sample group was small (n =
6); therefore caution must be taken when drawing gender
specific conclusions.

Interestingly the inverse relationship between
changes in the levels of nTHI and position of the ankle
suggests that systematic drops in haemoglobin occur at
the point in time when the ankle is at its highest point i.e.
at the peak of muscle contraction. This decrease could
either be indicative of maximum use of haemoglobin at
the point when the muscle is working hardest, or reduced
blood flow due to the muscle working isometrically for
brief period at the point of maximum heel raise. It should
also be considered that a potential consequence of vibra-
tion exercise is a shift in the type of fibres being utilised
to perform the exercise from type II fibres to type I fibres.
Potentially this could have resulted in greater increases in
HHDb levels which were not observed. However, it should
be noted that the precise relationships between the meta-
bolic and microvascular heterogeneities of muscle fibre
types has not yet been fully elucidated (Koga et al., 2007).

In order to address these questions the exercise

protocol could be repeated whilst recording electromyog-
raphic activity to provide a greater insight into the possi-
bility of muscle fibre activity.

Previous studies have investigated the role of the
gastrocnemius contraction as a muscle pump in relation to
blood flow and venous return. The validity of muscular
contractions influencing venous return remains a contro-
versial issue with many authors reporting no influence
and suggestions that increased blood flow is more likely
to be a result of increased vasodilatation. (Clifford et al.
2005; 2007; Hamann et al., 2003; 2004; Nagami, 1990).

It should also be considered that a more distal re-
sponse, such as vasospasm in the feet, could result in a
resistance to blood flow from the calves. Recently
Thompson et al. (2010) reported a case of occupational
exposure resulting in vasoconstriction in the feet but not
the hands; diagnostic testing indicated normal ankle bra-
chial indices but reduced digital plethysmographic wave-
forms in the toes when exposed to cold. However, it
should be noted that the case study was based on a miner
with 18 years of exposure. While this potential mecha-
nism has not been fully investigated and to the author’s
knowledge never investigated in response to WBV exer-
cise, this type of local response could explain the results
obtained.

A final explanation to consider is that of a global
response to vibration. Previous investigations of the ex-
tremities have indicated that local vibration to the hand
has resulted in changes in circulatory disturbances of the
foot (Egan et al., 1996; Sakakibara, 1994). These changes
have been attributed to a central sympathetic vasocon-
strictor reflex elicited by vibration (Egan, 1996). These
findings partially confirm the earlier work of Greenstein
and Kester (1992) who investigated the effect of unilateral
hand vibration with and without a nerve block. They
found that in the majority of cases a bilateral response
suggestive of a sympathetic vasoconstrictor reflex in the
absence of a digital nerve block was obtained. When the
nerve block was administered the response was absent
and vasodilatation was noted. However, it should also be
noted that in some subjects vasodilatation was noted
without the nerve block. The authors concluded that acute
vibration may elicit both a vasoconstrictor reflex and an
active local vasodilatation, with both mechanisms com-
peting against each other. In 2002 Schweigert conducted a
systemic review to establish if competing hypothesis
regarding the underlying mechanisms for circulatory
disturbances of the extremities in response to vibration
could be developed in to an established theory. Unfortu-
nately the studies were found to have significant validity
flaws such as lack of independent variables, selection and
survivor bias, the assessment of confounding exposures
and the lack of blinding of investigators. The ultimate
conclusions were that there is some evidence for lower
limb vascular symptoms (cold induced vasospasm) to be
associated with Hand Arm Vibration Syndrome (HAVS)
but not in workers exposed to vibration without HAVS.
The effect on local vascular structures has also been in-
vestigated by assessing pulse wave velocity and blood
pressure at the ankles as an estimate of peripheral arterial
stiffness. While it is difficult to distinguish between pe-
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ripheral and central arterial stiffness, it was suggested that
by obtaining measurements at the ankles peripheral influ-
ence would be greater (Otsuki et al., 2008). Results ob-
tained indicated that arterial stiffness reduced approxi-
mately 20 minutes after WBV exercise and lasted for up
to 40 mins. The authors proposed that this may reflect
vasodilatation via vascular endothelial function. This is
supported by evidence that vibration during cycling re-
sulted in an increase in the release of vascular endothelial
growth factor (Suhr et al., 2007) which could result from
increased shear stress in blood vessels, as mathematically
modelled by Yue et al. (2007a; 2007b).

The potential limiting factors of this study include:
the small number of female participants; the fact only one
muscle was monitored for changes in oxygenation; the
lack of additional information such as EMG of the triceps
surae, vascular changes in the feet and global effects of
the sympathetic nervous system (such as sweating and or
physiological changes in the hands). Once these areas
have been addressed, in particular the effect of vibration
on the vasculature of the feet, recommendations for exer-
cise prescription and/or contraindications can be made.
All of these areas present an opportunity for further re-
search on vibration exercise.

Conclusion

The results obtained indicate that the addition of vibration
to heel raise exercise does not increase the metabolic cost
of completing the exercise for the lateral gastrocnemius
muscle. However, the addition of vibration during exer-
cise does decrease the reduction in local muscle oxygena-
tion parameters potentially indicating less reduction in
tissue blood volume and/or increased blood flow, this
pattern of responses is indicative of reducing exercise
induced tissue hypoxia. Nonetheless, it is important not to
over interpret these results. To date it has not been fully
established if the observed changes are a direct result of
increased blood flow to the leg, or a consequence of a
vasospastic response in the feet creating a blood pooling
effect in the legs. Further studies should be undertaken to
investigate these potential explanations before conclu-
sions are formed and exercise/rehabilitation recommenda-
tions being issued.
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Key points

e Whole body vibration affects tissue oxygenation of
the lateral gastrocnemius.

e The underlying mechanism could be either increased
blood flow or a vasospastic response in the feet.

e The local metabolic cost of heel raise activity on the
lateral gastrocnemius does not appear to be in-
creased by whole body vibration.

DX Daniel Robbins

Centre for Sports Science and Human Performance , Grenville
Building, School of Science, University of Greenwich, Medway
Campus, Central Avenue, Chatham Maritime, Kent ME4 4TB,
UK



