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Abstract

Introduction: Prolonged exposure to seated whole-body vibration
(WBV) is considered a risk factor for neck pain (NP) and low back
pain (LBP) in aircrew. Decreased trunk proprioception following
WBV exposure has been previously reported. Proprioceptive
feedback from the mechanoreceptors of the neck and trunk
regions plays an important role in maintaining proper postural
stability; therefore, it was hypothesized that WBV exposure would
negatively affect both cervical/trunk proprioception and postural
stability, potentially exposing aircrew to a greater risk of NP/LBP.
The purpose of this study was to examine the effects of WBV on
cervical and trunk proprioception and postural stability.

Methods: A total of 15 healthy subjects (6 males and 9 females)
participated (age: 25.4 + 4.5 years, height: 169.0 + 7.8 cm, weight:
69.9 + 10.9 kg). On three separate visits, subjects performed one of
three testing protocols before and after seated WBV exposure for
30 minutes: 1. Cervical spine rotation joint position sense (JPS); 2.
Trunk flexion JPS and trunk flexion/extension threshold to detect
passive motion (TTDPM); and 3. Single leg eyes-open/closed static
postural stability and dynamic postural stability. Cervical/trunk JPS
was calculated as an absolute difference between the reference and
replicated trials. Trunk TTDPM was calculated as time to perceive
a passive movement and direction. The standard deviation of the
ground reaction forces in anterior-posterior, medial-lateral, and vertical
directions during a 10-second static balance was used for static
postural stability. The first three seconds of the ground reaction forces
during a forward jump-landing task were used to calculate dynamic
postural stability index. Paired t-tests or Wilcoxon Signed Ranks tests
were used to examine the difference before and after the seated WBV
exposure across all variables. A Bonferroni correction was applied to
the accepted p-value (p < 0.01).

Results: No significant changes were observed in cervical spine
JPS, trunk JPS/TTDPM, or static/dynamic postural stability
variables.

Discussion: Based on the current findings, the seated WBV
exposure does not seem to influence proprioception and static/
dynamic postural stability. Future studies should consider the
occupational vibration, which has cumulative effects and other
combined factors such as posture and muscular fatigue.
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Introduction

A high prevalence of neck pain (NP) and low back pain (LBP)
in military helicopter aircrew has been reported as high as 84.5%
and 92%, respectively [1,2]. Furthermore, age and total flight-hours
have been reported as contributing factors for NP/LBP, in part due to
prolonged exposure to mechanical whole body vibration (WBV) and
poor sitting posture in a confined cockpit [3,4]. It has been reported
that WBYV frequency during helicopter operation ranges from 1 to 10
Hz and the human body’s resonance ranges from 3 to 7 Hz [5,6]. It
is hypothesized that at the body’s resonance, vibration transmission
and amplitude magnifies throughout the spine, potentially causing
premature muscular fatigue and compromised neuromuscular
control [5,6]. The previous study has indicated an increase in muscle
activation of the lumbar and thoracic spinal muscles during seated
WBV exposure [7]. In turn, greater muscle activation must be met by
increased metabolic/energy demand [8]. Overtime, muscular fatigue
and associated changes in neuromuscular control may occur. For
the same reasons (seated WBV exposure), other occupations such as
large farm-machine operators and professional drivers are known to
have NP and LBP issues [9,10].

Seated WBV exposure is also thought to influence one’s
proprioceptive feedback by stimulating muscles spindles. The primary
and secondary endings of muscle spindles contribute the sensation
of joint position sense and movement (kinesthesia) while the
secondary endings are mainly for joint position sense [11]. In earlier
studies, muscle spindles are shown to be sensitive to high frequency
vibration (80-150 Hz), and the application of vibration can result in
overstimulation of the gamma motor neurons and false sensation
of limb movement (even though there is no limb movement) [12].
Because proprioception provides information regarding joint
position sense, kinesthesia, and sense of heaviness about joints [13]
and plays an important role in the control of posture and locomotion
[14], exposure to vibration can influence one’s postural stability.
Specifically, the proprioceptive information from neck muscle
spindles influence head position, eye movement, and postural stability
with the cervico-collic reflex, the cervico-ocular reflex, and the tonic
neck reflex, respectively, during static and dynamic tasks [15]. The
proprioceptive information from the lumbar spine muscles also
influence one’s lumbar spine joint position sense as muscle activities
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are altered through the application of vibration and corresponding
distorted/biased proprioceptive signal for processing [16,17].

However, compared to an application of high frequency vibration
to local postural muscles, the effects of seated WBV on proprioception
and balance are not well understood. Previously, seated WBV
exposure for 30 minutes negatively influenced balance during an
unstable seated balance task [18]. Similarly, seated WBV exposure
for 20 minutes resulted in increased trunk joint position sense errors
[19]. On the other hand, a more recent study has reported that WBV
did not alter joint position sense at the knee and ankle or static
balance [20].

To our knowledge, few studies have evaluated the effects of
seated WBV exposure (that simulated aircrew vibration) on both
cervical/trunk proprioception and static/dynamic postural stability.
Therefore, the purpose of the study was to evaluate the effects of
seated WBV exposure on cervical/trunk proprioception and static/
dynamic postural stability. It was hypothesized that after seated WBV
exposure, subjects would exhibit poor cervical proprioception (joint
position sense (JPS)), trunk proprioception (JPS and trunk flexion/
extension threshold to detect passive motion (TTDPM)), and balance
(single leg static and dynamic balance). It is clinically important to
understand how cervical/trunk proprioception and static/dynamic
postural stability could be altered after seated WBV exposure because
diminished proprioception and balance are considered as risk factors
of individuals with NP/LBP.

Methods
Study design and subjects

A total of 15 recreationally active adults (6 males and 9 females)
participated in this study (age: 25.4 + 4.5 years, height: 169.0 + 7.8 cm,
weight: 69.9 + 10.9 kg). The number of subjects was determined using
the power analysis (a = 0.05 and 1-p = 0.8) based on the previous
results task [18]. Recreationally active is operationally defined as an
individual who participates in physical activity at minimum of three
times per week for at least 30 minutes per session. Individuals with
aged 18 to 40 years were included in order to minimize age-related
differences on proprioception and balance [21]. Individuals were
excluded if currently experiencing NP or LBP, had a history of spine
surgery or concussion, or their occupations involve WBV exposure
(professional driver, farmers, aircrew, construction workers, etc).
Prior to each test session, subjects were encouraged to avoid any
unfamiliar exercises, heavy lifting, or endurance sports as fatigue
and repetitive eccentric loading have shown to alter proprioception.
Each subject visited the human performance laboratory three times
at least one day apart. Subjects performed the following testing, each
on a separate day: 1. Cervical rotation JPS; 2. Trunk flexion JPS and

TTDPM; and 3. Single-leg static and dynamic postural stability. These
tasks were completed before and immediately after a 30-minute
seated WBV. WBV occurred with the subject in a seated position,
directly on the VibePlate XL (VibePlate, Lincoln, NE). The VibePlate
XL measures 76.2 cm by 182.9 cm, allowing for the subjects entire
body to be on the VibePlate XL for the duration of the WBV. The
order of modalities (cervical JPS, trunk JPS/TTDPM, and balance)
was determined by a Latin-square method to eliminate any learning
effects. Each visit took approximately one hour and 30 minutes. Prior
to data collection, the protocol was reviewed and approved by the
University of Pittsburgh Institutional Review Board (IRB).

Instrumentation and procedures

Cervical and trunk JPS were collected using a Vicon Nexus motion
capture system synchronized with 10 MX13 infrared cameras (Vicon
Motion Systems, Centennial, CO). Trunk TTDPM was collected
using a BIODEX System 3 PRO dynamometer (BIODEX, Shirley,
NY). Static and dynamic balance was collected using a Kistler force
plate (Kistler 9286A, Amherst, NY). Seated WBV was administered
while seated for 30 minutes using a low frequency vibration plate
(VibePlate, Lincoln, NE) (frequency 10 Hz, oscillating amplitude: 2
mm).

For cervical JPS testing, left and right rotation JPS at angles of 30°
(L30, R30) and 60° (L60, R60) were tested. Subjects were fitted with
a helmet (HGU-56, Gentex Corporation, Simpson, PA), blindfolded,
and seated on a wooden chair with hips and knees at approximately
90° flexion and feet hip-width apart. Fourteen millimeter diameter
retroreflective markers were placed on both sides of the helmet (over
the midline of the sphenoid bone (temple) and the most posterior
aspect of the parietal bone without passing the inferior temporal line
on the helmet). Additional markers were placed directly on the skin
over C7, T10, the jugular notch, and xiphoid process. After a static
capture trial, the subject practiced full left and right active rotation
three times. The subject then performed a target angle trial followed
by a reproduction angle trial (Figure 1). This was repeated six times
for each direction and angle. Vicon Nexus Software was used to
reconstruct position of the reflective markers in 3-dimensional space.
Marker trajectories were smoothed using a general cross-validation
Woltring filter and subsequently filtered using a fourth-order low-
pass Butterworth filter with a 20 Hz cutoff frequency. Absolute values
between a target angle and replicated angle were defined as JPS
absolute error (AE). An average of six trials of JPS AE at each position
(R30, L30, R60, and L60) was used for statistical analyses. Reliability
and precision of the cervical JPS tests was previously established in
our laboratory (Intraclass Correlation Coefficient (ICC) = 0.44-0.81;
Standard Error of Measurement (SEM) = 0.64-1.28 degrees) [22].

Figure 1: Proprioception testing (Cervical JPS, Trunk JPS, and Trunk TTDPM).
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For trunk JPS testing, markers were be placed on the following
anatomical landmarks: 2nd metatarsal head (dorsal aspect), lateral
malleolus (distal tip), posterior calcaneus (at the level of the 2nd
metatarsal marker), lateral aspect of lower leg (midpoint between
lateral malleolus and lateral femoral condyle markers), lateral femoral
epicondyle, lateral aspect of the upper leg (midpoint between lateral
femoral condyle marker and the greater trochanter of the femur),
anterior superior iliac spine, posterior superior iliac spine, T10, C7,
xiphoid process, and, jugular notch. After a static capture, participants
were instructed to stand upright with weight equally distributed on
both feet near the center of the capture area. A custom guide was
placed in front of the subject so that the crossbar contacts the anterior
thigh. A subject was asked to forward flex 20 degrees until the anterior
abdomen contacted the guide and press a trigger to mark the position.
Then, the subject returned to the start position and attempted to
replicate the target position without a guide (Figure 1). This test
was repeated six times. Marker trajectories were reconstructed,
smoothed, and filtered similar to the cervical JPS AE. An average of
six trials of trunk JPS AE was used for statistical analyses. Reliability
and precision of the trunk JPS tests was previously established in our
laboratory (ICC = 0.84 - 0.98; SEM = 0.2 - 1.0 degrees) [23].

For trunk flexion-extension TTDPM testing, a subject wore a
blindfold and noise cancelling headphones. The subject was seated
on the Biodex and strapped with two Velcro straps across the thighs
and pelvis to minimize hip involvement, and the H-harness across
the chest very firmly to ensure the trunk moved consistently with the
dynamometer (Figure 1). The Biodex was initiated to passively move
at 0.25 degrees per second. The investigator instructed the subject
to press a hold button upon first perception of trunk motion and
identify in which direction the movement occurred. If movement
direction was identified incorrectly, that trial was discarded. The
time from first instruction to commencement of motion was selected
by the investigator between 3 - 20 seconds. A total of 12 trials were
performed, six toward flexion and six toward extension in random
order. The TTDPM was calculated as the difference between the angle
of detection and the starting angle. An average of six trials in each
direction was averaged and used for statistical analyses. Reliability and
precision of TTDPM were previously established in our laboratory
(ICC = 0.90; SEM = 0.05 degrees) [24].

For balance testing, a subject performed three trials (10 seconds
each) of a single-leg standing balance test (barefooted) under eyes-
open and eyes-closed conditions. The subject was asked to remain
as still as possible with the non-stance limb raised to about the level
of the stance limb ankle without touching the stance limb and with
hands on their hips (Figure 2). The subject was permitted to touch
down on the force plate with the non-stance limb during the trial
[25]. However, if a subject stepped off of the force plate during the
10 second trial, those trials were repeated. Standard deviations of
ground reaction forces in three planes (anterior-posterior, medial-
lateral, and vertical) during the 10-second trial were calculated and

used for statistical analyses. The dominant leg, defined as a preferred
leg to kick a ball, was analyzed. Reliability and precision of single-leg
balance testing was previously established in our laboratory (ICC =
0.71 - 0.94; SEM = 0.19 - 3.40 Newtons) [26].

For dynamic balance, a subject was asked to stand on two legs at
a distance of 40% of his or her body height from the force plate. The
subject was asked to jump forward on to the force plate, initiating the
jump from two limbs and clearing a 12-inch hurdle, which was placed
at the midpoint between the subjects’s starting spot and the force plate.
The subject was asked to land on their dominant leg. Upon landing,
the subject was asked to stabilize as quickly as possible, place hands
on hips, and balance for 10 seconds (Figure 3). Trials were discarded
and re-assessed if the non-dominant leg touched the dominant leg
or the ground. Trials were also discarded if the subject’s dominant
heel shifted upon landing or if a bounce occurred after initial contact
with the force plate. Dynamic postural stability index in the anterior-
posterior, medial-lateral, vertical, and combined directions, were
calculated root mean square deviations about a zero point during
the first three seconds of landing after initial contact with the force
plate and normalized to body weight [26]. Initial contact was defined
as the point where the vertical ground reaction force exceeded 5%
of the participant’s body weight. An average of three trials was used
for statistical analyses. Reliability and precision of dynamic postural
stability testing was previously established in our laboratory (ICC =
0.86; SEM = 0.001) [26].

Figure 2: Static postural stability testing.

Figure 3: Dynamic postural stability testing.
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Table 1: Proprioception and Balance Results Pre- and Post-WBV Exposure (means + standard deviations).

Pre Post P-Value Effect Size
Cervical Proprioception (degrees)
R30 JPS AE 2.65+1.40 2.09+1.12 0.064 -0.442
L30 JPS AE 2.89+0.97 2.59 +1.00 0.411 -0.305
R60 JPS AE 2.16 + 1.69 2.49+1.30 0.079 0.219
L60 JPS AE 3.00 £ 3.77 3.40 £ 2.86 0.331 0.120
Trunk Proprioception (degrees)
Trunk JPS AE 245+ 1.37 1.62+0.70 0.029 -0.763
Trunk TTDPM Flexion 0.88+0.70 0.87 £ 0.84 1.000 -0.013
Trunk TTDPM Extension 1.09 +0.67 1.03+0.74 0.505 -0.085
Static Postural Stability (centimeters and Newtons)
EO CoP Anterior-Posterior 3.50 + 0.52 4.01+£0.75 0.020 0.790
EO CoP Medial-Lateral 3.99+0.70 4.61+0.99 0.031 0.723
EO Anterior-Posterior 1.92+0.54 2.07 £0.62 0.068 0.258
EO Medial-Lateral 2.22 +0.64 247 £1.14 0.427 0.270
EO Vertical 3.03 +1.02 3.30+1.43 0.417 0.217
EC CoP Anterior-Posterior 8.57 +2.39 7.53+2.03 0.023 -0.469
EC CoP Medial-Lateral 9.11+3.28 8.29 £ 3.89 0.307 -0.211
EC Anterior-Posterior 5.17 £ 1.54 460 £1.75 0.177 -0.346
EC Medial-Lateral 7.75 £ 3.05 6.80 + 2.87 0.173 -0.321
EC Vertical 8.60 + 3.47 8.27 £4.17 0.363 -0.086
Dynamic Postural Stability Index (no unit)
Anterior-Posterior 0.132 +£0.010 0.129 + 0.011 0.151 -0.285
Medial-Lateral 0.026 + 0.004 0.028 + 0.008 0.820 0.316
Vertical 0.312 +£ 0.034 0.307 + 0.033 0.113 -0.149
Combined 0.340 + 0.033 0.335 + 0.031 0.069 -0.156

JPS AE: Joint position sense absolute error; TTDPM: Threshold to detect passive motion; EO: Eyes-open; EC: Eyes-closed

Statistical analyses

Descriptive statistics (means and standard deviations) were
calculated for all dependent variables before and after WBV exposure
for 30 minutes (pre/post). Each dependent variable was checked for
normality using Shapiro-Wilk tests. Based on the normality, paired
t-test or nonparametric Wilcoxon signed rank test were used to
compare neck and trunk proprioception and balance before and
after seated WBV. Effect size (Cohen’s d) was calculated based on the
means and standard deviations of pre/post values [27]. Significance
was adjusted for multiple comparisons with Bonferroni Correction
(p < 0.01 a priori). All statistical analyses were performed using SPSS
version 20.0 (IBM Corporation, Armonk, NY).

Results

Descriptive statistics are represented in table 1. There were
no statistically significant differences in Cervical JPS AE (p =
0.064-0.411). Similarly, trunk JPS AE and trunk TTDPM were not
statistically significant (p = 0.029-1.000). For static postural stability,
there were no statistically significant differences in all variables both
EO and EC conditions (p = 0.068-0.427). Similarly, dynamic postural
stability variables were not statistically different (p = 0.113-0.820).

Discussion

The current study evaluated the effects of WBV on cervical/
trunk proprioception and static/dynamic postural stability. It
was hypothesized that after seated WBV exposure, there would be
significant reductions in cervical/trunk proprioception and balance.
Contrary to the hypotheses, none of variables were significantly
different after the seated WBV exposure. Therefore, based on the
current findings, seated WBV exposure does not negatively influence
cervical/trunk JPS AE, trunk TTDPM, and postural stability. From
a methodological perspective, all values of cervical/trunk JPS AE,
trunk TTDPM, and postural stability were similar to previous studies
with the same procedures [22-24,26]. The current findings are also
clinically important. Each dependent variable is further discussed
below.

Cervical proprioception has received a significant amount of
attention due to its influence on balance, perception of motion, and
motor control [28]. In short, cervical proprioceptive and vestibular

input converges and interacts at the vestibular nuclei, the cerebellum,
and the parieto-insular vestibular cortex, playing an essential role
in conscious awareness of motion, spatial orientation, and body
motion [28]. Cervical proprioception is commonly evaluated using
either the head-to-neutral reposition test or JPS. In the current study,
cervical proprioception was measured using JPS, and there was no
significant change before and after seat WBV exposure. A recent
meta-analysis revealed that the head-to-neutral reposition test was
able to differentiate individuals with and without NP [29]. Based
on this meta-analysis on cervical proprioception methodologies, it
is speculated that JPS may not be sensitive enough to detect small
differences caused by seated WBV exposure. There were very few
studies examining the effects of WBV on cervical proprioception
to compare with the current study. More recently, Beinerd, et al.
[30] compared individuals with and without NP before and after an
application of handheld high frequency vibration (100 Hz, 1 mm
amplitude) to the neck region. The authors reported a significant
reduction in JPS error (better proprioception) in subjects with NP
while a significant increase in JPS error (worse proprioception) in
subjects without NP was observed [30]. More research is needed
to understand the effects of seated WBV exposure to cervical
proprioception.

As to trunk proprioception, there were no significant differences
after seated WBV exposure. Previously, there were mixed results on
the effects of WBV on trunk proprioception [19,31,32]. A study by Li,
etal. [19] evaluated trunk JPS before and after 20-min WBV exposure
(5.0 Hz, 0.22 m/s?) and indicated 1.58-fold increase in trunk JPS
error. Similarly, a study by Lee and Chow [31] evaluated trunk JPS
before and after 5-min WBV exposure (18.0 Hz, 6 mm amplitude);
however, there were no significant changes on trunk JPS. A study
by Fontana, et al. [32] used 5-min WBV exposure (18.0 Hz, 10 mm
amplitude) in semi-squat position and found a significant reduction
in trunk JPS error (better JPS) after the exposure, suggesting a positive
influence of WBV on trunk JPS. The results of the current study were
in accordance with the study by Fontana, et al. [32]. Interestingly,
similar to the cervical JPS studies in individuals with NP [30], it has
been reported that applying handheld vibration (70.0 Hz, 0.5 mm
amplitude) on the paraspinal muscles actually reduces trunk JPS error
(better proprioception) in individuals with LBP [17]. It is beyond the
scope of the current investigation; however, future investigations
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should explore potential use of vibration as a treatment of NP and
LBP. In fact, use of vibration as a part of neurorehabilitation for
individuals with neurological conditions: spinal cord injury, multiple
sclerosis, and Parkinson’s disease have been used to reduce spasticity
and promote motor activity and locomotion [33].

The current investigation revealed that there were no effects of
WBYV on static and dynamic postural stability. This finding was in
accordance with the previous studies, which found no effect of WBV
on static and dynamic postural stability [20,34]. Pollock, et al. [20]
examined static postural stability eyes-open and eyes-closed before
and after a 5-minute (1 minute x 5) WBV exposure (30 Hz, 4-8 mm
amplitude) finding no significant changes [20]. Interestingly, the
authors also examined 15 minutes and 30 minutes after the WBV
exposure and found that the variation of the vertical component of
the center of mass acceleration after 30 minutes was actually better
than the baseline values in the eyes-open conditions [20]. Similarly,
Torvinen, et al. [34] evaluated the effects of a 4-minute WBV exposure
(25.0-40.0 Hz, 2 mm amplitude) on performance tests (maximal leg
press, vertical jump, grip strength, and shuttle run) and balance tests
(Biodex Stability System (BIODEX, Shirley, NY) postural sway test
and tandem walk test), reporting no significant changes on those
parameters. Contrarily, a higher frequency (44 Hz) WBV exposure
has shown to decrease postural stability, likely greater activation of
mechanoreceptors [35]. It is also important to recognize that the
inconsistency of findings in literature might be explained by the
methodological differences between the studies, related to both the
vibration parameters and the measures assessed.

There have been few studies examining the effects of WBV on
dynamic postural stability. As previously stated, Beinert, et al. [30]
used a perturbation platform to evaluate dynamic balance before
and after hand-held high frequency vibration to neck muscles. They
reported significant reduction in sway distance (better dynamic
postural stability) in individuals with NP following the application
of the hand-held high frequency vibration [30]. With these previous
results and the results of the current study, it could be concluded
that minimal changes on static and dynamic postural stability can be
expected after seated WBV exposure.

There are limitations in the current investigation. We did not
utilize accelerometers to actually see how much vibration subjects
were experiencing at each level of the spine (lumbar, thoracic, cervical,
and head) while sitting on the WBV plate. We also did not evaluate
muscular electromyography to observe muscle activities in the spine
and potential fatigue effects using frequency analyses. Another
limitation is a lack of generalizability. Sitting on the WBYV plate for 30
minutes is not the same as riding on the helicopter for several hours
with full combat gears in their career (cumulative effects). Similar
investigations should be conducted under real occupational settings.

In conclusion, to our knowledge, the present study is the first
to evaluate the effects of seated WBV exposure on cervical/trunk
proprioception and static/dynamic postural stability. The results
indicate that the seated WBV exposure may have minimal to no
negative effect on those characteristics. Instead, positive effects
of vibration have been reported: applications of high frequency
vibration have been used in the neurorehabilitation [33] and have
shown to improve kinesthesia and balance [36]. A recent review paper
on WBYV studies also supports this contention [37]. Another study
has shown positive effects of WBV on a functional task in untrained
elderly subjects [38]. However, we should interpret the current
results cautiously as there have been few studies evaluating chronic
effects (over their career) of seated WBV exposure on cervical/trunk
proprioception and balance and the development of neurological/
musculoskeletal conditions in aircrew. It is important to recognize
that this topic (effects of occupational WBV) is very complex as
the effects of WBV might be dependent on several factors, such as
the parameters of stimulation (frequency, duration, amplitude and
direction), the position of the subjects during vibration, the place
of stimulation. Additionally, given the importance of cervical/trunk
proprioception and its role in balance, spatial orientation, and motor

control, future studies should include the vestibular and visual system
and evaluate how each system interacts with WBV.
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