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Whole-body vibration (WBV) is prevalent in labour-related activities and can have adverse effects on the health
and performance of the individuals exposed. However, evidence regarding the extent to which human func-
tionality is affected following occupational WBV exposure has not been collated. The current systematic review
sought to synthesize existing literature and assess the strength and direction of evidence regarding the acute
after-effects of occupational WBV exposure on cognition, visual function, postural stability, and motor control.
We conducted a comprehensive search of AMED, CINAHL, MEDLINE, PubMED, Psychology and Behavioural
Sciences Collection, SPORTDiscus, APA PsychiInfo, Cochrane Library, EMBASE, HMIC, Global Health, ProQuest
Central, Scopus, Web of Science, and the US National Technical Information Service on April 26, 2023. Studies
that quantified vibration exposure and measured acute changes in cognition, visual function, postural stability,
and motor control from baseline to post-vibration were considered without date restriction. Out of the 2663
studies identified, 32 were eligible for inclusion. Based on the Risk of Bias in Non-Randomized Studies of
Exposure (ROBINS-E) tool, the studies demonstrated low (66%), moderate (25%) and high risk of bias (9%). The
findings indicate that after exposure to WBV, postural stability either deteriorates or remains unchanged.
Inconsistent effects of WBV on cognition were reported, while visual function and motor control showed no
pronounced changes following WBV. This might be attributed to assessment limitations such as learning effects
in neuropsychological and motor tasks, and non-functional measures of vision employed. There was a lack of
consistency in the characterization of vibration exposure and the assessment of associated effects on functional
performance. Current evidence is therefore insufficient to provide definitive guidance for updating occupational
health and safety regulations regarding WBV. However, this review highlights the potential for WBV to jeop-
ardize post-exposure human performance and, consequently, safety. The completion of the review was supported
by a UKRI EPSRC training grant. The review has been registered on PROSPERO (ref CRD42023391075).

1. Introduction Commonly reported pathologies include chronic pain and musculo-
skeletal disorders around the spine, neck and shoulders (Boshuizen

The modern world encompasses a wide range of activities that et al., 1990; Bovenzi and Hulshof, 1999; Bovenzi et al., 2017). In addi-

expose humans to vibration. Whole-body vibration (WBV), character-
ized by mechanical oscillations transmitted to the human body through
supporting surfaces (e.g., seat, backrest, standing platform) is prevalent
in various industries such as transportation, military, construction,
mining, forestry, and agriculture. Growing epidemiological evidence
suggests various health complications resulting from occupational WBV
exposure, some of which may be irreversible (Patterson et al., 2021).
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tion, an increased incidence of vascular and nervous diseases has also
been reported among workers exposed to WBV (Krajnak, 2018).
Recently, concerns have emerged about more transient effects and the
transmission of vibration to the occupant’s head, which may have re-
percussions for neurological and cerebral function.

The effects of vibration on the individuals exposed can manifest
during, immediately after (referred to as acute after-effects), or after
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longer periods of repeated exposure (chronic effects). During vibration,
deleterious alterations in physiological, psychological, neuromuscular,
perceptual, and motor function have been reported consistently
(Bhuiyan et al., 2022; Griffin and Lewis, 1978; Kjellberg, 1990; Lewis
and Griffin, 1978; Nakashima, 2005; Savage et al., 2016; Von Gierke
et al., 1991). Disruption to perceptual and motor performance during
vibration are primarily due to mechanical interference (i.e., unintended
movement of the arms and the eyes due to vibration) (Conway et al.,
2007; Kjellberg, 1990), however, the mechanisms underlying cognitive
performance degradation under vibration are unclear (Conway et al.,
2007). The extent to which these effects persist after the cessation of
vibration are also poorly understood, partially due to the limited num-
ber of studies and the paucity of synthesized evidence available (Mani
et al., 2010; Savage et al., 2016). Thus, this review focuses on the acute
after-effects of exposure to WBV on human functionality.

As optimal cognitive, perceptual, and motor function (i.e.,
movement-related functions such as postural stability and motor control
in this review) are critical for overall safety, there is a need to further
investigate the relationship between occupational vibration exposure
and subsequent alterations in aspects of brain function. For example,
perturbations in the perceptual-motor system can lead to a distorted
perception of an individual’s physical capabilities and the spatiotem-
poral constraints of the environment. This could potentially heighten the
risk of accidents and injuries, particularly in vehicle operation, military
or sports settings (Eagle et al., 2020). Even subtle alterations in the
coupling between perception and action can present a life-threating risk
in occupations such as the military or emergency services, where
personnel frequently perform complex and hazardous tasks upon
alighting from vibrating vehicles.

The degree to which performance and health is affected by WBV is
influenced by the mechanical characteristics (e.g., frequency, magnitude,
direction) and the duration of the exposure (Conway et al., 2007). It has
been suggested that people are most vulnerable to vibration along the
body’s vertical axis (along the spinal column), in a frequency range of 1
Hz-20 Hz (Mansfield, 2004), whereas vibration in the fore-and-aft and
lateral directions may be most detrimental at lower frequencies, in the
range of 1-4 Hz (Griffin and Brett, 1997). However, occupational activ-
ities such as driving vehicles and operating heavy machinery generally
expose occupants to multi-axial stochastic (i.e., non-deterministic) vi-
bration, leading to the measured effects often being the result of com-
bined vibration profiles. There is a range of different ways of quantifying
vibration magnitude according to the characteristics of the exposure. For
example, vibration magnitude is often expressed as the root means square
(RMS) acceleration (ams), which describes the severity of vibration using
an average over the measurement duration. The advantage of using the
arms is that it allows different signals to be compared (e.g., low frequency,
high amplitude vs. high frequency, low amplitude). Occupational WBV
exposures are calculated (BS I1SO 2631-1, 2011; EU Directive, 2002;
Health and Safety Executive, 2005) by applying weightings to provide the
frequency-weighted acceleration (ay), which aims to account for the
varying harmfulness of certain frequency ranges based on empirical data
and biodynamic modelling. The a,, can be extrapolated to an 8-h refer-
ence period (A (8)), representative of exposure over a typical working day
(BS ISO 2631-1, 2011). However, when vibration contains occasional
shocks, the vibration dose value (VDV) is suggested to be more suitable.
VDV is calculated using the acceleration time history to the fourth power,
which provides an accumulative measure of vibration rather than a
running average. To decide whether the A (8) or the VDV is more suitable
to characterize the vibration exposure, a crest factor (CF) can be used. The
CF is the modulus of the ratio between the peak and the mean of the
frequency-weighted acceleration, and should the CF exceed a value of 9,
the VDV is generally recommended over the A (8) value. International
and European standards have been developed to assist controlling vi-
bration exposure in occupational settings (BS ISO 2631-1, 2011; EU
Directive, 2002; Health and Safety Executive, 2005), however, it is
important to note that exposure action values (EAV) and exposure limit

Applied Ergonomics 118 (2024) 104264

(ELV) values have been primarily designed to assess the risks related to
musculoskeletal disorders, particularly those pertaining spinal health (BS
ISO 2631-1, 2011; BS ISO 2631-5, 2018).

The aim of the current work was to systematically review existing
literature on how exposure to occupational WBV acutely affects aspects
of human functionality based on quantitative measures of vibration
exposure and changes in cognition, visual function, postural stability,
and motor control. In addition, the review aims to evaluate the direction
and strength of evidence regarding the acute after-effects of occupa-
tional WBV exposure and the extent to which experimental evidence
supports or opposes current guidelines in estimating the risks associated
with occupational WBV exposure on human functioning.

2. Materials and methods
2.1. Eligibility criteria

We included quantitative, repeated-measures studies that examined
the acute effects of occupational WBV on cognitive or visual function,
postural stability, or motor control. We focused exclusively on studies
that consisted of healthy adults (age >18 years). For evaluating health
effects, we adhered to the recommendations of the International Orga-
nization for Standardization (BS ISO 2631-1, 2011) and considered vi-
bration frequencies ranging from 0.5 Hz to 80 Hz. To be eligible for
inclusion, studies were required to provide quantification of vibration
exposure in the published paper, or supplementary documentation. We
excluded studies that investigated hand-arm vibration, chronic exposure
to occupational WBV, WBV used as a therapeutic or exercise tool, as well
as transient WBV stimuli lasting <2 min that were employed to increase
alertness. The primary outcomes under investigation were pre-to
post-exposure changes in cognitive function, visual function, postural
stability, and motor control. Studies using quantitative techniques were
considered, while those employing qualitative assessment or relying
solely on symptom report were excluded.

2.2. Information sources and search strategy

The concept of the systematic review was validated by a preliminary
search across multiple platforms (PROSPERO, JBI, Google Scholar,
MEDLINE), which returned no existing or ongoing reviews addressing
the chosen topic. An initial search was conducted on MEDLINE (Ovid
interface) and Web of Science to identify pertinent articles. Text words
contained in the titles, abstracts, and keywords of relevant papers were
used to develop a full search strategy (available at https://osf.io/vcft5)
(Aromataris and Munn, 2020). Search terms were identified in five
major areas: (1) WBV; (2) cognition; (3) vision; (4) postural stability;
and (5) motor control. The following databases were searched: AMED
(EBSCOhost), CINAHL (EBSCOhost), Psychology and Behavioural Sci-
ences Collection (EBSCOhost), SPORTDiscus (EBSCOhost), APA Psy-
chinfo (Ovid), Cochrane Library (Ovid), EMBASE (Ovid), HMIC (Ovid),
Global Health (Ovid), MEDLINE (Ovid), PubMED, ProQuest Central
(Health and Medical Collection, Science and Technology Collection),
Scopus, Web of Science, and the US National Technical Information
Service. The search strategy was adapted to fit each database. Studies
needed to be published in English, with no restriction on the year of
publication. Beyond primary research articles, other sources of infor-
mation were also considered such as peer-reviewed manuscripts, con-
ference proceedings, technical reports, and theses. An additional
‘snowball’ search was conducted on all eligible sources that underwent
full-text screening to identify relevant studies not returned during
database search (Park et al., 2021).

2.3. Selection process

The study selection process was in accordance with guidelines
developed by Tawfik et al. (2019). Following the database search, all
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identified sources of evidence were gathered and imported into EndNote
20 (Clarivate, UK). Duplicates were removed automatically with a
manual follow-up. The screening procedure was executed independently
by two researchers. Titles and abstracts were assessed against the
eligibility criteria and relevant articles were retrieved in full. During the
full-text screening phase, reasons for exclusion were recorded and re-
ported. In instances where disagreements arose between reviewers,
resolution was reached through discussion or with an additional
reviewer.

2.4. Quality assessment

Quality assessment was conducted using the Risk of Bias in Non-
Randomized Studies of Exposure (ROBINS-E) tool (Higgins et al.,
2023). The tool uses signalling questions to assess the risk of bias across
seven domains (confounding factors, measurement of exposure, partic-
ipant selection, post-exposure intervention, missing data, measurement
of outcomes, and selection of reported results) to facilitate informed
decision-making regarding the quality of each relevant study. Questions
in each domain have response options such as ‘Yes’, ‘Probably yes’,
‘Probably no’, ‘No’ and ‘No information’, generating a suggested
judgement (i.e., low, some, high or very high risk of bias with regards to
the domain) based on the answers. Final decisions were made consid-
ering the risks of bias arising from all domains.

2.5. Data extraction and synthesis

The research team developed a data extraction tool (available at
https://osf.io/hgu4q), which was used to extract information regarding
the study population, context, outcomes, methodologies, vibration
measurement, and findings relevant to the review question. Data
extraction was carried out by a single reviewer, and subsequently
checked, reconciled, and discussed with the other two reviewers. If in-
formation on vibration characteristics or performance outcomes were
insufficient in recent papers (published in 2010 or later), efforts were
made to contact corresponding authors via email to request additional

Identification of studies via databases and registers
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data.

The synthesis and presentation of data followed the SWiM frame-
work (Campbell et al., 2020) and the Cochrane Handbook (Higgins
et al., 2022b). Sources of evidence were grouped by study outcomes: (1)
cognitive function, (2) vision, (3) postural stability, and (4) motor
control. All further syntheses were conducted according to these do-
mains. Given the heterogeneity of reported vibration exposures and
outcomes, a vote counting method was adopted. Results were presented
in harvest plots, based on the direction of exposure effects (Higgins
et al., 2022; Thomson and Thomas, 2013). The criteria for categorizing
these effects were developed as follows:

e Beneficial or harmful:
o if any of the outcome variables were statistically significant (p
< 0.05) and there was no evidence of effect in the opposite
direction.

e No change
o if vibration had no effect on the outcomes and all variables were
statistically not significant.

e Uncertain
o if the direction of change was mixed or not clear.
o if significance values were not available.

3. Results
3.1. Database search results

The systematic search of 14 databases and 1 register returned 1,430
articles after removing duplicates, and 8 additional studies were iden-
tified via citation searching. A total of 1,398 articles did not meet our
criteria or could not be retrieved, leaving 32 studies to be included in the
current review (Fig. 1). Of the 4 authors contacted during the screening
process, 2 authors provided us with additional information necessary for
inclusion.

Identification of studies via other methods

= Records identified from: Records removed before . o
= S Records identified from:
= Databases(n=2,663) —» screening: Gitati h(n=8)
a Registers (n=3) Duplicates (n=1,233) Itation search(n=
Records screened Records excluded
>
(n=1,430) (n=1,333)
Records sought for Records not retrieved Records sought for Records not retrieved

! > .
0 retrieval (n=16) retrieval (n=1)
=
%
o
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Records excluded:
Records assessed for During vibration (n=44) Records assessed for Records excluded:
eligibility —> Transient vibration(n=3) eligibility —
(n=81) Vibration not measured (n=3) (n=7) Chronic vibration (n=3)
Cross-sectional design(n=2)
Chronicvibration(n=1)
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R Studies included in the review (n =32) «

Fig. 1. PRISMA flow chart for the study selection process (Haddaway et al., 2022).
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3.2. Risk of bias assessment

All 32 studies included in the current review are deemed appropriate
based on the ROBINS-E Risk of Bias tool. Studies demonstrated low risk
of bias (ng = 21, 66%), some concerns (ns = 8, 25%), and high risk of bias
(ng = 3, 9%). Detailed results of the risk of bias assessment are presented
in Table 1.

3.3. Study characteristics

The reviewed studies were published between July 1960 and April
2023 (Fig. 2). A total of 461 participants were involved, with 89% of
them being male (n, = 412). The mean age of the participants ranged
from 20 to 55 years across studies, representative of the working pop-
ulation. Only 56% of the studies (n; = 18) had an adequate control
condition or group (i.e., no vibration).

3.4. Measurement and characteristics of vibration

Quantification of vibration varied substantially across studies. The
duration of the exposure was reported throughout, which was accom-
panied by a single or a combination of two or more metrics of vibration
(Fig. 3). WBV was generated using laboratory-based vibration platforms
or equipment during field use (n; = 27, 84%; n; = 5, 16%, respectively).
Measurement locations included the floor, the seat, and the head,
however, 40% of the studies (n; = 13) only reported vibration metrics
that were used as an input for the vibration platform, and not the vi-
bration at the contact point or elsewhere on the participants (i.e., on the
head).

There were 114 different vibration exposure levels (referred to as
exposure trials) investigated across 32 studies (data available at
https://osf.io/mtdb2). Participants were exposed to vibration in either a
seated or a standing posture (n; = 105 trials, 92% and n, = 9 trials, 8%,
respectively). Two main occupational domains were identified: On-road
transportation trials (n, = 49 trials, 43%) focused on the effects of
vehicular WBV, induced by or simulating trucks and automobiles on
paved surfaces, and the majority of trials were characterized by sinu-
soidal vibration applied in a single axis (horizontal or vertical). Heavy
equipment, off-road, air and maritime transportation trials (n, = 21 trials,
18%) focused on the human response to exposures such as those
encountered in vehicles and machinery relating to forestry, agriculture,
mining, military and aviation industries. Although there were large
differences across trials, more than half of them comprised stochastic,
multi-axial vibration exposure. There were also trials whose occupa-
tional relevance was not specified (n, = 44 trials, 39%). In these trials,
participants were primarily exposed to sinusoidal vibration in the ver-
tical axis.

3.5. Effects of occupational WBV on human function

3.5.1. Cognitive function

In total, 52 trials from 11 studies focused on cognitive changes as a
function of acute WBV exposure (Fig. 4A). A variety of tools have been
used to assess aspects of cognitive function, including the Psychomotor
Vigilance Task (PVT), search and memory (SAM) test, psychomotor
measures, forward and backward recall, random number generation,
and attention tests.

There were 38 trials (from 5 studies) representative of vibration
during on-road transportation, of which 19 exposure trials (59%) resulted
in significant worsening of cognitive function. These impairments
included increases in reaction time (Azizan and Fadhilah, 2020; Du
et al., 2018; Hornick et al., 1961) and the number of attention lapses
(Azizan and Fadhilah, 2020) following various WBV exposures. In fewer
cases, choice reaction time following fore-and-aft vibration (Hornick
et al.,, 1961) and psychomotor vigilance following vertical vibration
exposure (Wang, 2021) was maintained. Improved logical thinking was
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observed following a 22-min simulated ride on public transport vehicles
of different intensities (Firmino et al., 2021), however, these results
should be treated with caution due to the high risk of study bias
(Table 1).

The effects of vibration associated with the operation of heavy
equipment, off-road, air and maritime vehicles on mental performance
were investigated in 9 trials (from 4 studies). Only one exposure trial
reported significant deterioration of psychomotor vigilance after a
simulated all-terrain vehicle ride above the ELV (Yung et al., 2018). In
contrast, PVT performance was maintained when vibration levels were
kept below the ELV (Yung et al., 2017, 2018). Intermittent shock
exposure associated with high-speed boat travel (McMorris et al., 2009)
and simulated all-terrain vehicle travel (Yung et al., 2018) generally did
not induce acute changes in cognitive function. However, when sus-
pension seats were utilized during maritime travel, performance on the
backward number recall test improved from pre-to post-exposure,
though no pre-post changes in cognitive function were reported when
using fixed seats (McMorris et al., 2009). Short-duration vibration
exposure (8 min) representing naval ships and aircrafts did not affect
cognitive performance (Guignard et al., 1981).

Five trials (from 2 studies) in the cognitive domain did not link their
chosen vibration exposure levels to industry. Harmful effects of high
frequency stochastic vibration exposure (1-30 Hz, 20 min) on psycho-
motor function could not be verified in a population of mature workers
(Kowalski and Zajac, 2017). Improved reaction time performance has
been found following sinusoidal vibration of similar duration, however,
this was due to a learning effect (Marelli et al., 2022).

3.5.2. Visual function

To date, there is no evidence of transient visual impairment
following WBV exposure. Evidence from 46 trials (4 studies) demon-
strated unaffected near and far visual acuity (Desrosiers, 1988), flicker
fusion rate (Guignard et al., 1976) and saccadic function (Yung et al.,
2018) after occupational vibration exposure (Fig. 4B). An enlargement
of the visual field (up to +2°) has been recorded after transverse vi-
bration associated with simulated ground vehicle travel, however, this
subtle improvement may be due to practice (Hornick et al., 1961). A
significant decrease in blink frequency rate has also been noted after
low-intensity vibration representative of all-terrain vehicle travel, which
indicates reduced levels of alertness (Yung et al., 2018).

3.5.3. Postural stability

Nineteen research studies focused on acute changes in postural sta-
bility after exposure to occupational WBV exposure, with 82 different
vibration levels (trials) investigated across 21 studies (Fig. 4C). All
studies incorporated a bipedal upright stance in their postural stability
assessment, while more challenging tasks (e.g., unipedal stance or dy-
namic balance exercise) were rarely included as assessment tools. There
was a lack of consistency in test duration and sightedness (i.e., eyes open
vs. closed), but most outcome metrics reflecting the subjects’ balancing
ability were derived from centre of pressure (COP) data.

There were 38 trials (from 5 studies) that simulated on-road driving
conditions, of which 6 trials (16%) induced negative changes in postural
control, with significant increases in COP displacement in the anterior-
posterior (Aghamiri et al., 2022; Halverson, 2013) and medial-lateral
(Aghamiri et al., 2022) directions, total path length (Halverson, 2013;
Tatsuno and Maeda, 2023), sway velocity (Park et al., 2021) and area
(Park et al., 2021; Tatsuno and Maeda, 2023) measured immediately
after vibration exposure. When postural stability was assessed for pro-
longed periods (5-min assessment) (Kjellberg and Wikstrom, 1987) or
long after cessation of vibration (15 min) (Hornick et al., 1961), no
significant changes in COP metrics were present (n; = 32, 82%).

The postural effects of vibration associated with the operation of
heavy equipment, off-road, air and maritime vehicles were tested in 17
different exposure trials (9 studies). Suboptimal postural control (7 tri-
als, 41%) during static tasks was indicated by increased COP
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Table 1
Risk of bias assessment based in the ROBINS-E tool.

Study 1* 2 3 4
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*Risk of bias arising from: confounding factors (Domain 1),
measurement of exposure (Domain 2), participant selection
(Domain 3), post-exposure intervention (Domain 4), missing
data (Domain 5), measurement of outcome (Domain 6),
reported results (Domain 7). Overall ratings (R) are low (L),
moderate (M) and high (H) risk of bias.
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Fig. 3. Venn diagram illustrating the overlap (or the lack thereof) of vibration metrics reported across studies. Bubbles represent the number of studies in each
category: a,ms = root means square acceleration; F = frequency; VDV = vibration dose value; A (8) = frequency-weighted acceleration with respect to an 8 h
reference period; a,, = frequency-weighted acceleration; ap..x = peak acceleration; CF = crest factor.
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A) Cognition
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Fig. 4. Harvest plots illustrating the acute after-effects of occupational whole-body vibration on cognition (A), visual function (B), postural stability (C) and motor
control (D). The x axis depicts the direction of the effects observed. The height of the bars (y axis) reflects the number of exposure trials from all studies in each setting
(on-road = exposures representing paved land transportation; heavy = exposures representing off-road, maritime and air transportation as well as operation of heavy
machinery; unspec. = unspecified occupational exposure trials). The colour of the bars corresponds to the risk of bias category (red = high; yellow = moderate; green
= low). Data available from https://osf.io/2ymvt. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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displacement in the anterior-posterior (Golhosseini et al., 2022; Park
et al., 2021; Yung et al., 2018) and medial-lateral (Golhosseini et al.,
2022; Park et al., 2021) direction, sway velocity (Mani et al., 2015; Park
et al., 2021) and area (Park et al., 2021). Limits of stability during dy-
namic balance tasks were not affected by WBV exposure (Mani et al.,
2015; Park et al., 2021), however, enlargement of COP displacement
and sway area was found during heavy object lifting (Mani et al., 2015).
Although the direct comparison of vibration effects was hindered by
inconsistent quantification of exposures, there was a tendency towards
maintained postural stability after lower intensity vibration associated
with mining (Cornelius et al., 1994; Pollard et al., 2017; Santos et al.,
2008) and farming operations (Yung et al., 2017, 2018), regardless of
the presence of shocks. On the other hand, aircraft-induced vibration
elicited alterations in postural stability, indicated by changes in sway
power spectral density (McKay, 1972) and increases in postural force
amplitude (Martin et al., 1980; McKay, 1972).

Twenty-seven trials of unspecified occupational vibration (from 7
studies) demonstrated variable effects on postural stability, including 7
trials reporting degradation (26%). Significant impairments in postural
stability were only measured after a vertical, low frequency exposure (2
Hz, Bastek et al., 1977). Higher frequencies (3-11 Hz) elicited no
observable changes in linear measures of postural stability (Bastek et al.,
1977; Manninen, 1988), while more complex measures, such as spectral
composition, have revealed some changes (Manninen and Ekblom,
1984; Seidel et al., 1980). Similarly, a seated trial on side-alternating
vibration plates operating at 20 Hz and 40 Hz induced detrimental
changes in sensory integration required for maintaining balance,
measured using the sensory organization test (Lu et al., 2019).

3.5.4. Motor control

Evidence from 47 trials (5 studies) suggests that aspects of motor
control might be affected following occupational WBV exposure
(Fig. 4D). Of all on-road vehicular vibration exposure trials (n; = 32),
only 6% (2 trials) resulted in manual control degradation, represented
by the subjects’ impaired steering ability when following a pre-
determined driving path (Azizan et al., 2017; Hornick et al., 1961).
Although a similar trend was observed by Hornick et al. (1961), the
results of the investigation did not reach significance. Lower limb
movement control (i.e., regulation of driving speed via a foot pedal) is
generally maintained following vehicular vibration exposure (Azizan
et al., 2017; Hornick et al., 1961). In maritime and air travel (n; = 3) and
unspecified occupational trials (n; = 12) manual dexterity was maintained
regardless of the duration and frequency of the vibration (Desrosiers,
1988; Guignard et al., 1976). Some improvements in marker tapping
tasks have been reported after short exposures, however, this has been
attributed to learning effects (Guignard et al., 1981).

4. Discussion

The aim of the current review was to systematically map existing
literature on the acute effects of exposure to occupational WBV on
human functionality based on quantitative measures of vibration and
changes in cognition, vision, postural stability, or motor control. Studies
that quantified vibration exposure and subsequent changes in human
performance were included and evaluated using a vote counting
approach. In total, the results from 114 exposure trials from 32 studies
were synthesized. Following exposure, measured changes in cognition
(52 trials from 11 studies), visual function (46 trials from 4 studies),
postural stability (82 trials from 21 studies), and motor control (47 trials
from 5 studies) were reported. The interconnection between the inves-
tigated domains across studies is depicted in Fig. 5. The majority of
analysed studies demonstrated a low risk of bias (n; = 21, 65.6%), while
the quality of the remaining studies was concerning (n; = 8, 25%,
moderate risk; ny = 3, 9.4%, high risk of bias). Methodologies used to
measure and characterize vibration exposure as well as subsequent ef-
fects on human performance exhibited substantial heterogeneity.
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Fig. 5. Venn diagram illustrating the overlap of the four outcome domains.
Bubbles represent the number of studies in each category.

Therefore, comparison between the findings of studies and evaluation of
the combined strength of the evidence were impeded. Furthermore,
discrepancies in the reported effects of WBV were identified, even in
cases where vibration exposures and outcome assessments were similar.

We also aimed to assess the extent to which experimental evidence
supports or opposes current guidelines in estimating the risks associated
with occupational WBV exposure on human functioning. Vibration
stress refers to the physical impact vibration has on the person exposed,
characterized by factors such as frequency, magnitude, direction, and
duration. Although the International Standards Organization guidelines
for vibration measurement and evaluation (BS ISO 2631-1, 2011) are
well-established, exposures were expressed inconsistently across studies
(Fig. 3), and references to EAV and ELV were rarely stated. Conse-
quently, it was not possible to estimate the influence of different vi-
bration levels on the probability of cognitive, perceptual, or motor
impairments following occupational WBV exposure. Of concern, some
evidence suggests that exposures below established EAV might not be
entirely safe from a musculoskeletal perspective (Bovenzi et al., 2017),
nor concerning neuropsychological function (Azizan and Fadhilah,
2020; Du et al., 2018) and postural stability (Mani et al., 2015; Park
et al., 2021; Tatsuno and Maeda, 2023; Yung et al., 2018). Therefore, it
becomes imperative to expand the focus beyond musculoskeletal issues
and recognize the impact of WBV exposure on neurological health.
Development of innovative guidelines that encompass both musculo-
skeletal and neurological dimensions of vibration exposure would be
valuable for enhancing the overall safety and well-being of workers.

Furthermore, reported vibration levels were predominantly derived
from measurement devices placed on vibrating surfaces, thus it remains
unclear how much vibration was experienced at different body parts,
particularly at the head. Given that repetitive head motions can induce
cerebral disruption (Bazarian et al., 2014; Laksari et al., 2015) and im-
pairments in neurocognitive function and motor control (Daneshvar
etal., 2023; Mainwaring et al., 2018; Woodall et al., 2023), the omission
of head vibration assessment in much of the vibration literature, existing
standards, and occupational guidelines is concerning. Therefore, estab-
lishing head vibration assessment protocols, novel metrics and thresh-
olds that can accurately estimate the likelihood of adverse neurological
outcomes are crucial areas for future research and safety standard
development.

Findings of the review indicated a tendency towards performance
degradation following exposure to higher magnitudes of vibration
(Aghamiri et al., 2022; Golhosseini et al., 2022; Tatsuno and Maeda,
2023; Yung et al., 2018) or lower frequencies (Bastek et al., 1977).
However, an interaction between vibration amplitude and frequency
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could not be verified from the papers reviewed (Guignard et al., 1976;
Hornick et al., 1961). It appeared that multi-axial stochastic vibration
has the greatest potential to elicit detrimental after-effects across all
aspects of functionality (impairments reported in 67% of the trials), but
no firm conclusions can be made for sinusoidal and single axis exposures
due to variation in methodological approaches and unequivocal findings
across studies. Exposure duration is a potential moderating factor of
WRBYV effects: the longer vibration is present, the greater the potential for
disrupted human response (Conway et al., 2007; Mansfield, 2004). Re-
sults from the current review suggest that the duration of the exposure
alone does not necessarily equate to more pronounced changes in per-
formance, but together with vibration magnitude, it might exert a syn-
ergistic effect. Previous propositions have highlighted the role of
vibration stress in determining biodynamic, physiological and psycho-
logical responses (i.e., vibration strain) during exposure (Conway et al.,
2007; Dupuis and Zerlett, 1986), yet the associations with post-exposure
repercussions remain to be elucidated.

Studies have revealed inconsistent changes in cognitive function
from baseline to post-exposure. It is important to acknowledge the
challenges of neuropsychological testing when interpreting the findings.
Factors such as the task design, administration and learning effects can
influence results, necessitating caution when making inferences to WBV
effects and potential health and safety implications. For example, diffi-
culty of a task might moderate cognitive performance following WBV
(McMorris et al., 2009), as overly simple and too complex tasks can both
diminish the motivation to perform well (Atkinson, 1966). Improve-
ments in post-exposure cognitive performance are sometimes attributed
to learning effects (Guignard et al., 1981; Marelli et al., 2022), however,
increased psychological arousal induced by WBV exposure can also elicit
similar effects (i.e., Yerkes-Dodson Law). Theoretically, low vibration
stress might be sufficient in eliciting optimal levels of arousal that persist
after the cessation of vibration and allows for maximized cognitive
performance (Fig. 6). However, degradation of cognitive function has
also been found (e.g., Azizan and Fadhilah, 2020; Du et al., 2018;
Hornick et al., 1961; Nakashima and Cheung, 2006), which might be

Optimal psychological arousal for
improved cognitive performance

Baseline

Performance/disruption

None Low Medium High

Vibration stress

Cognitive function
Postural stability

Psychological arousal and
biomechanical disruption

Fig. 6. Theoretical relationship between vibration stress and post-exposure
cognitive performance and postural control. Theoretical changes are induced
by increases in psychological arousal and biomechanical interference associated
with vibration exposure. Low vibration stress might be sufficient in eliciting
optimal levels of arousal and hence improved cognitive performance (i.e.,
Yerkes-Dodson law), while more severe vibration can disrupt cerebral physi-
ology and potentially neural function. Vibration stimulation can overload the
sensorimotor system, which results in transient disruption in postural stability
following exposure. Evidence indicates that greater vibration stress may be
associated with more pronounced degradation of postural stability.

Applied Ergonomics 118 (2024) 104264

due to the additional extraneous cognitive load (Sweller, 2010) associ-
ated with processing the sensory input (i.e., vibration), or reductions in
brain blood flow associated with more severe vibrations (Kong et al.,
2023). It must be noted that the time course of cognitive-cerebral
restoration after vibration is unclear, therefore the timing of the per-
formance assessments is crucial to evaluate the transiency of vibration
effects. In addition, it is imperative to quantify different levels of vi-
bration exposure at the level of the head in relation to beneficial and
harmful after-effects on neuropsychological function.

Regarding motor function, the available evidence suggests that WBV
yields a disruptive effect on tasks involving static postural stability, and
manual dexterity to a lesser extent. While the potential influence of
muscular fatigue (Adamo et al., 2002) and prolonged sitting (Kjellberg
and Wikstrom, 1987) cannot be ruled out, it is proposed that alterations
in postural stability and manual control might be related to proprio-
ceptive perturbation induced by WBV. It has been suggested that me-
chanical vibration primarily stimulates Ia muscle spindle afferents
(Burke et al., 1976; Roll et al., 1989), transmitting intensive and irrel-
evant sensory input to motor-related brain areas for processing (Duclos
et al., 2007; Radovanovic et al., 2002). Consequently, it appears that
vibration alters the frame of reference used for maintaining balance or
moving the limbs, which lasts beyond vibration exposure (Duclos et al.,
2007; Gilhodes et al., 1992). Suboptimal motor responses can therefore
be expected after vibration until the proprioceptive systems is reset,
which is assumed to take 15-20 min (Hornick et al., 1961; Wierzbicka
et al., 1998). Martin et al. (1980) further supports the peripheral origin
of balance disturbances following WBV, evidenced by the absence of
increased postural sway after vibration applied directly to the head (i.e.,
cerebral or vestibular issues) as opposed to the leg. Future studies are
warranted to uncover post-exposure balance strategies and the way
WBYV influences an individual’s dependence on visual, vestibular and
somatosensory feedback to maintain equilibrium using novel ap-
proaches such as multi-sensory perturbations (Caccese et al., 2020) and
virtual reality-based dynamic sensory assessment (e.g., Chien et al.,
2014; Wang et al., 2021).

In instances where postural adjustments were guided by visual
feedback (i.e., eyes-open balancing tasks) following WBV, performance
degradation was more pronounced than in eyes-closed conditions
(Ahuja et al., 2005; Golhosseini et al., 2022; Halverson, 2013; Oullier
et al., 2009). Degradation of visually guided motor performance in
clinical populations have been partially attributed to deficits in eye
movement control (Friedrich et al., 2008; Murray et al., 2014; Oldham
et al., 2021; Verheij et al., 2012), though to date, there is no evidence
indicating visual dysfunction following WBV exposure. This lack of ev-
idence might be a consequence of gross measures of vision employed in
previous investigations such as Snellen and Landolt C charts for visual
acuity (Desrosiers, 1988; Guignard et al., 1976; Hornick et al., 1961).
Gaze behaviour (i.e., the functional way people control their gaze) is
likely to be more susceptible to alterations induced by vibration or
injury, due to intricate neuromuscular mechanisms involved in gaze
control. Metrics of oculomotor function are considered useful to indicate
compromised neural integrity, cerebral dysfunction, and
psycho-physiological states, particularly in high-risk industries (Heitger
et al.,, 2002; Martinez-Marquez et al., 2021; Schweizer et al., 2023).
Therefore, expanding the application of eye-tracking technologies to
assess post-vibration oculomotor control and exploring its implications
for human performance would be of considerable value. As impairments
in cognitive function, visual perception, postural stability and motor
control can potentially increase the risk of occupational accidents and
musculoskeletal injury (Chang et al., 2016; Eagle et al., 2020; Herman
et al., 2015; Jebelli et al., 2016; Martinez-Marquez et al., 2021), eval-
uating functional performance alterations associated with WBV expo-
sure can provide an indirect means of improving worker safety.
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5. Conclusions

The effects of WBV are a matter of concern for occupational ergon-
omists, safety specialists, and health practitioners. Vibration stress is
strongly associated with musculoskeletal issues and reduced comfort,
however, the way in which cognitive, perceptual, and motor function is
affected following WBV has been less defined. This systematic review
evaluated the current state of knowledge based on quantitative research
studies, and proposed areas for future research. Post-exposure perfor-
mance degradation was most pronounced in postural stability, particu-
larly in eyes-open conditions. Findings on cognitive function were
inconsistent; studies indicated maintained or degraded performance
after WBV, and cases of beneficial after-effects have also been found. A
limited number of studies demonstrated negligible after-effects of
occupational vibration on motor control and visual function. The high
variability in the characterization of vibration exposure across studies
hinders the identification of vibration levels responsible for adverse
consequences. Although the review implies that occupational vibration
exposure could lead to transient disruption to cognitive and postural
control even below exposure limit values, current evidence is insuffi-
cient to drive visionary actions to improve health and safety regulations
concerning occupational WBV. Future research should prioritize the
standardization of vibration measurement, with particular emphasis on
assessing vibration at the contact point and at the head. Additionally,
attention is required to identify a threshold level of vibration exposure
that induces cognitive, visual, and motor deficits following WBV.
Leveraging advanced technologies such as eye-tracking and ecologically
valid performance assessments to capture neurological and behavioural
alterations following whole-body and head vibration exposure would
significantly advance our understanding.
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