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Abstract: Operators of heavy equipment are often exposed to high levels of whole-body vibration
(WBV), which has been associated with a variety of adverse health outcomes. Although anthro-
pometric factors are known to impact vibration dose and risk of low back pain, studies have yet
to investigate the influence of anthropometric factors on muscle activation during WBV exposure.
This study quantified the relationships between muscle activation, vibration frequency, body mass,
body mass index (BMI), and height both pre- and post-fatigue. Muscle activation of the external
oblique (EO), internal oblique (IO), lumbar erector spinae (LE) and thoracic erector spinae (TE) were
quantified using surface electromyography. Results indicate increased activation with increased
mass, BMI, and frequency for the LE, TE, and IO, which may be a result of increased activation to
stabilize the spine. Decreased muscle activation with increased height was seen in the TE, IO, and
pre-fatigue EO, which could indicate higher risk for low back injury since height is associated with
increased forces on the spine. This may contribute to the association between increased low back pain
incidence and increased height. Results suggest that ISO 2631-1 health guidance should incorporate
anthropometric factors, as these may influence muscle activation and back injury risk.

Keywords: whole-body vibration; electromyography; ISO 2631-1; anthropometry

1. Introduction

Operators of heavy equipment are exposed to high levels of whole-body vibration
(WBV) [1–3]. The literature has shown an association between increased low back pain
(LBP) and anthropometric factors such as increased height [4] and increased body mass [4,5].
WBV has been related to a variety of adverse health outcomes including degenerative
changes in the spine [6,7], low back pain [7–9] and sciatic nerve pain [7,9]. WBV exposure
can lead to increased muscle activation and spinal instability [10], thus increasing the back
injury risk [10–12].

ISO 2631-1 provides health guidance zones for vibration exposure. ISO 2631-1 provides
health weightings that are used to determine RMS (root mean square) values of frequency
weighted acceleration [13]. Once the RMS acceleration values have been determined,
they can be compared to the health guidance caution zones, assuming exposure times of
4–8 h [13]. These caution zones are used to evaluate the risks of injury related to WBV;
however, anthropometric factors are not incorporated into the risk estimation, although
they may affect the vibration dose [3,5,13,14].

The relationship between vibration dose and anthropometric factors during WBV
has been investigated in vehicles [14], machinery [3,15], and vibration simulators [16–20].
Increased BMI has been associated with a decreased vibration dose in the z-axis [3,5,14].
Individuals with an increased BMI tend to report increased levels of comfort when exposed
to WBV [15] which may indicate that increased BMI may lead to vibration attenuation [3,14].
Further studies have indicated that increased BMI is associated with an increase in the
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vibration power absorbed (VPA) [17]. Similarly, increased body mass has also been found
to be associated with increased VPA [16,17,19,20]. In comparison to body mass and BMI,
increased height is associated with an increased vibration dose [5].

Furthermore, the impedance of the human body is strongly correlated with body
mass up to approximately 4 Hz, with larger body masses having a higher impedance,
leading to lower resonant frequencies [18]. Similarly, increased BMI has been associated
with a decreased resonant frequency of the human body [21]. It has also been indicated
that female participants have increased damping when compared to male participants.
Female participants exhibited a decreased peak VPA, and a lower frequency at which
the peak VPA occurred [20]. However, Dewangan et al. has suggested that sex effects in
relation to the VPA are strongly coupled with anthropometric factors which may be due in
part to the increased body fat content and reduced lean body mass of females relative to
males [20]. It has also been proposed that body mass impacts the damping characteristics
of air-filled cushions used in suspension seats [19]. In mechanical seat suspensions it has
been found that an increased vibration dose is experienced by individuals with a smaller
body mass [22].

The literature has shown an association between low back pain (LBP) and anthropo-
metric factors such as height [4,5] and BMI [4,5,23] in farmers who are exposed to WBV.
For example, Seidel et al. showed that spinal stress during WBV varied according to
body mass and height [24]. WBV exposure leads to increased loading in the spine [25],
increased trunk muscle activation [12], trunk muscle fatigue and decreased spine stability.
Prolonged muscle activation has been shown to be a contributing factor to repetitive strain
injuries [26].

Several studies have suggested that prolonged exposure to WBV leads to muscle
fatigue [27,28], where both WBV exposure and muscle fatigue lead to increased levels
of muscle activation [27,29]. Muscle fatigue when experienced separately to WBV may
lead to neuromuscular recruitment errors, which may lead to increased injury risk [30].
Similarly, when back muscle fatigue and WBV exposure are experienced, concurrently
muscle latency, muscle activation, and discomfort are increased [31], leading to escalated
back injury risk [32–35]. Furthermore, muscle activation in the trunk significantly alters
the biodynamics for the seated body under WBV [36].

Although literature has suggested that anthropometric factors influence vibration
dose [3,5,15,20] and risk of low back pain [4,37], no studies have investigated the rela-
tionship between anthropometric factors, muscle fatigue, and muscle activation during
WBV. Muscle activation may contribute to risk of injury and low back pain through both
prolonged activation [26] or inadequate activation [38], compromising spine stability [39].
Therefore, to understand the relationships between the anthropometry of the driver (height,
body mass, BMI) and muscle activation, the purpose of this study was to quantify the
relationships between trunk muscle activation and selected anthropometric factors both
pre- and post-fatigue during WBV exposure.

2. Materials and Methods

Twenty-nine participants, 18 males (23.9 ± 2.8 years; 78.7 ± 15.3 kg; 176.3 ± 7.5 cm)
and 11 females (22.7 ± 2.2 years; 65.2 ± 11.0 kg; 166.4 ± 6.6 cm) with no history of low back
pain or musculoskeletal injury took part in this study, following approval by the University
of Guelph Research Ethics Board (REB#: 17-08-006).

2.1. Electromyography

Eight surface EMG sensors (four SP-W01 Delsys Trigno and four SP-W04 Delsys
Trigno mini sensors (Delsys Inc., Natick, MA, USA)) were placed bilaterally on the lumbar
erector spinae (LE) and external obliques (EO), as well as the thoracic erector spinae (TE)
and internal obliques (IO) following methods by Cram et al. [40] and O’Sullivan et al. [41],
respectively (Figure 1). EMG data were collected at a sampling frequency of 2000 Hz
using a Delsys Trigno DST01 System (Delsys Inc., Natick, MA, USA). Three maximum
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voluntary contractions were performed for each muscle for normalization purposes using
the methods outlined by Moreside et al. [42], in which the maximum voluntary electrical
activation (MVE) was taken as 100% MVE [43].
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Figure 1. Bilateral EMG sensor placement for the (a) internal oblique (IO) and external oblique (EO)
as well as the (b) lumbar erector spinae (LE) and thoracic erector spinae (TE).

2.2. Whole-Body Vibration Exposure

Participants sat on a tractor seat (Darby Manufacturing, Sudbury, ON, Canada)
mounted on a Mikrolar R-3000 hexapod robot (Mikrolar, Hampton, NY, USA) with the
seat suspension system locked out. Participants sat in a neutral posture, without using the
backrest or their hands to support themselves. To ensure that their hands were not used
for support, participants loosely gripped ropes, which were suspended from the ceiling in
front of them (Figure 2).
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Participants were exposed to 25 vibration profiles of 20 s each [44]. The vibration
profiles were randomized, with an amplitude of 5 mm and frequencies of 1.25, 2.0, 2.5,
4.0, and 4.5 Hz, each of which was repeated five times. These frequencies were chosen
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as they are the most common profiles experienced by mobile heavy equipment [45] that
were within the bounds of the robot capabilities. The presentation of the vibration bouts
was randomized, and each participant received a unique sequence of vibration profiles.
The vertical axis acceleration was monitored by a single axis modal array, ceramic shear
ICP accel PCB model 333B40 uniaxial accelerometer (Dalimar Instruments, Vaudreuil, QC,
Canada) at the seat-operator interface to ensure that the WBV exposure was below the
recommended daily exposure limit as outlined by the ISO 2631-1 [13]. The accelerometer
was embedded in a seat pad as per ISO 2631-1 [13].

2.3. Fatigue Protocol

Following exposure to the first 25 vibration profiles, the lower back muscles of the
participants were fatigued using the Modified Biering-Sorensen Test [46]. Fatigue was
confirmed by ensuring that the median power frequency was lower following the test,
compared to prior to the fatiguing protocol. Following the fatigue protocol, the participants
were exposed to a second set of 25 vibration profiles.

2.4. Data Processing

MATLAB was used to process the EMG and acceleration data. The EMG data were
processed using the methods outlined by Cram et al., 1998 [40]. The EMG data were band
pass filtered using a fourth order Butterworth filter between 30 and 400 Hz [40]. Following
band pass filtering, data were full wave rectified, and then a 7 Hz linear envelope was
applied using a fourth order Butterworth filter [40]. The processed EMG data were then
normalized using the 100% MVE value for each muscle.

Acceleration data were band pass filtered (0.4–40 Hz) [13], and ISO 2631-1 health
weightings were applied using the Vibratools software package (Axiom EduTech, Ljuserö,
Sweden) to determine the RMS values of the frequency weighted acceleration and the
corresponding health guidance caution zones.

2.5. Statistical Analyses

When performing the statistical analyses, age was excluded due to the limited age
range of the participants (19–28 years). Sex was also excluded from the analysis, as it has
been suggested that sex has no effect on peak magnitude of the apparent mass or primary
resonant frequency at the frequencies investigated in this study [47,48]. Furthermore,
Dewangan et al. has suggested that sex-based differences in VPA are largely accounted for
via anthropometric factors [20]. Prior to analysis, a Box-Cox transformation was applied to
the %MVE data to obtain normally distributed data. Relationships between height, body
mass, BMI, and muscle activation for the LE, EO, TE, and IO muscles were quantified using
a Spearman’s rank coefficient of correlation (p ≤ 0.05) and stepwise linear regressions.
Pairwise Spearman correlations [49] were performed for the entire data set, as well as
the individual frequency groupings. Stepwise linear regression was performed using
forward selection with an alpha to enter (α) value of 0.10 and the normally distributed
%MVE data as the outcome variable. Stepwise linear regressions were performed for
each muscle using the entire data set. Body mass, BMI, and height were considered in
all the regression models, and frequency was considered where applicable. The stepwise
regressions and pairwise correlations were performed using Minitab version 19.2020.1
(Minitab, State College, PA, USA). Pre- and post-fatigue data sets were analyzed separately
because current ISO 2631-1 RMS values of frequency weighted acceleration for use in
health evaluation and health guidance caution zones do not consider fatigue as a risk factor.
However, research has suggested that trunk muscle fatigue during WBV leads to increased
muscle latency and increased discomfort [31], which are associated with increased risk of
low back injury [32–34].
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3. Results

Of the 29 participants included in this study, 1 participant had a BMI in the obesity
class 2 range (male), 4 participants had a BMI within the obesity class 1 range (1 female,
3 male), 5 were pre-obesity (1 female, 4 male), 1 was underweight (male) and 18 were
within the normal range (9 male, 9 female) based on the BMI classes outlined by the World
Health Organization [50].

3.1. Spearman’s Rank Coefficient of Correlation

Muscle activation and vibration frequency were positively correlated for pre-fatigue
transformed %MVE data (%MVET) of the IO (ρ = 0.25, p < 0.0001), LE (ρ = 0.17, p < 0.0001),
and TE (ρ = 0.17, p < 0.0001), but negatively correlated in the EO (ρ = −0.16, p < 0.0001).
Post-fatigue, the EO (ρ = 0.17, p < 0.0001), IO (ρ = 0.27, p < 0.0001), LE (ρ = 0.19, p < 0.0001),
and TE (ρ = 0.20, p < 0.0001) showed positive correlations of similar magnitudes. Partici-
pants showed increased muscle activation with increasing frequency for all muscles. BMI
showed positive correlations with IO (ρ = 0.34, p < 0.0001), LE (ρ = 0.14, p < 0.0001) and TE
(ρ= 0.11, p < 0.0001) pre-fatigue, and continued to show similar trends post-fatigue with
Spearman’s rho values of 0.30 (p < 0.0001), 0.10 (p < 0.0001) and 0.15 (p < 0.0001) for the IO,
LE, and TE, respectively. BMI did not exhibit significant correlations with %MVET of the
EO. These results indicate increased muscle activation with increased BMI in the IO, LE
and TE. Pre-fatigue, height was negatively correlated with IO (ρ = −0.34, p < 0.0001), and
TE (ρ = −0.20, p < 0.0001), while the EO (ρ = 0.38, p < 0.0001) and LE (ρ = 0.38, p < 0.0001)
exhibited a positive correlation. Post-fatigue, height was negatively correlated with EO
(ρ = −0.41, p < 0.0001), IO (ρ = −0.28, p < 0.0001), and TE (ρ = −0.17, p < 0.0001), while
the LE (ρ = 0.35, p < 0.0001) exhibited a positive correlation. Thus, participants exhibited
decreased muscle activation with increased height in the IO, and TE pre- and post-fatigue,
while exhibiting increased muscle activation with increased height in the LE. However, in
the EO, participants exhibited increased muscle activation with increased height pre-fatigue
and decreased muscle activation with increased height post-fatigue. Pre-fatigue, significant
correlations between body mass and EO (ρ = 0.13, p < 0.0001), IO (ρ = 0.20, p < 0.0001), LE
(ρ = 0.40, p < 0.0001) and TE (ρ = 0.08, p = 0.004) were observed. Furthermore, significant
correlations of a similar magnitude between the %MVET and body mass were observed
post-fatigue in EO (ρ = −0.18, p < 0.0001), IO (ρ = 0.20, p < 0.0001), LE (ρ = 0.35, p < 0.0001)
and TE (ρ = 0.11, p < 0.0001). Therefore, participants exhibited increased muscle activation
with increasing body mass in the EO, IO, LE, and TE pre-fatigue and in the IO, LE and TE
post-fatigue.

A further analysis performed for each frequency group showed similar findings;
however, the correlation between muscle activation and body mass in the pre-fatigue EO
was not significant at 1.25 Hz and 4.5 Hz, and the correlation between muscle activation and
BMI was not significant in the pre-fatigue LE at 1.25 Hz (Table 1). In the TE, the correlations
between %MVET and mass were not significant for any frequency pre-fatigue, and the
correlation between %MVET and BMI was not significant from 1.25 to 2.5 Hz in the pre-
fatigue data. In the pre-fatigue data, the largest correlations between muscle activation and
BMI occurred in the IO, while the largest correlation between muscle activation and body
mass occurred in the LE. Interestingly, the IO, EO, and LE all showed similar magnitudes of
correlations between muscle activation and height, although the IO showcased a negative
correlation while the EO and LE were positive.

In the IO, the post-fatigue data shows a slightly lower correlation between %MVE and
height (Table 2). Further, in the EO, the correlations between %MVE and mass as well as
%MVE and height are lower magnitude than the pre-fatigue correlation coefficients for all
frequencies. Interestingly, in the EO, muscle activation was correlated positively with both
height and mass pre-fatigue, however, post-fatigue muscle activation of the EO is negatively
correlated with both body mass and height. Similar to the pre-fatigue data, the % MVET of
the LE did not show a significant correlation with BMI at 1.25 Hz, however, post-fatigue, the
LE does not exhibit a significant correlation with BMI from 1.25 Hz to 2.5 Hz. Furthermore,
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pre-fatigue the TE does not show a significant correlation with mass at any frequency, however
the correlations are significant for all frequencies except 2.5 Hz and 4.5 Hz post-fatigue.

Table 1. Spearman’s rank coefficient of correlation (ρ) for pairwise comparison of BMI (body mass index), mass, and
height with %MVET (transformed % maximum voluntary electrical activation data) in the internal oblique, external oblique,
lumbar erector spinae and thoracic erector spinae prior to back muscle fatigue. Spearman’s rho (ρ) values denoted with *
are statistically significant.

Internal Oblique

Pair
1.25 Hz 2.0 Hz 2.5 Hz 4.0 Hz 4.5 Hz

P P ρ ρ ρ
%MVET and mass 0.26 (p < 0.0001) * 0.24 (p < 0.0001) * 0.21 (p = 0.001) * 0.16 (p = 0.01) * 0.14 (p = 0.02) *

%MVET and height −0.34 (p < 0.0001) * −0.35 (p < 0.0001) * −0.36 (p < 0.0001) * −0.37 (p < 0.0001) * −0.35 (p < 0.0001) *
%MVET and BMI 0.38 (p < 0.0001) * 0.38 (p < 0.0001) * 0.34 (p < 0.0001) * 0.31 (p < 0.0001) * 0.28 (p < 0.0001) *

External Oblique

Pair
1.25 Hz 2.0 Hz 2.5 Hz 4.0 Hz 4.5 Hz

P P ρ ρ ρ
%MVET and mass 0.11 (p = 0.08) 0.14 (p = 0.02) * 0.14 (p = 0.03) * 0.14 (p = 0.03) * 0.10 (p = 0.10)

%MVET and height 0.37 (p < 0.0001) * 0.38 (p < 0.0001) * 0.38 (p < 0.0001) * 0.39 (p < 0.0001) * 0.38 (p < 0.0001) *

Lumbar Erector Spinae

Pair
1.25 Hz 2.0 Hz 2.5 Hz 4.0 Hz 4.5 Hz

P P ρ ρ ρ
%MVET and mass 0.36 (p < 0.0001) * 0.43 (p < 0.0001) * 0.39 (p < 0.0001) * 0.44 (p < 0.0001) * 0.42 (p < 0.0001) *

%MVET and height 0.42 (p < 0.0001) * 0.44 (p < 0.0001) * 0.36 (p < 0.0001) * 0.33 (p < 0.0001) * 0.34 (p < 0.0001) *
%MVET and BMI 0.08 (p = 0.23) 0.15 (p = 0.01) * 0.14 (p = 0.02) * 0.21 (p = 0.001) * 0.17 (p = 0.01) *

Thoracic Erector Spinae

Pair
1.25 Hz 2.0 Hz 2.5 Hz 4.0 Hz 4.5 Hz

P P ρ ρ ρ
%MVET and mass 0.08 (p = 0.21) 0.08 (p = 0.19) 0.09 (p = 0.15) 0.07 (p = 0.26) 0.09 (p = 0.13)

%MVET and height −0.19 (p = 0.002) * −0.18 (p = 0.003) * −0.19 (p = 0.002) * −0.21 (p = 0.001) * −0.22 (p < 0.0001) *
%MVET and BMI 0.10 (p = 0.10) 0.10 (p = 0.12) 0.12 (p = 0.06) 0.13 (p = 0.04) * 0.15 (p = 0.02) *

Table 2. Spearman’s rank coefficient of correlation for pairwise comparison of BMI (body mass index), mass, and height
with %MVET (transformed % maximum voluntary electrical activation data) in the internal oblique, external oblique,
lumbar erector spinae and thoracic erector spinae after back muscle fatigue. Spearman’s rho (ρ) values denoted with * are
statistically significant.

Internal Oblique

Pair
1.25 Hz 2.0 Hz 2.5 Hz 4.0 Hz 4.5 Hz

P ρ ρ P ρ
%MVET and mass 0.21 (p < 0.0001) * 0.26 (p < 0.0001) * 0.27 (p < 0.0001) * 0.14 (p = 0.03) * 0.13 (p = 0.03) *

%MVET and height −0.29 (p < 0.0001) * −0.28 (p < 0.0001) * −0.29 (p < 0.0001) * −0.27 (p < 0.0001) * −0.29 (p < 0.0001) *
%MVET and BMI 0.30 (p < 0.0001) * 0.36 (p < 0.0001) * 0.36 (p < 0.0001) * 0.26 (p < 0.0001) * 0.25 (p < 0.0001) *

External Oblique

Pair
1.25 Hz 2.0 Hz 2.5 Hz 4.0 Hz 4.5 Hz

P ρ ρ P ρ
%MVET and mass −0.20 (p = 0.001) * −0.23 (p < 0.0001) * −0.17 (p = 0.004) * −0.17 (p = 0.01) * −0.15 (p = 0.02) *

%MVET and height −0.41 (p < 0.0001) * −0.46 (p < 0.0001) * −0.41 (p < 0.0001) * −0.41 (p < 0.0001) * −0.40 (p < 0.0001) *

Lumbar Erector Spinae

Pair
1.25 Hz 2.0 Hz 2.5 Hz 4.0 Hz 4.5 Hz

P ρ ρ P ρ
%MVET and mass 0.39 (p < 0.0001) * 0.36 (p < 0.0001) * 0.37 (p < 0.0001) * 0.35 (p < 0.0001) * 0.35 (p < 0.0001) *

%MVET and height 0.41 (p < 0.0001) * 0.39 (p < 0.0001) * 0.39 (p < 0.0001) * 0.31 (p < 0.0001) * 0.29 (p < 0.0001) *
%MVET and BMI 0.10 (p = 0.12) 0.08 (p = 0.22) 0.10 (p = 0.12) 0.15 (p = 0.02) * 0.12 (p = 0.05) *

Thoracic Erector Spinae

Pair
1.25 Hz 2.0 Hz 2.5 Hz 4.0 Hz 4.5 Hz

P ρ ρ P ρ
%MVET and mass 0.17 (p = 0.01) * 0.12 (p = 0.05) * 0.08 (p = 0.18) 0.15 (p = 0.02) * 0.08 (p = 0.19)

%MVET and height −0.17 (p = 0.004) * −0.16 (p = 0.01) * −0.19 (p = 0.002) * −0.16 (p = 0.01) * −0.19 (p = 0.002) *
%MVET and BMI 0.20 (p = 0.001) * 0.15 (p = 0.02) * 0.12 (p = 0.05) * 0.19 (p = 0.002) * 0.12 (p = 0.04) *
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3.2. Stepwise Linear Regression Models

When comparing the pre- and post-fatigue regression models of the EO, there is a
minimal change in the R2 (adj) value, with a difference of 0.03 (Figure 3). The regression
equations for the pre-fatigue and post-fatigue regression models are presented in Table 3.
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Figure 3. Fits vs. %MVET (transformed % maximum voluntary electrical activation data) (a) before and (b) after back
muscle fatigue from the stepwise regression models of the external oblique (EO).

Table 3. Stepwise regression models for %MVET (transformed % maximum voluntary electrical activation data) of the
external oblique pre- and post-back muscle fatigue, where mass, height, and body mass index (BMI) are continuous
predictors, and vibration frequency is a categorical predictor.

Frequency Pre-Fatigue Regression Equations Post-Fatigue Regression Equations

1.25 Hz %MVET = 1.35 − 0.01 mass + 0.20 height + 0.20 BMI %MVET = 6.14 − 3.51 height
2.00 Hz %MVET = 1.35 − 0.01 mass + 0.20 height + 0.20 BMI %MVET = 6.15 − 3.51 height
2.50 Hz %MVET = 1.35 − 0.01 mass + 0.20 height + 0.20 BMI %MVET = 6.14 − 3.51 height
4.00 Hz %MVET = 1.34 − 0.01 mass + 0.20 height + 0.20 BMI %MVET = 6.43 − 3.51 height
4.50 Hz %MVET = 1.33 − 0.01 mass + 0.20 height + 0.20 BMI %MVET = 6.43 − 3.51 height

The IO showed the largest difference in R2 (adj) values of all the muscles. The pre-
fatigue regression was able to explain an additional 5% of the variance in the %MVET data
compared to the post-fatigue regression model (Figure 4). The resultant regression model
equations for the pre-fatigue and post-fatigue models are presented in Table 4.

Table 4. Stepwise regression models for %MVET (transformed % maximum voluntary electrical activation data) of the
internal oblique pre-and post-back muscle fatigue, where mass, height, and body mass index (BMI) are continuous predictors,
and vibration frequency is a categorical predictor.

Frequency Pre-Fatigue Regression Equations Post-Fatigue Regression Equations

1.25 Hz %MVET = −0.46 − 0.01 mass + 0.80 height + 0.45 BMI %MVET = −0.84 − 0.02 mass + 1. 01 height + 0.05 BMI
2.00 Hz %MVET = −0.46 − 0.01 mass + 0.80 height + 0.45 BMI %MVET = −0.84 − 0.02 mass + 1. 01 height + 0.05 BMI
2.50 Hz %MVET = −0.46 − 0.01 mass + 0.80 height + 0.45 BMI %MVET = −0.83 − 0.02 mass + 1. 01 height + 0.05 BMI
4.00 Hz %MVET = −0.42 − 0.01 mass + 0.80 height + 0.45 BMI %MVET = −0.79 − 0.02 mass + 1. 01 height + 0.05 BMI
4.50 Hz %MVET = −0.42 − 0.01 mass + 0.80 height + 0.45 BMI %MVET = −0.79 − 0.02 mass + 1. 01 height + 0.05 BMI
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Figure 4. Fits vs. %MVET (transformed % maximum voluntary electrical activation data) (a) before and (b) after back
muscle fatigue from the stepwise regression models of the internal oblique (IO).

The LE shows minimal changes in the R2 (adj) value and the regression equations
(Table 5) between the pre- and post-fatigue regression results (Figure 5).
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Figure 5. Fits vs. %MVET (transformed % maximum voluntary electrical activation data) (a) before and (b) after back
muscle fatigue from the stepwise regression models of the lumbar erector spinae (LE).

Table 5. Stepwise regression models for %MVET (transformed % maximum voluntary electrical activation data) of the
lumbar erector spinae pre- and post-back muscle fatigue, where mass, height, and body mass index (BMI) are continuous
predictors, and vibration frequency is a categorical predictor.

Frequency Pre-Fatigue Regression Equations Post-Fatigue Regression Equations

1.25 Hz %MVET = −2.94 − 0.02 mass + 2.26 height + 0.08 BMI %MVET = −1.08 − 0.01 mass + 1.20 height + 0.04 BMI
2.00 Hz %MVET = −2.94 − 0.02 mass + 2.26 height + 0.08 BMI %MVET = −1.08 − 0.01 mass + 1.20 height + 0.04 BMI
2.50 Hz %MVET = −2.94 − 0.02 mass + 2.26 height + 0.08 BMI %MVET = −1.07 − 0.01 mass + 1.20 height + 0.04 BMI
4.00 Hz %MVET = −2.91 − 0.02 mass + 2.26 height + 0.08 BMI %MVET = −1.06 − 0.01 mass + 1.20 height + 0.04 BMI
4.50 Hz %MVET = −2.91 − 0.02 mass + 2.26 height + 0.08 BMI %MVET = −1.06 − 0.01 mass + 1.20 height + 0.04 BMI
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The TE shows minimal changes in the R2 (adj) value depending on the fatigue condi-
tion and the resultant regression model equations (Figure 6). The regression equations for
the pre- and post-fatigue models presented in Figure 6 are summarized in Table 6.
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Table 6. Stepwise regression models for %MVET (transformed % maximum voluntary electrical activation data) of the
thoracic erector spinae pre- and post-back muscle fatigue, where mass, height, and body mass index (BMI) are continuous
predictors, and vibration frequency is a categorical predictor.

Frequency Pre-Fatigue Regression Equations Post-Fatigue Regression Equations

1.25 Hz %MVET = −21.65 − 0.18 mass + 12.97 height + 0.53 BMI %MVET = −22.64 − 0.18 mass + 13.49 height + 0.56 BMI
2.00 Hz %MVET = −21.65 − 0.18 mass + 12.97 height + 0.53 BMI %MVET = −22.65 − 0.18 mass + 13.49 height + 0.56 BMI
2.50 Hz %MVET = −21.59 − 0.18 mass + 12.97 height + 0.53 BMI %MVET = −22.62 − 0.18 mass + 13.49 height + 0.56 BMI
4.00 Hz %MVET = −21.36 − 0.18 mass + 12.97 height + 0.53 BMI %MVET = −22.29 − 0.18 mass + 13.49 height + 0.56 BMI
4.50 Hz %MVET = −21.36 − 0.18 mass + 12.97 height + 0.53 BMI %MVET = −22.28 − 0.18 mass + 13.49 height + 0.56 BMI

When anthropometric factors are excluded from the regression, and frequency is the
only factor considered, the resultant pre-fatigue regressions have R2 (adj) values of 0.03, 0.08,
0.02, and 0.03 for the EO, IO, LE and TE, respectively. The post-fatigue regressions result in
R2 (adj) values of 0.04, 0.90, 0.04 and 0.05 for the EO, IO, LE and TE, respectively, when
frequency is the only factor. These results indicate that using frequency alone describes a
small amount of the variance in muscle activation of the muscle groups studied compared
to using a combination of frequency and anthropometric factors. The incorporation of
anthropometric factors and frequency in the regressions results in increased R2 (adj) values
for all muscle groups investigated in both the pre- and post-fatigue regressions. Overall,
the weakest regression models were in the TE followed by the EO, while the LE and IO
regressions have the largest R2 (adj) values.

4. Discussion

The IO, LE, and TE showed significant positive correlations with frequency in both
the pre-and post-fatigue data while the EO exhibited a negative correlation pre-fatigue
and a positive correlation post-fatigue. Additionally, frequency was a significant term in
the regression models for all muscle groups. This positive correlation may be explained
by the forcing frequency of the vibration approaching the peak transmissibility of the
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thoracic and lumbar spines. When exposed to vertical WBV, peak muscle activation in the
thoracic and lumbar erector spinae occurs between 4 and 5 Hz [27], which corresponds
to the peak transmissibility of the thoracic and lumbar spines, which occurs at 4 Hz [27].
The negative correlation between muscle activation in the EO pre-fatigue may suggest
that participants relied more on the IO, LE, and TE to stabilize their spine pre-fatigue. The
positive correlation post-fatigue may suggest that participants began increasing activation
of their EO once their erector spinae were fatigued.

IO, LE, and TE resulted in significant positive correlations with BMI as well as body
mass, both of which may lead to increased shear forces on the spine [24]. The neuromuscu-
lar system often responds to increased forces within the spine by increasing overall trunk
muscle activation [38], as this may provide additional stability to the lumbar spine [39].
Although this increased muscle activation is necessary to maintain spine stability, it may
lead to increased shear and compression forces on the spine, introducing risk of tissue in-
jury [36]. In contrast to IO, EO had a negative correlation with body mass and post-fatigue.
This aligns with previous findings, in which an increased body mass was correlated with
reduced WBV transmission [14], thus reducing the muscle activation necessary to stabilize
the spine.

Like increased body mass and increased BMI, increased height may lead to increased
shear forces within the spine [24]. Furthermore, it has been shown that vertical vibration
transmission through the thorax is increased in individuals of increased height in the
frequencies investigated [38], thus thoracic muscle activation would be expected to increase
to maintain spine stability [39]. However, the correlation between height and muscle
activation was negative in the IO and TE both pre- and post-fatigue, as well as negative in
the EO post-fatigue. This indicates decreased levels of muscle activation with increased
height. Pre- and post-fatigue in the LE, and pre-fatigue in the EO, participants demonstrated
increased muscle activation with increased height. This would be beneficial for stabilizing
the spine, but the negative correlations observed in the IO, TE, and post-fatigue EO may
lead to decreased spine stability due to reduced thoracic muscle activation. This finding
may be a contributing factor to the association between low back pain and increased body
height in farmers [4]. Therefore, when returning to work following a WBV related low-back
injury it may be beneficial to train operators to properly engage the muscles of the abdomen
to brace their thorax and increase spine stability during WBV exposure.

Furthermore, the incorporation of anthropometric factors in addition to frequency
greatly improved the fit of the regressions, allowing an explanation of 11–35% of the
variation in muscle activation, as compared to 2–9% of the variance which was accounted
for using frequency alone. However, ISO 2631-1 health guidance caution zones are based
on frequency weighted RMS acceleration [13]. The current study suggests that ISO health
guidance should consider body mass, BMI, and height in addition to frequency weighted
RMS acceleration as these anthropometric factors may influence muscle activation during
seated WBV exposure and influence the risk of low back injury when exposed to WBV.

The current problem with the ISO standard is that according to our accelerometry
measurements and the determination of the RMS values of the frequency weighted acceler-
ation, all of our participants were in the same health guidance zone. However, our data
suggests that their injury risk levels were likely not equal as evidenced by their different
muscle activations. When applying the health guidance caution zones from ISO 2631-1, this
results in an underestimation of risk in some individuals and an overestimation in others.
Moreover, by analyzing pre- and post- fatigue data, we have shown that these potential
differences in risk level are present regardless of muscle fatigue status. The evidence that
we present is that individuals of increased height as well as individuals of increased BMI
may have increased risk both prior to and following fatigue. The increased risk with height
is due to lower muscle activation in the thoracic erector spinae (TE), external oblique (EO)
and internal oblique (IO) muscles, which may result in decreased spinal stability [39].
Increased risk with increasing BMI is due to increased muscle activation in the IO, LE, and
TE, which may lead to increased risk of soft tissue injury [36].
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Although the values of the frequency weighted RMS accelerations are different across
the five frequency levels (i.e., due to the peak-to-peak displacement always being 5 mm),
they result in all participants falling into the same health guidance caution zone because the
frequency values are not different enough from each other. Moreover, the health frequency
weighted RMS accelerations are all below the lower boundary of the health guidance
caution zone.

We propose adding additional features for consideration in health guidance alongside
the frequency weighted accelerations. The determination of appropriate features will
require much more research, which includes both retrospective and prospective epidemi-
ological studies, as well as a better understanding of how body resonant frequencies are
affected by factors such as body composition and seat contact area. This research may
also include a sensitivity analysis to determine at which point increased height begins to
increase injury risk due to decreased muscle activation and thus decreased spine stability.
Furthermore, the point at which increased BMI begins to increase tissue injury risk due to
increased muscle activation should also be investigated. This would require a larger and
more anthropometrically diverse sample population than the population investigated in
this study. This sensitivity analysis could include further factors such as body type (e.g.,
endomorphic, ectomorphic, mesomorphic), lean body mass, % body fat, age, sex, and the
anthropometric variables investigated in this study to determine which factors are the most
robust predictors of muscle activation.

Several studies have suggested that obesity is related to decreased postural stability in
standing tasks [51–53] which may be due to the increased torque necessary to stabilize the
body [54], or poor sensory input from the foot mechanoreceptors [55]. Body weight, height,
and age have also been shown to be predictors of postural stability [56]. Furthermore, Arora
et al. demonstrated decreased postural stability during seated WBV exposure as evidenced
by an increased center of pressure (COP) displacement and an increased mean velocity
of COP displacement [12]. Thus, the effect of anthropometric factors on postural stability
during seated WBV should be investigated. Increased muscle activation in conjunction
with increased forces in the spine due to WBV can lead to muscle fatigue and spinal
instability, increasing the back injury risk [10,57]. It is therefore important to consider the
effect of anthropometric factors on muscle activation, since this may lead to an increased
back injury risk.

One of the limitations of the current study was the lack of posture monitoring during
data collection, therefore, it cannot be ruled out that some of the differences in muscle acti-
vation may be due to postural changes. Additionally, BMI does not differentiate between
body fat and muscle [58]. It has been suggested that body fat and muscle mass may impact
the resonant frequency of the human body due to their anti-thixotropic and thixotropic
properties, respectively [20]. To provide a more complete picture of the correlations be-
tween muscle activation and driver anthropometry, further research should be conducted
to evaluate muscle activations throughout the range of human torso resonant frequencies
(i.e., 4–14 Hz). Furthermore, lean body mass [20], body fat, and hip circumference [59]
should also be considered due their influence on biodynamics during WBV exposure.

5. Conclusions

The results indicate increased muscle activation in individuals with increased body
mass and BMI in all the trunk muscle groups investigated (EO, IO, LE, TE (pre-fatigue)), as
well as decreased muscle activation with increased height in the IO and TE, as well as the
EO post-fatigue. The increased activation with increased body mass and BMI may be due
to the body responding by increasing thoracic muscle activation to increase spinal stability.
Muscle activation was expected to increase with increased height, which is necessary
to increase spine stability. However, the results show that muscle activation in the IO,
TE, and post-fatigue EO decreased with increasing height. This may be a contributing
factor to the increased incidence of low back pain in taller farmers. Additionally, there
is increased muscle activation in the IO, LE, TE, and post-fatigue EO with an increased
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vertical vibration frequency. This is likely due to the vibration frequency approaching
the resonant frequency of the thoracic and lumbar spines, requiring increased muscle
activation to maintain spinal stability.

The incorporation of BMI, body mass, and height with vibration frequency greatly
improves the explanation of variance in the muscle activation of the trunk muscles. These
anthropometric differences may pre-dispose certain groups to increased risk of low back
injury due to decreased muscle activation leading to decreased spine stability or increased
activation leading to risk of repetitive strain injuries. Therefore, this research suggests that
ISO 2631-1 health guidance may need to consider anthropometric factors to capture their
potential influence on injury risk.
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