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Abstract

This randomized controlled trial study was conducted to determine whether two different seating 
interventions would reduce exposure to whole-body vibration (WBV) and improve associated health 
outcomes. Forty professional truck drivers were randomly assigned to two groups: (i) a control 
group of 20 drivers who received a new, industry-standard air-suspension seat, and (ii) an interven-
tion group of 20 drivers who received an active-suspension seat. This study collected regional body 
pain (10-point scale), low back disability [Oswestry Disability Index (ODI)], physical and mental health 
[the Short Form 12-item Health Survey (SF-12)], and work limitations [Work Limitation Questionnaire 
(WLQ)] before and 3, 6, and 12 months after the seating intervention. WBV exposures were also col-
lected during the same time periods. Due to dropouts at the 12-month time period, only data up to 
6 months post-intervention were included in the analyses. The post-intervention A(8) WBV exposures 
were lower in both groups with a more substantial WBV exposure reduction (~50%) in the interven-
tion group compared to the control group (~26%). There was little to no change in the impulsive 
exposures [VDV(8) and Sed(8)] post-intervention and no differences between the two groups. The self-
reported musculoskeletal health outcomes showed that intervention group experienced a greater 
reduction in the low back pain (LBP) and other musculoskeletal outcomes than the control group. 
The LBP reduction in the intervention group was clinically meaningful (>25%); however, none of the 
changes in pain reached statistical significance (P’s > 0.22). The SF-12 health scores demonstrated 
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that the intervention group’s physical health improved after the intervention (P’s < 0.06) while the 
control group experience little to no improvement (P’s > 0.11). The WLQ scores showed that the inter-
vention group generally experienced reduced (improved) work limitation over time whereas the con-
trol group showed inconsistent changes in work limitation scores. These study findings indicate that 
reducing truck drivers’ exposure to WBV through seating intervention can lead to improvements in 
LBP and other health outcomes.

Keywords:   disability index; low back pain; SF-12 health survey; Work Limitation Questionnaire; work-related 
musculoskeletal disorders

Introduction

Previous studies have shown that truck drivers, espe-
cially long haul drivers, suffer from a great deal of health 
issues including work-related musculoskeletal disorders 
(WMSDs) with over three times higher injury rates than 
the private industry average (Rauser et al., 2008; Rauser 
et al., 2014; Smith and Williams, 2014). In addition, pro-
fessional drivers report a significantly greater median 
number of days away from work (17 days) due to occu-
pational injuries and illness compared to workers in pri-
vate industry (8 days). Among these injuries and illnesses, 
WMSDs are the single largest component accounting for 
41% of claims cost in the trucking sector in Washington 
State, USA (Rauser et al., 2008; Rauser et al., 2014).

Among WMSDs, low back pain (LBP) accounts for 
20% of all US workers’ compensation claims and is 
responsible for 33–46% of all workers’ compensation 
costs which estimates range from 45 to 54 billion dol-
lars annually in the USA (Webster and Snook, 1994; 
Anderson, 1998; Leigh, 2011; Marcum and Adams, 
2017). As LBP is one of the most significant non-lethal 
medical conditions (Marras, 2000), it often results in 
persistent disability that can create a substantial eco-
nomic burden and lost productivity in the workplace 
(Punnett et al., 2005; Ammendolia et al., 2009).

Whole-body vibration (WBV) is one of the leading 
risk factors for the development of low back disorders 
and other general adverse health outcomes among pro-
fessional drivers (Troup, 1988; NIOSH, 1997; Teschke 
et al., 1999). Previous epidemiological and physiologi-
cal studies have consistently shown a strong associa-
tion between occupational WBV exposure and LBP in 
professional vehicle drivers with a clear dose–response 
relationship (Pope, 1991; Bovenzi, 1996; Bernard, 1997; 
Bovenzi and Hulshof, 1999; Bovenzi, 2009). Although 
exact injury mechanisms have not been fully understood, 
biomechanical studies found possible injury pathways 
including elevated spinal load (Fritz, 1997; Fritz, 2000), 
supporting musculature fatigue (Wilder et al., 1996), and 
damaged intervertebral discs (Griffin, 1990; Thalheimer, 
1996; Aulck, 2012).

The extended driving hours (8–12 h/day and up to 
70 h a week) in long-haul truck drivers increases the 
exposure to WBV and therefore create greater poten-
tial for adverse health outcomes. Teschke et al. (1999) 
showed that risks of injuries increased as the duration 
and dose of WBV increases. In fact, LBP prevalence in 
professional drivers has been estimated to range between 
60–80% (Schwarze et al., 1998; Bovenzi et al., 2006; 
Bovenzi et al., 2009; Kim et al., 2015), and is substan-
tially higher compared to the prevalence (30%) of work-
ers not exposed to WBV (Bongers and Boshuizen, 1990). 
Therefore, given the large numbers of truck drivers in 
the working population, research to improve their occu-
pational health and well-being is certainly merited.

Passive air suspension seats are the current industry 
standard practice to reduce WBV exposures in long-haul 
truck drivers. However, previous studies have shown that 
these passive air suspension seats have limited capability 
in WBV attenuation in on-road vehicles travelling at mod-
erate to high speeds and amplify the vibration exposures 
in some instances, especially low-frequency vibrations 
(Thamsuwan et al., 2013; Kim et al., 2015). Recently, a 
new active vibration cancelling seat suspension has been 
developed. The seat uses a highly responsive electromag-
netic linear actuator to continuously and nearly instantane-
ously controls the vertical up-and-down vibration-induced 
motions. Due to far greater fidelity in frequency response, 
this active suspension system is found to be far superior in 
reducing WBV compared to the conventional air suspen-
sion systems (Blood et al., 2011). A previous study on a 
standardized route showed that this new active suspension 
seat was much more effective in attenuating WBV expo-
sures compared to a passive air suspension seat (Blood 
et al., 2011; Blood et al., 2015). This indicates that this 
new active suspension seat could be an effective engineer-
ing control to reduce WBV exposures among professional 
truck drivers.

Although there have been studies that have evaluated 
the associations between WBV exposure and adverse health 
outcomes, such as LBP, previous studies have typically 
been cross-sectional or retrospective in nature and WBV 
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exposures have been characterized from predominantly 
short duration measures. Therefore, the purpose of this 
randomized controlled trial (RCT) study was to determine 
whether seating interventions could improve truck drivers’ 
musculoskeletal and other general health outcomes.

Methods

Subjects
Through Washington Trucking Associations, we identi-
fied five trucking companies in Washington State who 
provided access to truck drivers. From these five compa-
nies, we invited a total of 105 professional truck drivers 
to participate in the study (Fig. 1). While the compa-
nies employed additional drivers, some drivers were 
not available to participate in the study due to various 

reasons including medical leave, shift timing, vacations, 
and being based in different geographic locations away 
from the main terminal. Among these 105 truck drivers, 
96 drivers expressed their interest in the study partici-
pation and completed an eligibility questionnaire. Based 
on the analysis of the eligibility questionnaire, 53 truck 
drivers from four trucking companies were eligible for 
this RCT study. One company dropped out due to the 
sampling demands. Eligibility included that drivers were 
either regional or line-haul drivers, meaning they spent 
the majority of their day behind the wheel driving with 
minimum manual material handling; were experienced 
truck drivers with a minimum of 1 year employment at 
their current company; and self-reported that they had 
no plans to retire in the next 2 years. The 1-year tenure 
requirement was to minimize the chances of subject drop 
out due to turnover because turnover rates are much 

Figure 1.  Study design showing the enrollment and allocation of participants to the control and intervention arms and partici-
pants lost to follow up. The analysis followed an intent-to-treat approach. If a subject dropped out of the study during the 1-year 
study period, we used the last observation carried forward method (Streiner and Geddes, 2001), meaning that the last available 
data prior to drop out will be included in the data analysis.
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higher for new drivers in their first year of employment 
(Altas Ergonomics, 2009). Additional criteria included 
that all the drivers had their own dedicated trucks so 
that they used the intervention seats all the time during 
1-year study period. Lastly, only truck drivers with cur-
rent (past 7 days) LBP were included in this study as this 
study followed intent-to-treat approach. The experimen-
tal protocol was approved by the University’s Human 
Subject Committee and all subjects gave their informed 
consent prior to their participation in the study.

Experimental design
From the pool of 53 eligible drivers, 40 drivers were ran-
domly selected and assigned into two study arms with 
a computerized block randomization occurring within 
each company (Fig. 1). The non-selected 13 drivers were 
excluded from the study. A group of 20 drivers was 
assigned to the control group and received new industry-
standard air-suspension seats (National Captain Seat; 
Commercial Vehicle Group; New Albany, OH or Sears 
Elite Seat; Sears Seating; Davenport, IA). The other group 
of 20 drivers was assigned to the intervention group and 
received new active-suspension seats (BoseRide; Bose 
Corporation; Framingham, MA). Having 20 subjects 
provided adequate power to detect meaningful differ-
ences in WBV exposure measures between two study 
arms (Part 1). However, since the focus of this paper was 
to measures health effects, and given the potential health 
effects of the seating interventions were not known, sam-
ple size was based on guidance for early stage clinical 
trials (Norfleet and Gad, 2009). In early stage clinical 
trials, often due to uncertainty, typically smaller number 
of subjects are evaluated (typically 10–30 subjects). So, 
with the known WBV exposures, the unknown health 
effects of the interventions and the financial limit of the 

grant funding source, 40 subjects (20 subjects per arm) 
were evaluated in this study. The block randomization 
within a company minimized confounding that may be 
associated with the company (in particular differences in 
WBV exposures that may be associated with route dif-
ferences across companies). After subject dropout and 
requiring repeated WBV measurements pre- and post-
intervention, 17 control and 16 intervention drivers 
were included for subsequent analyses per intent-to-treat 
approaches (Fig. 1). The demographic information of the 
subjects is shown in Table 1, truck characteristics can be 
found in Table 1 of the first paper (Johnson et al., 2018).

Data collection and analysis
Musculoskeletal pain, general health outcomes, and psy-
chosocial factors were measured at pre- (0 month) and 
post-intervention (3, 6, and 12 months) using standard-
ized and validated questionnaires in order to determine 
whether anticipated changes in WBV through different 
seating interventions would have differential effects in 
health outcomes.

We utilized two pain scores, one for LBP to cap-
ture localized pain and then an overall body musculo-
skeletal pain scale to capture other parts of the body. 
Musculoskeletal pain outcomes on seven different 
body parts (low back, neck, shoulder, wrist/forearm, 
knee, ankle/feet, and leg/sciatica) were collected using 
a standardized 10-point pain scale adopted from the 
Standard Nordic Questionnaire (Kuorinka et al., 1987). 
The localized pain scale ranged from 0 to 10 with ver-
bal anchors: 0 being ‘no pain’ and 10 being ‘worse pain 
you can imagine’. Drivers were asked to rate the level 
of their pain when it was at the worst in the past week. 
The composite PAIN score was calculated as a sum of 
seven body pain ratings which could range from 0 (no 

Table 1.  Comparisons of participant demographics for the control and intervention arms.

Control 
(n = 20)

Intervention 
(n = 20)

P-value

Mean (SE)

Weight (kg) 107.5 (8.1) 105.6 (4.4) 0.59

Height (cm) 178.3 (2.4) 182.9 (1.4) 0.24

BMI 33.7 (2.2) 31.5 (1.0) 0.29

Age (years) 49.1 (2.3) 48.9 (2.3) 0.72

Likelihood Ratio Chi-Squarea

Tobacco Use 0.69 0.41

Alcohol Consumption 0.08 0.77

Physical Activity 4.78 0.31

History of Back Injuries 1.45 0.48

aCalculated from multinomial logistic regression.
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pain in any body area) to 70 (extremely severe pain in 
all body areas) to describe overall pain ratings of entire 
body (Amick et al., 2003). The PAIN scores were not 
calculated if any of the seven pain scores was missing.

Back functionality and disability were evaluated 
using the Oswestry Disability Index (ODI) questionnaire 
(Fairbank and Pynsent, 2000). The ODI questionnaire 
consists of 10 questions, each of which is scored on a 
scale of 0–5 with zero being the least amount of disability 
and 5 being most severe disability. If nine or more ques-
tions were completed, the ODI was calculated as follows:
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If more than one question was missed, ODI was not cal-
culated. Previous studies have shown that minimal clini-
cally important changes range from 4 to 16 percentage 
points (Lauridsen et al., 2006).

The general physical and mental health were col-
lected and evaluated relative to the US population using 
the 12-item Short Form (SF-12) survey (Ware, 1996). 
Through linear transformation of SF-12 raw scores, two 
composite summary measures including physical com-
ponent summary and mental component summary were 
calculated according the methods proposed by Ware 
et al. (2002). The SF-12 health scores below or above 
the general US population’s health score (mean: 50 and 
SD: 10) indicate lower or higher health status. Generally, 
the score difference greater than 20 indicates poor health 
and significant limitations.

The Work Limitation Questionnaire (WLQ) was used 
to measure the degree to which the truck drivers expe-
rienced limitation during their work due to their health 
problems and the productivity loss due to these work 
limitations during the past 2 weeks (Lerner et al., 2001). 
The WLQ scores consist of four scales: Time Demand, 
Physical Demand, Mental Demand, and Output 
Demand. Time Demand scale measures the difficulty 
in managing time and scheduling demands. Physical 
Demand scale measures a worker’s ability to perform job 
tasks that involve physical strength, stamina, movement, 

coordination and flexibility. Mental Demand scale evalu-
ates psychological demand associated with cognitive 
tasks and interpersonal interactions at work. Lastly, 
Output Demand scale evaluates how much a worker’s 
physical and emotional problems affect the productivity. 
Scale scores range from 0 (limited none of the time) to 
100 (limited all of the time). Each scale ranges from 0 
(no limitations) to 100 (most limitations). Based on the 
four WLQ scales, the productivity loss score was calcu-
lated to assess the percentage decrement in work output 
due to health problems (Lerner et al., 2003). A 10% 
increase in WLQ scores equals to 4–5% reduction in 
productivity (Lerner et al., 2003).

WBV
As outlined in the first paper (Johnson et al., 2018), 
WBV exposure data were collected at pre- and post-
intervention according to international WBV standards 
(ISO 1997 and 2004). The ISO WBV exposure param-
eters included the daily root mean square weighted 
average vibration [A(8)], the daily Vibration Dose Value 
[VDV(8)], and the daily Static spinal compression dose 
[Sed(8)]. The WBV exposures were collected temporally 
in parallel with the all the data reported here.

Statistical analysis
The analysis followed an intent-to-treat approach. If a 
subject dropped out of the study during 1-year study 
period, we used the last observation carried forward 
method (Streiner and Geddes, 2001), meaning that the 
last available data prior to drop out will be included in 
the data analysis. To check if the randomization mini-
mized differences between the intervention and control 
group, we used multinomial logistic regression (JMP 
Pro 11; SAS Institute, Cary, SC) to examine differences 
between the study arms in important covariates such as 
age, body mass index (BMI), tobacco use, alcohol con-
sumption, physical activity, history of back injuries (e.g. 
back strain/sprain and spinal fractures).

As the goodness of fit tests indicated that health out-
come measures were normally distributed, a generalized 
linear mixed model was used to test the main hypothesis 
that there were differences in health outcomes between 
the two seat groups at 3 and 6 months poster interven-
tion. The mix model set the seat (intervention or control) 
and time (3 and 6 months) as fixed effects while sub-
ject was a random effect nested within the truck com-
pany identifier. In addition, the mix model included a 
fixed effect term for the baseline (0 month) value for the 
dependent variables (health outcomes) being examined 
in the model. The model was run for each of our depend-
ent variables. The health outcome-dependent variables 
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were LBP, the overall musculoskeletal pain of entire body 
(PAIN), back functionality/disability (ODI), SF-12, and 
WLQ. For post-hoc comparisons, Dunnett’s tests were 
used to determine difference existed between the base-
line and post intervention (3 and 6 months) measures. 
The effect sizes (ES) and 95% confidence intervals (CI) 
were calculated using Hedges’ g because Hedges’s g is 
less biased than Cohen’s d, especially for a small sample 
size (Hedges, 1981). Similar to the interpretation Part 1 
(Johnson et al., 2018), ES 0.20 or less were interpreted 
as small to negligible differences/changes, values near 
0.50 moderate differences/changes and values greater 
than 0.80 large differences/changes. Clinical significance 
for LBP was set to 25% changes relative to baseline 
measures based on Lauridsen et al. (2006) Statistical sig-
nificance was noted when P-values were less than 0.05.

Results

WBV
To briefly summarize the WBV exposure results of Part 
1 (Johnson et al., 2018), there were no differences in the  
x- and y-axis WBV exposures between the two seats; 
however, there were parameter dependent z-axis expo-
sure differences. The WBV exposure parameter depend-
ence in the z-axis showed that the with both seats 
the greatest reductions were seen in the continuous 
weighted-average WBV exposures [A(8)]; to a lesser 
degree, with the time-weighted average impulsive meas-
ures [VDV(8)]; and to a very limited degree in the raw, 
impulsive exposure measures [Sed(8)]. The A(8) values 
showed that the intervention group had almost a 50% 
reduction in the vertical (z) axis WBV exposures post-
intervention compared to a 26% reduction in the passive 
suspension/control group. The z-axis VDV(8) and Sed(8) 
WBV exposure measures were not different between the 
two groups.

Health outcomes
As shown in Table 1, the multinomial logistic regression 
models found no statistically significant differences in 
the important covariates including age (P = 0.72), BMI 
(P = 0.28), tobacco use (P = 0.41), alcohol consumption 
(P = 0.77), physical activity (P = 0.31), and history of 
back injuries (P = 0.48). As none of these covariates dif-
fered between the study arms, we did not include any 
covariates in our evaluation of the main hypothesis.

As shown in Fig. 3, the baseline LBP of the interven-
tion group was slightly higher compared to the control 
group [P = 0.06; Hedge’s g ES (95% CI) = 0.67 (−1.37, 
0.03)]. There were no differences in the baseline PAIN 

[P = 0.79; ES (95% CI) = −0.33 (−1.18, 0.51)] and ODI 
[P = 0.43; ES (95% CI) = −0.24 (−0.97, 0.49)] between 
the study groups (Fig. 2). Despite no statistical signifi-
cance post-intervention, the ES indicated that the inter-
vention group that received the active-suspension seats 
experienced a greater reduction in the LBP and compos-
ite PAIN outcomes than the control group that received 
the new air-suspension seats (Fig. 2). Relative to the 
pre-intervention baseline LBP (3.3 ± 0.4), LBP scores in 
the intervention group were 35% [P = 0.13; ES (95% 
CI) = −0.45 (−1.19, 0.29)] lower at 3 months (2.2 ± 0.5), 
and 17% lower [P = 0.51; ES (95% CI) = −0.22 (−0.95, 
0.52)] at 6-month post-intervention (2.8 ± 0.5). The 
post-intervention LBP in the control group showed that 
3-month LBP (2.4 ± 0.6) was 16% lower [P = 0.22; ES 
(95% CI) = 0.02 (−0.79, 0.83)] than the pre-intervention 
measures (2.8 ± 0.4); however, 6 months post-interven-
tion LBP (2.8 ± 0.7) was not different from the baseline 
measure [P = 0.79; ES (95% CI) = 0.07 (−0.81, 0.95)].

The composite PAIN scores slightly decreased over 
time for the intervention group whereas the PAIN scores 
increased for the control group; however, these changes 
and differences did not reach statistical significance. 
For the intervention group, the PAIN scores at 3-month 
(9.6 ± 2.4) and 6-month post-intervention (12.5 ± 2.6) 
were 32% [P = 0.35; ES (95% CI) = −0.05 (−0.89, 0.79)] 
and 11% lower [P = 0.85; ES (95% CI) = −0.41 (−1.28, 
0.46)], respectively when compared to the baseline PAIN 
score (14.1 ± 1.8). For the control group, the PAIN scores 
at 3-month (14.1 ± 3.2) and 6-month (19.2 ± 3.7) post-
intervention were 6% [P = 0.95; ES (95% CI) = 0.29 
(−0.62, 1.19)] and 44% higher [P = 0.26; ES (95% 
CI) = 0.05 (−0.96, 1.07)], respectively than the baseline 
PAIN scores (13.4 ± 2.0).

Mean baseline ODI scores in the control (14.2 ± 1.8) 
and intervention group (15.0 ± 1.7) showed that truck 
drivers in this study were minimally impaired due to 
the LBP (Fig. 2d). After 3 months post-intervention, the 
mean ODI score in the intervention group (9.9 ± 2.3) 
decreased by 5 percentage points [P = 0.29; ES (95% 
CI) = −0.20 (−1.0, 0.60)], whereas the control group’s 
ODI score (19.3 ± 3.0) increased by 5 percentage points 
[P = 0.04; ES (95% CI) = 0.44 (−0.44, 1.32)]. However, 
the changes relative to the baseline ODI negligible at 
6-month post-intervention in both groups: changes were 
less than 2.5 percentage points (P’s > 0.70).

SF-12 health scores
The baseline SF-12 physical health scores (Fig. 3) in 
both the intervention (mean = 43.3 ± SE =1.3) and 
control groups (43.7 ± 1.2) were not significantly dif-
ferent [P = 0.71; ES (95% CI) = 0.19 (−0.50, 0.87)] 
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Figure 2.  Mean (SE) comparisons of the LBP (a), % changes in LBP (b), composite PAIN (b), and ODI (c) score changes over time 
between the intervention and control group. The LBP scale ranges from 0 (no pain) to 10 (worse pain you can imagine). The PAIN 
scale ranged from 0 (no pain in any body area) to 70 (extremely severe pain in all body areas). The ODI ranged from 0 (no disabil-
ity) to 100 (bedbound): 0–20: minimal disability; 20–40: moderate disability; 40–60: severe disability; 60–80: crippling back pain; 
80–100: subjects are either bedbound or exaggerating their symptoms. The red dotted line indicates clinical significance: pain 
changes greater than 25% relative to baseline measures (Lauridsen et al., 2006).

Figure 3.  Mean (SE) comparisons of norm-based SF-12 physical and mental composite health score changes over time between 
the intervention and control groups. The red dotted lines indicate the general US population’s health status. The asterisk indicates 
a statistically significant change in the intervention group relative to the baseline, determined by the Dunnett’s test at α = 0.05. 
Higher scores indicate better outcomes.
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but significantly lower than the general US popula-
tion’s physical health score (μ = 49.6 and σ = 9.9; P’s < 
0.0001), indicating the truck driver’s had a poorer health 
status relative to the general population. However, 
the baseline SF-12 mental health scores from both 
groups were not different from the general US popula-
tion (μ = 49.4 and σ = 9.8; P’s > 0.25). Relative to the 
pre-intervention SF-12 scores, the intervention group’s 
physical health scores slightly increased (improved) 
at 3-month [48.4 ± 1.2; P = 0.06; ES (95% CI) = 0.60 
(−0.14, 1.33)] and 6-month [49.0 ± 2.0; P = 0.04; ES 
(95% CI)  =  0.02 (−0.12, 1.35)] post-intervention. 
Relative to the intervention group, the control group 
had smaller improvements in physical health scores at 
3-month [41.2 ± 1.8; P = 0.11; ES (95% CI) = −0.020 
(−1.0, 0.6)] and 6-month [46.7 ± 2.0; P = 0.16; ES (95% 
CI) = 0.63 (−0.27, 1.53)] post-intervention.

WLQ
WLQ scores showed that the intervention group in 
general experienced reduced work limitation (improve-
ment) in all four scales over time whereas the control 
group had inconsistent changes in work limitation 
scores (Fig. 4). Relative to baseline (19.1 ± 2.8), Time 
Demand (mean ± SE) in the intervention group was 
significantly lower at 3-month [5.2 ± 3.2; P = 0.01; ES 
(95% CI) = −0.98 (−1.73, −0.235)] and 6-month post-
intervention [8.3 ± 3.0; P = 0.04; ES (95% CI) = −0.73 
(−1.45, −0.01)]; in contrast, Time Demand in the con-
trol group did not change (P’s > 0.46). Similarly, Physical 
Demand in the intervention group decreased at 3 months 
[15.8 ± 5.3; P = 0.02; ES (95% CI) = −0.86 (−1.61, 
−0.11)] and 6 months [22.2 ± 5.2; P = 0.14; ES (95% 
CI) = −0.39 (−1.11, 0.33)] from the baseline (34.2 ± 4.8) 
whereas relative to the baseline measures in the control 

Figure 4.  Mean (SE) comparisons of Work Limitation Questionnaire (WLQ) changes cover time between the intervention and con-
trol group. WLQ scores range from 0 (no limitations) to 100 (most limitations). Asterisks indicate statistically significant changes in 
the intervention group relative to the baseline, determined by Dunnett’s tests at α = 0.05. Lower scores indicate better outcomes.
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group (31.7 ± 5.1), there was no changes in Physical 
Demand at 3 months [50.2 ± 6.9; P = 0.09; ES (95% 
CI) = 0.13 (−0.66, 0.92)] and some reduction but not 
statistically significant changes at 6 months [24.5 ± 9.8; 
P = 0.84; ES (95% CI) = −0.41 (−1.38, 0.55)]. Mental 
Demand did not change in both intervention and con-
trol groups. Output demand in the intervention group 
was lower at 3-month [3.2 ± 2.6; P = 0.06; ES (95% 
CI) = −0.61 (−1.36, 0.13)] and 6-month post-interven-
tion [1.3 ± 2.5; P = 0.02; ES (95% CI) = −0.75 (−1.49, 
−0.01)] than the baseline score (11.4 ± 2.3); however, 
the control group showed a slight increase at 3 months 
[13.6 ± 3.3; P = 0.11; ES (95% CI) = 0.38 (−0.42, 
1.17)] and no changes at 6-month post-intervention 
[10.9 ± 4.2; P = 0.44; ES (95% CI) = 0.09 (0.87, 1.04)] 
when compared to the baseline (7.7 ± 2.4).

Discussion

This RCT study evaluated a new engineering control 
(active suspension seat) designed to reduce truck drivers’ 
exposure to WBV relative to the industry-standard pas-
sive (air) suspension seat in order to determine whether 
reduced WBV exposures improved associated health 
outcomes. The results from Part 1 (Johnson et al., 2018), 
indicated that the intervention group with the active sus-
pension seats had no differences in x- and y-axis expo-
sures, but experienced a greater reduction in z-axis A(8) 
WBV exposures and no differences in impulsive [VDV(8) 
and Sed(8)] WBV exposures. In parallel with the reduc-
tion in the z-axis A(8) exposures in the intervention 
group, there were improvements in many of the associ-
ated health outcomes, as compared to the control group 
(Figs 2–4).

The self-reported musculoskeletal health outcomes 
showed that intervention group experienced greater 
reductions in the LBP and composite PAIN (sum of pain 
scores from seven body parts) outcomes than the con-
trol group (Fig. 2); however, these changes did not reach 
statistical significance. The lack of statistical significance 
is likely due to sample size and lack of statistical power; 
however, the 35% reduction of LBP in the interven-
tion group may be meaningful as a pain decrease of at 
least 25% from baseline measures is considered as clini-
cally important (Lauridsen et al., 2006). These findings 
were also supported by the relatively greater ES in the 
intervention group (ES: 0.22–0.45) as compared to the 
control group (ES: 0.02–0.07). In addition, the interven-
tion group’s 95% ES CI was asymmetrical and mostly 
below zero (indicating a reduction in LBP and PAIN) 
whereas the control group’s 95% CI was relatively sym-
metric about zero (indicating little to no reduction). 

These changes in the pain outcomes mirrored only the 
the z-axis A(8) WBV exposure changes between pre- 
and post-intervention in Part 1 of this study (Johnson 
et al., 2018). That is, the greater A(8) WBV exposure 
reduction resulted in the greater pain reduction in the 
intervention group while the control group experienced 
relatively smaller reduction in the A(8) WBV exposures 
and associated pain outcomes. These results indicated 
that reducing truck drivers’ A(8) exposures through seat-
ing interventions may reduce musculoskeletal pain; how-
ever, a larger sample sized trial is needed.

The ODI also showed that the intervention group 
experienced decreased low back disability whereas the 
control group showed a slight increase in low back dis-
ability. Although some studies have shown that mini-
mal clinically important changes of ODI ranges from 4 
to 16 percentage points (Lauridsen et al., 2006), these 
reductions in the ODI in the intervention group were no 
more than 5 percentage points which is less than 10%, 
the minimal detectable changes of the ODI (Fairbank 
and Pynsent, 2000). The small ES also showed that the 
changes in the disability may not be meaningful. This 
lack of change may be in part because this index was 
originally used for pre- and post-surgical assessment 
(patients with more severe low back disability) so the 
scale may be less sensitive to detecting changes in low 
back functionality in working truck drivers whose low 
back disability is much less compared to patients with 
low back surgery (Davies and Nitz, 2009). The Roland 
Morris Disability index may be a more suitable scale 
for future studies measuring low back disability in truck 
drivers.

The baseline SF-12 scores showed that professional 
truck drivers in this study had lower physical health 
but similar mental health as compared to the general 
US population. This correlates with a high prevalence 
(50–80%) of various musculoskeletal disorders among 
professional drivers (Schwarze et al., 1998; Bovenzi 
et al., 2002; Bovenzi et al., 2006; Bovenzi et al., 2009; 
Kim et al. 2016). The SF-12 physical health scores 
showed that the intervention group experienced greater 
improvement in physical health scores as compared to 
the control group, while both groups did not experi-
ence any changes in mental health. Such changes in 
SF-12 physical health scores were similar to those 
found in LBP and PAIN outcomes as discussed above. 
These results showed that substantially reducing truck 
drivers’ exposure to z-axis average continuous vibra-
tion (A(8) exposures) with high performing seats may 
have potential to improve general physical health of 
truck drivers, which is also supported by moderate ES 
(around 0.5).
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WLQ scores showed that the intervention group 
generally experienced reduced (improved) work limi-
tation in all four scales over time whereas the control 
group showed inconsistent changes in work limitation 
scores (Fig. 4). The pre-intervention WLQ scores indi-
cated that truck drivers had higher Time Demand and 
Physical Demand when compared to the healthy popula-
tion without occupational driving tasks found by Lerner 
et al. (2001). Previous studies have identified this high 
time demand as a risk factor associated with drivers’ 
fatigue, longer recovery time, accidents, and adverse 
psychological health problems (de Croon et al., 2000; 
McCartt et al., 2000; de Croon et al., 2003; Shattell 
et al., 2010). Furthermore, although the drivers in this 
study had no to minimal manual material handling, they 
still perceived that their long-hour driving was physi-
cally demanding. The high physical demand is a known 
risk factor for musculoskeletal disorders and a strong 
predictor for sickness absence (de Croon et al., 2003). 
These high job demands may in part explain the high 
prevalence of musculoskeletal disorders among pro-
fessional truck drivers (Schwarze et al., 1998; Bovenzi 
et al., 2002; Bovenzi et al., 2006; Bovenzi et al., 2009; 
Kim et al., 2016).

The pre-intervention WLQ Productivity Loss Scores 
indicated that the intervention and control group experi-
enced approximately 4.9% and 3.4% productivity loss, 
respectively, in the past 2 weeks due to their health prob-
lems. Given that truck drivers usually drive up to 11 h/
day and 5 days/week, these productivity losses mean that 
between 3.8 and 5.4 h of driving time could have been 
lost in the last 2 weeks due to the health problem. The 
productivity losses of the truck drivers in this study were 
slightly higher than the general healthy population’s 
WLQ productivity loss (2.2%) (Lerner et al., 2002). 
After the intervention, the WLQ Productivity Loss of the 
intervention group improved and went from 5.0% down 
to 2.1%, whereas the control group did not experience 
any reduction on the productivity loss.

The reduced productivity loss of the intervention group 
who experienced significant reduction of WBV exposures 
is in line with the decrease in musculoskeletal pain (LBP 
and PAIN), low back disability (ODI), and physical health 
(SF-12). This result indicates that reducing exposure to 
WBV may also improve the productivity through improv-
ing driver’s physical health outcomes. Given that 70 h per 
week is the legally-allowed driving time in the USA, the 
2.9% reduction in the productivity loss would result in 
4.1 h of productivity gains over a 2-week period. Based 
on median truck driver annual salary ($73,000 according 
to American Trucking Association), this reduction would 
equate to a saving of $2,117 per year.

Strengths and limitations
Strength of our study is the study design, a RCT. To date, 
there have been no systematic, prospective studies evaluat-
ing new seat suspension technologies/interventions as an 
engineering control to reduce WBV exposures and/or char-
acterizing the subsequent health effects (e.g. changes in 
LBP and low back function). In fact, a National Research 
Council report on work-related MSDs highlighted the need 
for rigorous studies including randomized controlled trials 
and other scientifically sound approaches on workplace 
interventions as a way to build evidence-based approaches 
to the prevention of work-related musculoskeletal disor-
ders (National Research Council, Institute of Medicine, 
2001). Therefore, we believe that this study demonstrates 
that high quality seating interventions, which substantially 
reduce truck drivers’ exposure to continuous, cyclical aver-
age weighted vibration exposures, has the potential to 
improve associated health outcomes.

However, this study does have some limitations. First, 
this RCT study had a small sample size (n = 20 per study 
arm). Our power calculation based on our previous studies 
(Johnson and Blood, 2011) showed that this sample size 
would provide at least 80% of statistical power to detect 
the differences in WBV exposures over time as well as 
between the intervention and control group. However, this 
sample size was not large enough to detect the changes in 
health outcomes. This small sample size may have resulted 
in lack of statistical differences in LBP despite the clinically 
meaningful difference observed. This is likely true for the 
other parameters measured as well. Second, as a longitudi-
nal study, this study had significant drop out; this is in part 
because trucking industries have been experiencing very 
high turnover rate over the past few decades (Costello and 
Suarez, 2015). The drop-out rates were 30% by 3 months 
post-intervention and 40% by 6 months post-intervention. 
Because more than 80% of study participants had dropped 
or we could not get measures at the 12-month post-inter-
vention period, we decided to exclude the 12-month post-
intervention data from the statistical data analysis. Such 
high drop-out rates likely further affected the statistical 
power of this study; therefore, a careful interpretation of 
the study results may be merited.

Conclusions

This RCT study was conducted to determine whether 
truck driver seats, designed to reduce WBV exposures 
(an engineering intervention), improved truck driver’s 
LBP, and other health outcomes. The study results dem-
onstrate that the intervention (active suspension) truck 
seat, substantially reduced average weighted vibration 
[A(8)] exposures and appeared to be more effective in 
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reducing LBP and improving other physical health out-
comes compared to the control (passive air-suspension) 
seat. Although many of these changes in the health 
outcomes were not statistically significant (in part due 
to the small sample size), LBP changes were clinically 
meaningful (Lauridsen et al., 2006) and improvements 
in other health outcomes were consistent with the LBP 
results in the truck drivers receiving the intervention seat. 
Therefore, the study findings indicate that reducing truck 
drivers’ exposure to WBV can improve their LBP and 
other physical health outcomes and that seating inter-
ventions, which reduce WBV exposures, can be effective 
engineering intervention to improve truck driver’s physi-
cal health and low back functionality.
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