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Abstract

Purpose To detect impacts of changes in work environ-
ment and worker-equipment interface variables upon sur-
face electromyography (EMG) measures using multivariate,
longitudinal analysis.

Methods For 33 office workers, yearly measurements
(1999-2001) were taken during normal work. Independent
variables were related to work environment (expert-
observed equipment dimensions, work organization on
questionnaire) and interface (expert-observed postures,
self-reported workstation-equipment relative fit i.e. inside
or outside guidelines-informed location, and 30 min video-
based task analysis). Internal mechanical exposure (EMG)
was recorded bilaterally from extensor carpi radialis brevis
(ECRB) and upper trapezius sites, each side, also for
30 min. Dependent variables were amplitude probability
distribution functions (APDF 50 and 90%) and gaptime for
entire record EMG (over all tasks) and task-specific EMG
(for four separate tasks). Multivariate mixed models used
independent variables to predict EMG measures (4 muscle
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sites x (1 entire record + 4 task specific) = 20 models

total).
Results Among EMG measures, 9/16 means and 2/16
variances were significantly different across years

(p < 0.1). Environment and interface variables explained
part of the variation in EMG measures in 13/20 models.
The most consistent predictors included: (1) increased
monitor distance predicted reduced APDFs and increased
gaptimes; (2) wrist extension <20° predicted decreases in
left ECRB APDFs; (3) keyboard location within guidelines
predicted improvements in all right ECRB EMG measures
during keyboarding; and (4) longer task duration predicted
higher APDFs and lower gaptimes.

Conclusion Longitudinal analysis with multivariate
models can detect the impacts of changes in environment
and interface exposures on EMG measures among office
workers.

Keywords Computer workstations - VDTs -
Electromyography - Longitudinal studies - Musculoskeletal
diseases

Introduction

Office workers engaged in intensive computer work have
been shown to be at increased risk of musculoskeletal
disorders (MSDs) associated with inadequate workplace
design and inappropriate work organization (Sandsjo and
Kadefors 2001). In particular, incidence of neck and upper
limb symptoms has been predicted by work environment
characteristics (van den Heuvel et al. 2006; Tornqvist
et al. 2009). Cognizant of these risks, workplaces may
respond with a variety of equipment, software, training,
work organization and treatment initiatives as part of both
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ongoing business innovations or specifically to deal with
MSDs (Brewer et al. 2006). Understanding how changes
in work environments can modify exposure and prevent
musculoskeletal disorders (Burdoff 2010) requires accu-
rate measures of both changes and worker exposures in
workplaces undergoing change (Cole et al. 2002). Given
variability in biomechanical exposure (Mathiassen 2006),
measures of worker-equipment interfaces and internal
exposure relevant to physical workload and MSDs are
required (Hansson et al. 2009, 2010).

Surface electromyography (EMG) is one such com-
monly used internal exposure assessment method. It has
been used to assess risks for pain in short term studies
entirely in the laboratory (@stensvik et al. 2009) or using a
laboratory to predict pain and other outcomes prospectively
among workers (Madeleine et al. 2003; Steingrimsdottir
et al. 2005). In workplace-based observational stud-
ies, EMG has been used with questionnaires (Holte and
Westgaard 2002), with workstation assessments/anthro-
pometry (Hansson et al. 2001; Marcus et al. 2002) and with
video recordings which synchronize task observations with
postural and physiological measurements (Karlqvist et al.
1998). Some authors have used multiple types of measures
to focus on particular equipment (e.g. mouse) and/or spe-
cific activities (e.g. computer-assisted design) (Jensen et al.
1998). Other researchers have applied combinations of
methods to assess the effects of specific differences in
exposure conditions: questionnaire and EMG for different
pause types (Sundelin and Hagberg 1989); observation and
EMG for lowered and tilted work tables permitting alter-
native postures (Westgaard and Aaras 1985); and EMG
training with special myofeedback vests of those experi-
encing neck and upper limb discomfort (Huis in‘t Veld
et al. 2008). Very few have used repeat EMG measures to
assess impacts of directly observed exposure changes using
longitudinal study designs (Aaras et al. 1998). EMG
measures on workers in the field demonstrate substantial
variation (Mathiassen 2006). Some researchers have used
mixed model analyses across exposure measures to assess
the contribution of multiple individual and task factors to
explain between-worker variation in muscle activity
(Bruno et al. 2010). In longitudinal analysis, the challenge
is to detect ‘change amidst the random variation within
workers over time, recognizing the diversity of exposure
profiles among workers.

In collaborative research with a large newspaper
implementing an ergonomics program (Cole et al. 2006),
we conducted an intensive exposure assessment sub-study
of volunteer office workers using VDTs. In keeping with
a framework of linkages between work environments,
employee-workstation interfaces, job tasks, and internal
exposure indicators (Wells et al. 2004), we collected
multiple measures of exposure simultaneously. We have
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previously reported on our cross-sectional analyses of
task measures (Van Eerd et al. 2009) and associations
across exposure measures (Van Eerd et al. submitted). As
well, we documented changes in relevant equipment,
workstation, posture, relative fit and task indicators
across 3 years (details in a companion paper, Cole et al.
2010).

In this paper, our research question was: Are yearly
EMG measures based on four different muscle-side sites,
during different tasks (dependent variables) affected by
substantive changes in non-EMG work environment
exposure variables (independent variables) across years
(longitudinally). Multivariate models were constructed for
each muscle-site to simultaneously predict three EMG
measures (as dependent variables), parceling out the non-
random variation across years to highlight variation
explained by change in non-EMG work environment
exposure variables (independent variables).

Methods
Design

A repeated measures design was used to examine exposure
changes among office workers.

Setting

Offices of a large, metropolitan North American newspaper
from 1999 to 2001.

Population

Among office workers participating in an exposure
assessment study (Van Eerd et al. submitted), 33 had suf-
ficient non-EMG and EMG data available. However, due to
scheduling difficulties every worker could not provide
EMG data every year: 26 provided EMG data in 1999; 33,
in 2000; and 29 in 2001. They worked in advertising, cir-
culation and finance departments doing a wide variety of
clerical, administration, sales, customer accounts and call
centre jobs, all involving use of VDT-computers during
much of the work day (Van Eerd et al. 2009). All partici-
pants provided written informed consent in keeping with
approval by the Research Ethics Boards of McMaster
University and the University of Waterloo. Mean age of the
group was 41.6 years (SD = 10.1), and 72.7% were
female. They had a mean height of 167.5 cm (SD = 10.2)
and a mean weight of 74.2 kg (SD = 17.1). All used a
mouse with their right hand.
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Data collection
Non-EMG exposure independent variables

Equipment dimensions and postures Detailed information
on measurements is provided elsewhere (Cole et al. 2010;
Van Eerd et al. submitted). Trained observers noted
equipment available for each employee. Measurements of
workstation setup were taken at the worker’s usual work-
station with the worker present. Dimensions were measured
using a tape measure. The orientation of workstation
equipment was determined relative to the J key (center of
the keyboard) using a calibrated “bubble” level as a ref-
erence when needed. Trained observers assessed bilateral
upper-extremity postural measures (shoulder, elbow and
wrist angles) while workers performed their usual key-
boarding tasks in their usual keying position. Hand-held
goniometers were used, located on standard anatomical
landmarks and body segments (Gerr et al. 2002). Head
rotation, viewed from above the worker, was measured as
the angle between a line perpendicular to the centre of the
monitor and a line from the worker’s nose forward. Among
the 33 participating workers, 25 had their equipment
dimensions and postures measured in 1999, 32 in 2000, and
29 in 2001 (Table 1).

Relative fit For relative fit, workers indicated whether the
placements of the keyboard, mouse and monitor at their
usual workstation, were inside or outside boxes on a dia-
gram (Polanyi et al. 1997). For the phone, workers noted
whether they used a hands-free phone, a regular hand-held
phone, a cell phone or a phone with shoulder rest (Cole
et al. 2006). Among the 33 participating workers, 32 had
the relative fit position of their keyboard and phone mea-
sured in 1999, 33 in 2000, and 30 in 2001. Among these
workers, 24 had the relative fit position of their mouse
measured in 1999, 31 in 2000, and 29 in 2001.

Work organization One work organization variable
which showed change across years (Cole et al. 2010) was
included—coordination of work with others, which we
previously had found was associated with meeting dead-
lines (Beech-Hawley et al. 2004). Among the 33 partici-
pating workers, 32 provided responses on this work
organization variable in 1999, 33 in 2000, and 30 in 2001.

Tasks Direct, real time measures of tasks performed by
workers were collected to improve accuracy of estimates of
time spent performing each task (Engstrdm and Medbo
1997; Homan and Armstrong 2003). As the objective was to
determine the change in workstation related task exposures
over years rather than to estimate the participants’ total
mechanical exposure, a continuous 2 h of synchronized

video and EMG activity were recorded (see below) when
the participant was expected to be near their workstation,
i.e. not in meetings, off site etc. From this recording, a
30 min segment when the participant was mainly at their
workstation was chosen for analysis. The EMG activity was
then segmented by task. The video camera was focused on
the worker and included the keyboard, mouse, monitor and
as much desk space as possible. A 30 min video recording
segment was coded by a trained analyst (Observer Pro 4.0,
Noldus Information Technology, Netherlands). Task vari-
ables created included percent (%) time in each task and the
number of tasks extrapolated to a shift (Van Eerd et al.
2009). Among the 33 participating workers, 25 had task
data for 1999, 32 for 2000, and 27 for 2001.

EMG measures (dependent variables)

In keeping with other synchronized approaches (Forsman
et al. 2002), a portable EMG signal analysis system
(ME300P8, Mega Electronics Ltd, Finland, CMRR
110 dB, 15-500 Hz) was used to record the workers’
muscle activity over 2 h on two separate days while
workers performed their usual office tasks at their work-
station. Standardized silver/silver-chloride disposable
electrodes (Mediocost Blue Sensor N-00-S) were placed
2 cm apart after standard skin preparation. Root mean
square (RMS) EMG signals were recorded at 10 Hz
(detected at a 100 ms duration window) from the extensor
carpi radialis brevi (ECRB) site and trapezius site bilater-
ally. For the ECRB site, the surface electrodes were placed
one third of the distance from the lateral epicondyle to the
radial styloid. For the trapezius site, the surface electrodes
were placed midway between C7 and the acromion. The
EMG measures were calibrated to maximum voluntary
contractions (MVC): for the ECRB, by workers performing
a maximal grasp simultaneously while extending their
wrist; and for the trapezius, by workers pulling maximally
against straps that were fixed to the floor and looped over
their elbows while they stood with their arms straight and
both shoulders abducted 90°.

A VHS video camera (no audio), with a wide angle lens,
captured the workers performing their usual tasks at their
workstation, their computer, and office equipment as well
as much of their desk space. EMG collection started in
view of the video camera recording to permit synchroni-
zation during a 30 min period. Synchronization between
video and EMG was accomplished by recording distinct
periodic electronic signals or “marks” at the start, change,
and end of tasks, using a switch on the EMG recording
system, capturing the deployment of the switch on video
(Moore et al. 2003), and producing a time stamped text file.
Video footage was not available for all tasks on all work-
ers, and use of a headset made interpretation of phone use
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Table 1 Relevant changes in equipment, work organization, postures, relative fit and tasks, across years

Domain Variables

1999 2000 2001

Equipment and
dimensions

Keyboard support present #

Keyboard-height to seat [cm, mean (SD)]
Monitor-table edge to center screen [cm, mean (SD)]
Monitor-height to seat [cm, mean (SD)]

Mouse-J key to center pad [cm, mean (SD)]
Mouse-table edge to center pad [cm, mean (SD)]
Postures # Left wrist/ulnar deviation angle (>10°)
Left wrist extension angle (>20°)

Head rotation angle (degrees, mean (SD))
Relative fit # Keyboard within box

Mouse within box

Phone more flexible options, for e.g. hands free phone

8/25 (36%) 25/32 (86%) 19/29 (73%)

182 (3.6)) 190 (3.1)  22.1 (4.0
274 (12.7) 371 (10.8) 374 (11.4)
63.6 (10.0)  69.9 (10.8)  72.0 (5.2)
34.5 (20.1) 405 (47) 407 (3.2)
15.7 (202)  13.6 (64) 143 (4.6)

17/25 (74%)  8/32 (28%) 13/29 (50%)
2125 (8%)  13/32 (45%) 4129 (15%)
482 (245) 43 (1.7) 7.7 (9.0)

22/32 (69%)
13/24 (54%)
18/32 (44%)

22/33 (67%)
17/31 (55%)
13/33 (39%)

26/30 (87%)
22129 (76%)
9/30 (30%)

Work Working together with other people, coordinating work with others 6.56 (2.24)  7.15(2.24) 6.90 (2.17)
organization (1 = strongly disagree, 10 = strongly agree) (mean, SD)
Tasks # of tasks in a shift (mean, SD) 5.7 (1.1) 6.0 (1.2) 6.1 (1.4)
% duration-deskwork (mean, SD) 45 (27) 41 (23) 28 (19)
% duration-keyboarding (mean, SD) 21 (22) 25 (19) 29 (22)

Measurement details are in Van Eerd et al. (submitted) and Cole et al. (2010). Significance of changes are also reported in the latter

N’s vary according to measures available

difficult on video without audio. Hence, the number of
workers and time spent on tasks varied for the three office
tasks (keying n = 30, mousing n = 24, and phone use
n = 17).

Task specific EMG data were extracted from the syn-
chronized video and EMG recordings for each worker
(Moore et al. 2003; Van Eerd et al. submitted). The task
specific EMG data were then concatenated across all por-
tions of the task specific EMG (e.g. mousing). The
remainder of the EMG signal was then concatenated as
non-task specific EMG sample (i.e. not using a mouse).
The entire 30 min set of data we labeled as “entire record”
to distinguish from extracted task-specific data. The
amplitude probability distribution function (APDF) at the
10th (static), 50th (dynamic) and 90th (peak) percentile
(Jonsson et al. 1988) and gaptime (<0.5% MVC value for
at least 200 ms) in s/min (Veiersted et al. 1993) were
calculated for both the entire record and each of the task-
specific EMG signals using custom software.

Statistical analysis

All analyses used the SAS statistical package VO.1.
(2002-2003). For Differences in EMG across years on the
entire record data, Levene’s test (1960) was used to assess
equality of variance across years, as we were interested in
changes in EMG that might be associated with greater task
flexibility. Extreme values in left ECRB APDF 50 and
APDF 90 measures were observed for one participant so

@ Springer

s/he was excluded from the analysis of entire record EMG
measures. The distribution of APDF 10 values deviated
substantially from normal. Further, across 60 correlations
(entire record and task specific (1 + 4 = 5) x four mus-
cle-side sites x 3 years), values for APDF 10 and gaptime
were negatively correlated: r = —0.25 to —0.62, as per the
work of Hansson et al. (2009). Because of this moderate
magnitude of correlation, APDF 10 was dropped and only
gaptime was retained in further analyses.

For Explaining variation in EMG across years with non-
EMG variables multivariate mixed models of entire record
and task-specific data were built for each muscle-site to
simultaneously predict values for the three EMG measures
(APDF 50, APDF 90, gaptime) across years (Gao et al.
2006), in keeping with others’ suggestions (Hansson et al.
2009). Two covariance structures were implemented in the
models to simultaneously account for: (1) the errors cor-
related for the same EMG measure taken in different years,
with the assumption that the first-order correlations
between any two observations from consecutive years were
the same; and (2) the errors correlated among different
EMG measures taken in the same year, using a covariance
structure parameterized directly from the data in terms of
variances and covariances. Because of the computational
complexity and our small sample, the correlation of EMG
measures among the four muscles could not be accounted
for or else the models would not converge. PROC MIXED
in SAS allows repeated measures analysis in the presence
of missing values, assuming that the values are missing at
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random. With this approach, no exclusion of subjects was
needed because of missing data.

Our modeling proceeded in steps. First, base models
examined the change of APDF 50, APDF90 and gap-time
(the three dependent variables) across 3 years. All base
models included year, an indicator variable to distinguish
each of the three EMG measures, and an interaction term
between year and the year indicator variable to assess
whether the rates of change in different EMG measures
over time were different.

Base model

Yiix = By + Biyear + ,EMG Measure indicator + f;year
x EMG Measure indicator + e;j

where Y is the EMG measures in the

ith year (i = 1, 2, 3 to identify year 1999, 2000, 2001) of
jth EMG measure (j = 1, 2, 3 to identify APDF50,
APDG90 and gaptime) from

kth subject (k = 1, 2, 3 ... 33) in study sample;

Year = 1999, 2000, or 2001;

EMG Measure Indicator = APDF50, APDF90, or
gaptime.

Then non-EMG exposure independent variables from
the ith year were added to the base models to assess
whether each variable explained variation in the three
EMG measures across years.

Full model

Yir = By + Byyear + f,EMG measure indicator
+ fiyear x EMG measure indicator
+ f4non-EMG exposure,
+ ..., non-EMG exposure, + e

The values for gaptime were reversed i.e. GAPTIME *(—1)
to accommodate the opposite trends in APDF and gaptime
coefficients observed during modeling, but reversed back
when presenting the results to make the directions more
understandable. With two muscle sites on each side (i.e.
four sites, which we henceforth refer to simply as ‘mus-
cles’) and five sets of EMG data (one entire record and four
task-specific), 20 (4 x 5) multivariate models resulted.
When modeling the role of non-EMG independent
variables in predicting EMG measure dependent variables
all independent variables from one domain e.g. equipment
and dimensions was the starting point. For equipment, work
organization, task, and relative fit models, EMG of all four
muscle-side sites were used as dependent variables, but for
posture-related fit variables the focused was on particu-
lar muscles most likely to be affected e.g. left and right

trapezius for head rotation angle. Given the small partici-
pant sample size, the number of independent variables was
reduced in each domain guided by the magnitudes of
coefficients and their associated p values (<0.2 included).
Remaining domain specific independent variables were
included in subsequent models incorporating independent
variables retained from all domains. At this stage Akaike’s
Information Criterion Corrected (AICC), a finite-sample
corrected, less biased version of AIC for small samples
(Burnham and Anderson 1998), and Bayesian Information
Criterion (Schwarz 1978), were used as criteria for reduc-
tions in values from the base model to the final model.

Results
Differences in EMG across years

Examining the entire record EMG descriptive data first,
modest increases in mean gap-times were observed for three
muscles (left and right trapezius, right ECRB; see Table 2).
For one of these, the right ECRB corresponding decreases
in mean amplitudes (APDFs) were noted i.e. mean gaptime
went from 3.9 to 12.4 s/min, while mean APDF 50 went
from 7.3 down to 5.3% MVC, consistent with the negative
correlations observed for APDF 10. For the left ECRB,
mean gap-time significantly decreased and mean ampli-
tudes increased (APDF 50 & 90 significant at p < 0.001).
Overall 9/16 of the changes in means were statistically
significant according to less stringent criteria (p < 0.1).
Standard deviations over 3 years changed for some muscles
and measures, but significance was only achieved for two:
APDF 50 variance increased for left ECRB and decreased
for gaptime in the same muscle (see Table 2).

Explaining variation in EMG across years
with non-EMG variables

In seven base models (of a possible 20) year was important,
either alone or in interaction with EMG measure (see
Table 3, second row in a, b & c). Interaction here means
that at least one of the EMG measures showed change over
time while the others may have shown no change or dif-
ferent change over time. At least some non-EMG exposure
independent variables were important for thirteen (3 entire
record, 4 keyboarding, 4 mousing, 1 deskwork alone—not
shown, 1 phone work-not shown) models with improve-
ments in fit (reductions in AICC and BIC) noted from base
to final model (see bottom row of Table 3a—c). Impacts of
these independent variables varied across EMG measures,
mostly associated with decreases in APDF 50 and 90 val-
ues and increases in gaptimes. For entire record EMG data
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Table 2 Descriptive statistics of entire record EMG across years

Muscle site EMG Year Overall across Equality/difference across years
measuresa years
1999 2000 2001
n =26 n=233 n=29 Means® # » Variance®
Mean (SD) Mean (SD) Mean (SD) Mean (SD) value) (p value)
Left ECRB (M3) APDF10 0.05 (0.14) 0.17 (0.68) 0.14 (0.62) 0.13 (0.55) 0.15 0.58
APDF50 1.48 (2.66) 5.36 (5.06)‘I 4.49 (4.02) 391 (4.39)d 0.001 0.06
APDF90 14.09 (14.82) 20.79 (12.59)¢ 19.11 (15.73) 18.23 (14.47)° <0.0001 0.77
GAPTIME 31.56 (16.13) 14.77 (9.03) 17.71 (13.34) 20.70 (14.60) <0.0001 0.02
Left trapezius APDF10 0.69 (0.82)  0.28 (0.61) 0.48 (0.93)  0.47 (0.80) 0.03 0.41
(M4) APDF50 392 (2.62) 332(257)  3.63 (285  3.60 (2.66) 0.84 0.82
APDF90 10.23 (6.09)  10.80 (7.47) 10.45 (5.86)  10.50 (6.5) 0.80 0.56
GAPTIME 7.98 (14.97) 12.86 (11.60) 12.64 (12.75) 11.30 (13.10) 0.27 0.71
Right ECRB (M1) APDFI10 0.98 (1.56) 0.39 (1.13) 0.43 (0.81) 0.58 (1.20) 0.07 0.57
APDF50 7.28 (6.23) 6.51 (5.37) 5.34 (3.90) 6.35 (5.22) 0.25 0.50
APDF90 21.12 (13.72) 22.28 (11.54) 16.94 (9.55) 21.20 (11.70) 0.05 0.37
GAPTIME 3.92 (3.81) 11.36 (9.27) 12.44 (7.80) 9.50 (8.30) <0.0001 0.10
Right trapezius APDF10 0.90 (1.75) 0.74 (1.15) 0.93 (2.08) 0.85 (1.67) 0.59 0.49
(M2) APDF50 3.84 (3.60)  535(6.11) 453 (4.17)  4.63 (4.84) 0.08 0.26
APDF90 10.16 (7.22) 16.44 (16.78) 11.62 (7.73)  13.00 (12.10) 0.03 0.12
GAPTIME 9.43 (16.87) 13.67 (13.28) 16.11 (16.48) 13.20 (15.50) 0.57 0.66

* APDFs in % Maximum Voluntary Contraction (MVC), GAPTIME in s/min

Analysis on continuous variables used SAS Mixed Model procedure

Excluding subject ‘SM’ in 2000, who had extreme values

(Table 3a), keyboarding-specific (Table 3b) and mousing-
specific EMG (Table 3c), different combinations of
equipment dimensions, posture, relative fit, and task
changes predicted EMG values in different muscle models.
Of note is that the most consistent significance of a non-
EMG independent variable across all four muscle sites was
for monitor-table edge to centre screen equipment dimen-
sion in the keyboarding task. For deskwork alone and
phone work, only task variables were significant (not
shown in tables).

The equipment dimension most consistently related to
EMG measures was monitor distance from the table edge
to the centre of the screen—in all keyboarding-specific
models, in two mousing-specific models, and in two entire
record EMG models the f coefficients were negative,
indicating reduced APDF 50 and 90 values and increased
gaptime with increasing distance from the monitor. For
example, an increase in 10 cm in table edge to screen
distance was associated with a 0.6% decrease in values for
APDF 50 and APDF 90 MVC from the overall means of
the left trapezius values set out in Table 2. In contrast,
greater monitor to seat vertical distance was associated
with greater APDF 50 and 90 values and decreased gap-
time in three keyboarding-specific models and two mous-
ing-specific models, including all models involving the
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Due to the small sample size in 1999 and 2001, the test may have low power

trapezius. Greater distance between the J key and the centre
of the mouse pad (per cm) was associated with increases in
APDFs and decreases in gaptime for the left trapezius
muscle in both the entire record and mousing-specific
models again in comparison to the overall means.

Postural variables played more of a role compared to
dimension variables, although interactions had to be con-
sidered i.e. overall effect = main effect coefficient from
the EMG categorical indicator variable added to interaction
coefficient for each measure. Table 3 shows the results of
calculations, presenting an overall change for each mea-
sure. For example, holding the left wrist in a position
between 0 and 20° of extension (vs. >20°) was associated
with substantial reductions in amplitudes for the left ECRB
in the entire record EMG data (f = 1.5-4.19 = —2.69 for
APDF 50, f = 1.5-10.91 = —9.41 or over 9% for APDF
90, in Table 3a). Compared with a grand mean of 18.2%
across years for the ECRB this implies a halving of the
APDF 90 with change to a less extreme wrist posture.
Comparable decreases in APDF90 were observed for
keyboarding (Table 3b) as well as increases in gaptime
(3.6 s/min). Paradoxically greater head rotation angles
were associated with decreased amplitudes and increased
gaptime during mousing tasks in the trapezius muscles
bilaterally.
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Table 3 Final multivariate models predicting EMG across years

Domain Variables Left ECRB () Left trapezius (f5) Right ECRB (f3) Right trapezius (/)
(a) Entire record EMG
Base Year Significant Not- significant Not-significant Not-significant
EMG_Measure Indicator Significant Significant Significant Significant
Year * EMG_Measure Significant Significant Significant Not-Significant
Equipment Keyboard-height to seat (cm) NS NS —0.19% MVC in APDF50 NS (across all domains)
dimensions —0.19% MVC in APDF90
0.19 s/min in GAPTIME
Monitor-table edge to center screen (cm) NS —0.06% MVC in APDF50 —0.08%MVC in APDF50
—0.06% MVC in APDF90  —0.08% MVC in APDF90
0.06 s/min in GAPTIME 0.08 s/min in GAPTIME
Mouse-J key to center pad (cm) NS 0.03% MVC in APDF50 NS
0.07% MVC in APDF90
—0.36 s/min in
GAPTIME
Postures Left wrist/ulnar deviation angle For Angle >10: NS NS
(degrees) ~0.06% MVC in APDF50
0.39% MVC in APDF90
7.01 s/min in GAPTIME
Left wrist extension angle (degrees) For Angle 0-20 : NS NS
—2.69% MVC in APDF50
—9.41% MVC in APDF90
—1.50 s/min GAPTIME
Relative fit Mouse (‘Not Use’ referent) NS NS For ‘Yes, in box’:
—2.05% MVC in APDF50
—2.05% MVC in APDF90
2.05 s/min in GAPTIME;
For ‘No, outside box’:
0.60% MVC in APDF50
0.60% MVC in APDF90
—0.60 s/min in
GAPTIME
Phone (‘With headset’ referent) NS NS For Not-headset:
1.18% MVC in APDF50
3.31% MVC in APDF90
—5.18 s/min in
GAPTIME
Work organization Work with others —0.5% MVC in APDF50 NS NS

Tasks

Model fit

(b) Keyboarding tasks

Base

# of tasks

% Duration of deskwork

% Duration keyboarding

Base (AICC, BIC)
Final (AICC, BIC)

Year
EMG_measure indicator

Year * EMG_measure

—2.76% MVC in APDF90
0.99 s/min in GAPTIME
—1.43% MVC in APDF50
—1.43% MVC in APDF90
1.43 s/min in GAPTIME

0.04% MVC in APDF50
0.04% MVC in APDF90

—0.04 s/min in
GAPTIME

NS

1,815.2, 1,836.9 (n = 33)
1,474.5, 1,509.9 (n = 31)

Significant
Significant
Significant

0.57% MVC in APDF50
1.50% MVC in APDF90

—3.19 s/min in
GAPTIME

NS

—0.01% MVC in APDF50
—0.11% MVC in APDF90

—0.02 s/min in
GAPTIME

1,581.2, 1,602.9 (n = 33)
1,214.6, 1,243.5 (n = 29)

Not significant
Significant
Not Significant

—1.20% MVC in APDF50
—3.32% MVC in APDF90
0.49 s/min in GAPTIME

NS

NS

1,688.8, 1,710.5 (n = 33)
1,434.4, 1,466.1 (n = 31)

Not significant
Significant

Not significant

1,838.8, 1,860.5 (n = 33)
1,464.3, 1,489.5 (n = 30)

Not significant
Significant
Significant
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Table 3 continued

Domain Variables Left ECRB (f) Left trapezius () Right ECRB (f) Right trapezius ()
Equipment Keyboard support (‘2 sided’—referent) NS NS For ‘No support’: NS
dimensions 1.27% MVC in APDFs
—1.27 s/min in
GAPTIME
For ‘1-sided Support’:
—3.59% MVC in APDFs
3.59 s/min in GAPTIME
Monitor-table edge to center screen (cm) —0.19% MVC in APDF50  —0.05% MVC in APDF50  —0.15% MVC in APDF50 —0.07% MVC in APDF50
—0.19% MVC in APDF90  —0.14% MVC in APDF90  —0.27% MVC in APDF90  —0.07% MVC in APDF90
0.19 s/min in GAPTIME 0.09 s/min in GAPTIME 0.24 s/min in GAPTIME 0.07 s/min in GAPTIME
Monitor-height to seat (cm) 0.06% MVC in APDF50 0.18% MVC in APDF50 NS —0.01% MVC in APDF50
0.07% MVC in APDF90 0.06% MVC in APDF90 0.05% MVC in APDF90
—0.65 s/min in —0.72 s/min in —0.97 s/min in
GAPTIME GAPTIME GAPTIME
Postures Left wrist extension angle (degree) For angle <20: NS NS NS
—2.74% MVC in APDF50
—8.34% MVC in APDF90
3.57 s/min in GAPTIME
Relative fit Keyboard (‘Not in box’—referent) NS NS For ‘Yes, inside box’: NS
—2.38% MVC in APDF50
—2.38% MVC in APDF90
2.38 s/min in GAPTIME
Model fit Base (AICC, BIC) 1,570.1, 1,591.4 (n = 33)  1,426.6, 1,448.0 (n = 33)  1,515.3, 1,536.6 (n = 33)  1,484.6, 1,505.9 (n = 33)

Final (AICC, BIC)
(c) Mousing tasks

Base Year
EMG_measure indicator
Year * EMG_measure

Equipment Mouse—]J key to center pad (cm)

dimensions

Mouse—table edge to center pad (cm)
Monitor-table edge to center screen (cm)
Monitor-height to seat (cm)

Postures Head rotation angle (degree)

Relative fit Mouse (‘Yes, in box’—referent)

Model fit Base (AICC, BIC)

Final (AICC, BIC)

1,337.7, 1,364.8 (n = 31)

Not significant
Significant
Not significant
NS

0.05% MVC in APDF50
—0.13% MVC in APDF90

—0.45 s/min in
GAPTIME

NS

NS

NS

For ‘No’:

—2.08% MVC in APDF50
—2.08% MVC in APDF90
2.08 s/min in GAPTIME

1,236.7, 1,256.2 (n = 31)
1,104.1, 1,125.0 (n = 28)

1,148.5, 1,176.6 (n = 31)

Not significant
Significant

Not significant

0.06% MVC in APDF50
0.10% MVC in APDF90

—0.42 s/min in
GAPTIME

NS

—0.10% MVC in APDF50
—0.10% MVC in APDF90
0.10 s/min in GAPTIME
0.64% MVC in APDF50
0.64% MVC in APDF90

—0.64 s/min in
GAPTIME

—0.08% MVC in APDF50
—0.08% MVC in APDF90
0.08 s/min in GAPTIME
NS

1,113.8, 11333 (n = 31)
922.3,943.7 (n = 27)

1,334.1, 1,360.7 (n = 31)

Not significant
Significant
Significant

NS

—0.22% MVC in APDF50
—0.22% MVC in APDF90
0.22 s/min in GAPTIME

NS

NS

NS

For ‘No’:
6.05% MVC in APDF50
6.05% MVC in APDF90

—6.05 s/min in
GAPTIME

1,273.0, 1,292.6 (n = 31)
1,152.1, 1,171.9 (n = 28)

1,192.3, 1,218.1 (n = 32)

Significant
Significant
Significant
NS

NS

—0.10% MVC in APDF50
—0.10% MVC in APDF90
0.10 s/min in GAPTIME
0.06% MVC in APDF50
0.14% MVC in APDF90

—0.97 s/min in
GAPTIME

—0.14% MVC in APDF50
—0.14% MVC in APDF90
0.14 s/min in GAPTIME
For ‘No’:

—2.60% MVC in APDF50
—2.60% MVC in APDF90
2.60 s/min in GAPTIME

1,152.2, 1,171.8 (n = 31)
1,012.2, 1,033.5 (n = 27)

APDF10 and GAPTIME were moderately negatively correlated, so APDF10 was not included in the multivariate models. GAPTIME values were reversed (multiplied by negative 1) for
multivariate modeling and reversed back to their original signs as presented here. Changes should be compared to the mean of measures across years (2nd last column of Table 2)

NS = No variables additional to those in base model were significant

N.B. no work organization or task indicators were significant for keyboarding tasks EMG
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Better relative fit for the mouse was associated with
decreased amplitudes and increased gaptime for the right
ECRB in the entire record and mousing-specific models.
Poorer relative fit which was associated with decreased left
ECRB and right trapezius activity in the latter model. In the
model of entire record EMG data, not having a phone
headset (less than optimal phone setup) was associated
with the greatest difference in gaptime (decrease of 5.18 s/
min), as well as overall increases in right ECRB activity
(1.18% MVC in APDF 50, 3.31% in APDF 90, Table 3a).
During keyboarding tasks, having a keyboard within the
box was associated with improvements in all EMG indi-
cators in the right ECRB.

For the work organization variable in the entire record,
‘work with others’, an increase of 1 (out of 10) in
agreement was associated with reductions in amplitudes
and increases in gaptime (almost 1 s/min) for the left
ECRB. Task variables were important in the entire record,
deskwork alone and phone EMG models (latter two not
shown). In all three, the duration variables were associated
with increased values of APDF 50 and APDF 90 and
decreased gaptime: in the entire record model duration of
deskwork for the left ECRB (f = 0.04 per %) and in the
deskwork-specific model for the right ECRB (f = 0.03
per %); and duration of phone work for the right trapezius
(f = 0.05) in the phone EMG model. Number of task
transitions showed different associations: increases in
APDF 50 and APDF 90 and decreases in gaptime during
deskwork for right ECRB (ff = 0.02) but vice versa dur-
ing phone work for the right trapezius (f = —0.016; data
not in tables).

Discussion

Non-EMG exposure variables explained variation in EMG
measures in this group of office workers across the 3 years
period. Further, multiple non-EMG exposure variables
together produced better fitting models explaining
observed EMG than any one alone. The multi-dimensional
and complex nature of workplace exposures reinforces the
need for multiple types of observational and other exposure
measures (Mathiassen 2006; Burdoff 2010). EMG is an
integrative, physiological measure, a common pathway
which reflects values of a wide range of non-EMG
observed variables.

The magnitudes of changes in EMG attributed to any
one independent variable varied considerably. An increase
in keyboard height to seat of 1 cm would, on average,
reduce APDFs by 0.19% MVC i.e. <1%, similar in mag-
nitude to that observed by Aaras et al. (1998) in their
longitudinal study. Small changes in equipment dimensions
were reflected in very small changes in EMG yet the design

and analytical approach detected these small differences in
EMG, responding to a concern raised by others (Mathias-
sen et al. 2002). The largest change was in values for
APDF 90 for left ECRB, from 18.2 to 8.8% with less left
wrist extension. Given the associations of ‘bursts’ of
muscle activity >2% EMGmax with higher neck pain
(Hanvold et al. 2010), a change of this magnitude may also
be of clinical significance.

There was a consistent impact of greater monitor to
table edge distance through reduced APDFs and increased
gaptimes. The CAN/ISO 9241-3 (2000) standard recom-
mends a minimum viewing distance of 400 mm. Although
the eye position will likely be further from the screen than
the table edge, the initial distance 270 mm possibly posi-
tioned the user too close to the screen. In later years, the
screen was approximately 370 mm from the table edge
which may have put more users within the recommended
range of 400-740 mm aimed at improving relative fit (CSA
2000). The decreases in APDF 50 and 90 in the right ECRB
with keyboard support is consistent with Aaras et al.
(1998), though why one-sided support resulted in greater
decreases than two-sided support is less clear.

There were challenges in obtaining complete data due to
the heavy respondent burden associated with the suite of
non-EMG and EMG measures during employees’ work
time, with no specific incentives or additional support with
their work tasks. Such field data collection is different from
simulated work tasks in a laboratory setting ‘“off-line”
(Madeleine et al. 2003; Steingrimsdottir et al. 2005). Fol-
lowing the taxonomy described by Mathiassen et al.
(2003), we call our sampling approach “continuous with
post stratification into tasks”, an approach which can lead
to biased estimates if the tasks changed systematically over
time; either over a day or week. As work in the newspaper
is cyclic over a week, the recordings were made on the
same day and “same time of day where possible” aiming to
reduce this bias. Our statistical analysis methods also
partially compensated for missing values. The measures
chosen in EMG processing were a subset from a much
larger potential set of choices (Jensen et al. 1998). Such
selection can influence characterization of muscle activity
patterns substantially (Veiersted et al. 2010). Nevertheless,
we felt it necessary to reduce the already substantial con-
cerns associated with the multiple measures of variables
(both independent and dependent) across several muscles
and tasks of interest. Finally, some of the directions of
parameters for non-EMG exposure variables are perplexing
and require clarification among a range of computer users
in other settings.

Important strengths of this work included: the guidance
in data collection provided by a conceptual framework
which recognized multifactorial prediction of EMG; the
prioritization of particular analyses of relationships between
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appropriate variables e.g. for posture-EMG relationships;
and the multivariate approach to statistical analyses which
took into account correlated measures within people
(muscles) and over time (years). The limited number of
studies with repeated measures in field settings and such
analytical approaches makes our contribution valuable for
others interested in assessing the impacts of workplace
change with integrative measures such as EMG. We
encourage collection of a range of observation and self-
report non-EMG exposure measures longitudinally, with an
emphasis on having some in each domain, to maximize
explanation of EMG outcomes. We strongly encourage
using multivariate analytic techniques to take into account
correlations in EMG across muscles. In future studies,
interpretation of coefficients would be aided by more
reporting of the EMG impacts of changes in non-EMG
exposure measures, as well as greater documentation of
associations with measures of participant health.

The important role played by some workstation
dimensions (e.g. monitor distance), and postures (e.g. wrist
extension), may provide support to practitioners faced with
the need to more immediately reduce office workers’
exposures. Practitioners would be well advised to keep in
mind results of reviews assessing effectiveness of work-
place interventions among computer users (Brewer et al.
2006). In the meantime, the methods use here can provide
guidance to other researchers seeking to monitor changes
in office work environments, potential impacts on muscle
activity, and, ultimately, reductions in MSDs among VDT-
computer using office workers.
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