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Prediction models were developed based on keyboard and Keywords anthropometry, biomechanics, task-based exposure as-

mouse use in combination with individual factors that could be sessment

used to predict median upper extremity muscle activities, pos-
tures, velocities, and accelerations experienced during com-

puter use. In the laboratory, 25 participants performed five
simulated computer trials with different amounts of keyboard
and mouse use ranging from a highly keyboard-intensive trial
to a highly mouse-intensive trial. During each trial, muscle ac-
tivity and postures of the shoulder and wrist and velocities and
accelerations of the wrists, along with percentage keyboard
and mouse use, were measured. Four individual factors (hand
length, shoulder width, age, and gender) were also measured
on the day of data collection. Percentage keyboard and mouse
use explained a large amount of the variability in wrist veloci-
ties and accelerations. Although hand length, shoulder width,
and age were each significant predictors of at least one median
muscle activity, posture, velocity, or acceleration exposure,
these individual factors explained very little variability in
addition to percentage keyboard and mouse use in any of the
physical exposures investigated. The amounts of variability
explained for models predicting median wrist velocities and
accelerations ranged from 75 to 84% but were much lower for
median muscle activities and postures (0-50%). RMS errors
ranged between 8 to 13% of the range observed. While the pre-
dictions for wrist velocities and accelerations may be able to be
used to improve exposure assessment for future epidemiologic
studies, more research is needed to identify other factors that
may improve the predictions for muscle activities and postures.

Correspondence to: Jack T. Dennerlein, Northeastern University, 6
Robinson Hall, 360 Huntington Avenue, Boston, MA 02115; e-mail:
j-dennerlein@neu.edu.

INTRODUCTION

Ithough many studies have reported associations between

computer use and musculoskeletal disorders (MSDs), the
evidence identifying specific physical and individual expo-
sures during computer use that may explain these associations
is limited."” One challenge in attempting to link exposures and
outcomes in epidemiologic studies is the collection of accurate
measurements of these exposures.?

Physical exposures such as the muscle activities, postures,
velocities, and accelerations experienced during computer use
are particularly difficult to measure accurately. Questionnaires,
which require participants to self-report their perceived phys-
ical exposures during computer use, have the advantage of
enabling data collection in large samples of workers at a
reasonable cost. However, previous studies have reported low
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agreement between exposures assessed through self-report
methods compared with direct measurements of physical ex-
posures during computer use.?~> Direct measurements, the
preferred method of exposure assessment in terms of accu-
racy, are expensive, time-consuming, and often impractical
for the large epidemiologic studies needed to make associa-
tions with MSDs.? Direct measurements are also needed to
collect enough data to determine the median values of physical
exposures, a common metric that has been presented in many
previous studies.¢®

Exposure prediction models have been proposed as an
alternative means of generating exposure data that are difficult
to measure directly. Chen et al.”) used mixed-effect modeling
to predict taxi drivers’ exposure to whole body vibration based
on a set of known predictors of vibration, including engine size,
driver’s weight, and seat cushion type, and found acceptably
low prediction error. It is possible that predictions can be
generated using this strategy for physical exposures including
muscle activities, postures, velocities, and accelerations of the
upper extremity during computer use.

A task-based approach to exposure prediction modeling
takes advantage of the variability in exposures across tasks
inherent to many jobs to calculate predictions of exposures.
The primary tasks that many modern office workers com-
plete are computer tasks (compared with non-computer work),
which can further be broken into keyboard tasks and mouse
tasks (prolonged interactions with the computer using each
input device), as well as idle tasks (active interaction with
the computer without use of an input device).'%!) Previous
studies have shown that there is variability in physical ex-
posures across computer tasks; for example, keyboard use is
associated with increased muscle efforts and wrist velocities
and accelerations, and mouse use is associated with non-
neutral shoulder postures.!%!3

The large inter-subject variability inherent to many physical
exposures, which cannot be explained by task, has limited the
usefulness of the task-based approach.! Thus, factors that
could explain some of this variability could be used to improve
estimates generated from task-based models. During computer
use, physical exposures have varied with hand length,®®
gender,”"® age,'> and shoulder width.®1©)

The goal of this study, therefore, was to develop mod-
els based on keyboard and mouse use in combination with
individual factors that could be used to predict median upper
extremity muscle activities, postures, velocities, and accelera-
tions experienced during computer use. The models were used
to determine which keyboard use, mouse use, or individual
factors were predictors of median upper extremity muscle
activities, postures, velocities, and accelerations, as well as
the strength and directions of the associations. The predictive
capabilities of the models were also evaluated.

METHODS

Experimental Protocol
Twenty-five participants (13 males) volunteered to take part
in this study. All participants were experienced computer users
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TABLE 1. Distribution of Individual Factors of
Participants

Standard
Median Mean Deviation Minimum Maximum
Age (years) 28 28 5 22 41
Hand length 18 18 1 16 22
(cm)
Shoulder 43 42 3 37 47
width (cm)

who were comfortable using the mouse with their right hand
during the measurement period. The experimental collection
protocol for this study has been previously described.!? The
Harvard School of Public Health Human Subjects Committee
approved all protocols and consent forms.

Individual Factors

In total, four individual factors were measured as part of the
experimental protocol. The individual factors considered for
this study were chosen because each factor had been identified
in a previous study as being associated with at least one phys-
ical exposure of interest during computer use.®31316 Each
participant’s hand length and shoulder width were measured
as the shortest distance between anatomical landmarks.!!?
Hand length was measured as the distance from the ulnar
styloid to the third metacarpophalangeal joint. Shoulder width
was measured as the distance across acromioclavicular joints.
Participants self-reported their age and gender. The distribution
of participant’s individual factors is shown in Table I.

Computer Trials

During the study, participants performed five trials designed
to provide contrasting percentages of keyboard and mouse
use. The trials ranged from a highly keyboard-intensive trial
in which participants were required to type a piece of text
(called TYPE in this manuscript), to a highly mouse-intensive
trial in which participants browsed a local Intranet web page
(called WEB in this manuscript). The other three trials ranged
from being more keyboard intensive to more mouse intensive:
participants filled in a series of text boxes (called FORM in
this manuscript), deleted and corrected mistakes in a word
processing document (called EDIT in this manuscript), and
sorted and resized objects (called GRAPH in this manuscript).
As reported in Dennerlein et al.,'? the various trials resulted
in significant differences in percentage keyboard and mouse
use. The distribution of percentage keyboard and mouse use
for each task is shown in Table II. The duration of each
trial was 5 min, and trials were presented to participants in
a random order. Participants performed these five trials at a
height-adjustable computer desk with an adjustable monitor
stand and adjustable chair. The chair, desk, and monitor were
adjusted for each individual in accordance with guidelines put
forth by ANSI-HFS and the Occupational Safety and Health
Administration (OSHA).(1819

A computer interaction monitoring software program writ-
ten in LabView (National Instruments, Austin, Texas) recorded
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TABLE Il. Percentage Keyboard and Mouse Use for Each Task

Median Mean Standard Deviation Minimum Maximum
Type % Keyboard Use 87 87 6 75 97
% Mouse Use 6 6 3 0 13
Form % Keyboard Use 39 39 15 17 68
% Mouse Use 37 37 16 7 66
Edit % Keyboard Use 18 18 4 9 66
% Mouse Use 64 26 19 17 76
Graph % Keyboard Use 0 25 40 0 90
% Mouse Use 90 68 37 7 99
Web % Keyboard Use 0 0 0 0 0
% Mouse Use 77 67 26 23 99

the beginning and end times of any keyboard or mouse use time
by monitoring the keyboard and mouse events captured by the
Windows operating system. “Keyboard use” was defined as
any series of key strikes that had less than 2 sec of inactivity
between successive key strikes. Similarly, “mouse use” was de-
fined as a series of mouse events (mouse movement, scrolling,
or button clicks) that had less than 2 sec of inactivity between
successive mouse events. The percentages of keyboard and
mouse use were calculated for each trial as the amount of time
spent using the keyboard or mouse, respectively, divided by the
total amount of time spent performing each trial. While there is
no extant standard for defining keyboard or mouse activities, 2
sec was chosen as being a long enough time period to separate
keyboard and mouse use time from idle time. Cutoffs between
1.5 and 4.5 sec have been validated as having low relative error
compared to direct observation.?2) Periods characterized by
two or more seconds in which there was no keyboard or mouse
activity for at least 2 sec were considered “idle time.” The
combination of “keyboard use time,” “mouse use time,” and
“idle time” added up to the total time spent performing each
trial, or 100%.

Electromyography

Surface electromyographic (EMG) activity was measured
for four muscles of the right forearm and three muscles of the
right shoulder. The forearm muscles measured included the
flexor carpi radialis, flexor carpi ulnaris, extensor carpi radialis,
and extensor carpi ulnaris. The shoulder muscles measured
included the anterior deltoid, medial deltoid, and upper trapez-
ius. Surface electrodes (DE-2.1 Single Differential Electrode;
Delsys, Boston, Mass.) were placed on top of the muscle bel-
lies in accordance with the anatomical locations as identified
by Perotto.?? After amplification (bandwidth of 20-450 Hz,
Bagnoli-Eight Amplifier; Delsys) data were recorded to a
personal computer at a sampling rate of 1000 samples/sec, and
the EMG amplitude was represented by a root mean squared
(RMS) value calculated over a 0.2-sec moving window. All
EMG activity was normalized based on the amplitude of the
participant’s EMG signals during maximum voluntary con-
tractions obtained from three experimenter-resisted, 3—5 sec
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contractions for each muscle with 1 min rest in between. For
the forearm muscles, the postures and directions of movements
were those defined by Buchanan et al.*¥ With the upper arm
near the neutral posture (at rest and vertically aligned with
the torso) for the anterior deltoid, the experimenter resisted
shoulder flexion; for the medial deltoid, shoulder abduction
was resisted. For the trapezius muscle, subjects attempted to
lift/shrug their shoulders with the direction of the resistance be-
ing applied vertically downward at the acromion. Participants
rested for 1 min between contractions. The median RMS EMG
value for each forearm and shoulder muscle was calculated for
each participant.

Wrist Posture, Velocity, and Acceleration

Right and left wrist flexion/extension and radial/ulnar de-
viation were measured using a two-channel, glove-based elec-
trogoniometry system (Wristsystem; Greenleaf Medical, Palo
Alto, Calif.) worn by participants during data collection. The
system had a resolution of 0.1 degrees and an accuracy of
2 degrees over a range from —90 to +90 degrees, and was
calibrated using a wrist jig in accordance with the methods
described in Jonsson and Johnson.?® The system and analy-
sis procedure has been used in several previous studies.®!?
Postures were recorded continuously by a data logger at 20
samples/sec during the tasks. Digital differentiation of the data
was used to calculate the wrist joint velocities and accelerations
after the position data were digitally low-pass filtered at 8 Hz.
All postures were calculated with respect to a neutral posture
as defined using the wrist postures prescribed by the American
Academy of Orthopaedic Surgeons.® Median wrist posture,
velocity, and acceleration were calculated for each participant.

Shoulder Posture

Shoulder abduction, flexion, and rotation postures of the
right arm were measured using a three-axis orientation sen-
sor (Model 3DM; Microstrain, Inc., Winooski, Vt.) for the
first 15 participants, and an electromagnetic motion analysis
system (MiniBird; Ascension Technology, Burlington, Vt.)
for the last 12 participants. The 3DM measured abduction
(=70 degrees to +70 degrees) and flexion (—180 degrees to
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4180 degrees) using inclinometers and rotation (—180 degrees
to +180), using a magnetometer. The MiniBird measured the
orientation of the upper arm using two sensors, one placed
on the forearm and one on the upper arm, midway on the
humerus. The second system was introduced when the first
system broke. As previously reported, no statistical differences
were detected between the shoulder posture measurements
recorded from the two systems.'? For both systems, data were
recorded through the serial port into a personal computer at
10 samples/sec. All postures were calculated with respect to a
neutral posture, measured when a participant was sitting with
shoulders relaxed, elbows at their side and palms of the hands
resting on the participant’s own thighs. The median of each
shoulder posture was calculated for each participant.

Model Development

To take advantage of the repeated measures design, mul-
tilevel linear regression modeling was used to predict each
muscle activity, posture, velocity, and acceleration. The data
used to form the predictions were the median muscle activity,
posture, velocity, or acceleration data from each participant.
Analyses were conducted using PROC MIXED in SAS version
9.2 (SAS Institute Inc., Cary, N.C.). The models used to
develop the predictions had a random intercept (to account
for subject-level correlation), and fixed slopes for covariates.
Visual inspection for normality of the residuals for each model
confirmed that parametric methods were appropriate.

A backward stepwise selection procedure was used to de-
termine which predictors should be left in the linear regression
models. First, percentage keyboard use, percentage mouse use,
gender, hand length, shoulder width, and age were introduced
individually as predictors into univariate models separately
for each muscle activity, posture, velocity, or acceleration
measure. Gender was treated as a dichotomous variable and all
other individual factors, percentage keyboard use, percentage
mouse use, and all muscle activity, posture, velocity, and accel-
eration measures were treated as continuous variables. Next,
all predictors with p-values less than 0.20 in the univariate
analyses for each muscle activity, posture, velocity, or acceler-
ation dataset were introduced into multivariate models. Using

an iterative process, the predictor with the least significant
p-value was removed at each iteration until only those with p-
values less than 0.05 were retained. The resulting models were
used to generate predictions for that muscle activity, posture,
velocity, or acceleration measure (“full models”). For any full
model that included both computer actions and individual
factors, a second set of prediction models was generated with
only keyboard use and/or mouse use as predictors (“reduced
models”).

Model Evaluation

Beta coefficients, 95% confidence intervals (CI), and p-
values were calculated as part of the PROC MIXED proce-
dure. To calculate an R-squared value to determine amount of
variability explained by the models, the residual variance was
calculated for the finalized prediction model for each median
muscle activity, posture, velocity, or acceleration measure,
and also for the intercept-only model. The R-squared value
was then determined by taking the difference between the
residual variance for the intercept-only model and that of
the final prediction model divided by the total intercept-only
residual variance. R-squared values were calculated for both
the “full models” and the “reduced models,” and the difference
in R-squared between the “full models” and the “reduced
models” was also calculated. Root mean squared errors were
calculated, and relative RMS errors were determined by divid-
ing by the full range of median values observed.

RESULTS

At least one of the keyboard use, mouse use, or individ-
ual factors was a significant predictor of every physical
exposure except for left wrist flexion (Tables III and IV).
Keyboard use, mouse use, or both, were significant predictors
in all models. Fewer (9 out of 22) physical exposures also
had individual factors as predictors, and no model had only
individual factors as predictors without keyboard use or mouse
use.

TABLE lll. _Results of Prediction Modeling for Median Muscle Activity

% Keyboard % Mouse

Hand Length Age Shoulder Width

Description B* (CD P B* (CD

P

B (CD p__B(CDH p BC (CI) p

Shoulder EMG (%MVC)

Anterior deltoid 0.02 (0.01, 0.03) <0.01 —

Medial deltoid —

Trapezius 0.02 (0.00, 0.03) 0.03 —
Forearm EMG (%MVC)

ECR 0.10(0.03,0.16) <0.01 —

ECU

FCR 0.01 (0.00, 0.02) <0.01 —

FCU 0.06 (0.04,0.09) <0.01

— 0.01(0.00,0.02) <0.01 — — - — — _

0.09(0.03,0.04) <0.01 -3.0(-5.0,-09) <001 — — — —

—12(=20,-04) <001 — — - —

0.05 (0.03, 0.08) <0.01 — — - — — _

ABeta coefficients for keyboard or mouse use correspond to the change in %MVC with a 1% change in keyboard or mouse use.
BBeta coefficients for hand length correspond to the change in %MVC with a 1-cm change in hand length.
CBeta coefficients for shoulder width correspond to the change in cm/sec for velocity %#MVC with a 1-cm change in shoulder width.
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TABLE IV. Results of Prediction Modeling for Median Shoulder and Wrist Postures

% Keyboard % Mouse Hand Length Age Shoulder Width
Description B* (CD p B* (CD) p 8% (CD p B p B¢ (CD p
Shoulder Posture (°)
Abduction — — 0.08 (0.05,0.10)  <0.01 — —_- - — — —
Flexion —0.10 (—0.13, —0.06) <0.01 — — — —_ = —

External rotation

Wrist Posture (°)
Left ulnar deviation —
Right ulnar deviation 0.12 (0.07, 0.17) <0.01
Left extension — —
Right extension — —

—-0.48 (-0.59, —0.36) <0.01 —

0.08 (0.04, 0.12)

— — — — — -—3.8(-5.8,-1.8) <0.01

—  —0.10(=0.13, —0.06) <0.01 — - _ _
0.07 (0.02, 0.12)

0.01 — S — — —

<0.01 2.6(0.1,5.1) 0.04 — — — —

ABeta coefficients for keyboard or mouse use correspond to the change in degrees with a 1% change in keyboard or mouse use.
BBeta coefficients for hand length correspond to the change in degrees with a 1-cm change in hand length.
CBeta coefficients for shoulder width correspond to the change in degrees with a 1-cm change in shoulder width.

Muscle activity, wrist velocity, and wrist acceleration all
tended to increase as the percentage of keyboard use or mouse
use increased. Increased keyboard use decreased shoulder
flexion and external rotation. Increased mouse use increased
shoulder abduction but was not significant in the other shoulder
posture multivariate prediction-rule models (Tables III-VI).

Shoulder rotation was the dependent variable most influ-
enced by individual factors, with a decrease in external rotation
of 3.8 degrees for every l-cm increase in shoulder width
(Table IV). Gender was not a significant predictor of any
muscle activity, posture, velocity, or acceleration, but all other
individual factors were significant predictors of at least one
muscle activity, posture, velocity, or acceleration. Hand length
and shoulder width were significant predictors of several mus-
cle activity and posture measures (Tables III and IV). Age was
a significant predictor of velocity and acceleration in the radial
and ulnar deviation directions only for both the left and right
hands (Table V).

The combination of percentage keyboard use, percentage
mouse use, and individual factors explained the largest amount
of variability in left and right wrist velocities and accelerations

in both the radial/ulnar and flexion/extension directions, with
all of the multivariate prediction-rule models having R-squared
values of 0.75 or greater and RMS errors of less than 10% of
the observed range (Table VI). The models explained less
overall variability in shoulder postures (R-squared from 0.21
to 0.50) with relative RMS errors between 8 to 13% and wrist
muscle activity (R-squared from 0.06 to 0.46) with relative
RMS errors of 8 to 13%. The lowest r-squared values were
observed for shoulder muscle activity (R-squared from 0.03 to
0.10) with relative RMS errors of 10 to 12% and wrist posture
(R-squared from 0.00 to 0.23) with relative RMS errors of 9
to 12%.

Keyboard use and mouse use were the main determinants
of each muscle activity, posture, velocity, and acceleration
data set, contributing more than any of the individual factors
(Table VI). Shoulder rotation was most affected by the removal
of individual factors from its prediction model. A 3% decrease
was seen in the R-squared for shoulder rotation when all
individual factors were removed (reduced model). The RMS
errors were not changed by the removal of individual factors
from the models.

TABLE V. Results of Prediction Modeling for Median Wrist Velocities and Accelerations

Description B2 (CI) p B4 (CD)

Wrist Velocity (°/sec)
Left ulnar deviation
Right ulnar deviation
Left flexion
Right flexion

Wrist Acceleration(®/sec?)
Left ulnar deviation
Right ulnar deviation
Left flexion

Hand Shoulder
% Keyboard % Mouse Length Age Width

p_B(ECDH p B% (CD p_B(CDH p
0.04 [0.04,0.04] < 0.01 — — — — 0.04 [0.01, 0.07] < 0.01 — —
0.06 [0.05,0.071 < 0.01 0.00[0.00,0.03] <0.01 — — —0.06 [—1.33, —0.01] 0.02 — —
0.11[0.10,0.12] < 0.01 — — — — — — — —
0.16[0.14,0.19] < 0.01 0.03[0.01,0.06] 0.02 — — — — — —
0.50[0.46,0.54] < 0.01 — — — — 0.53[0.16, 0.91] 0.01 — —
0.79[0.65,0.93] < 0.01 0.24[0.10,0.38] <0.01 — — —=0.71[-1.33, —0.09] 0.03 — —
1.37[1.26,1.47] < 0.01 — — — — — — — —
2.20[1.84,2.56] < 0.01 0.49[0.12,0.86] 0.0l — — — — — —

Right flexion

ABeta coefficients for keyboard or mouse use correspond to the change in cm/sec for velocity, or in cm/sec? for acceleration, with a 1% change in keyboard or

mouse use.

BBeta coefficients for age correspond to the change in cm/sec for velocity, or in cm/sec? for acceleration, with a 1-year change in age.
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TABLE VI. Goodness of Fit of All Models

Ful® Reduced®?
Description Min Median® Max Median® R?> RMS” Relative RMS R?> RMS? Relative RMS
Shoulder EMG (%MVC)
Anterior deltoid 0.15 15.51 0.10 1.78 12% —
Medial deltoid 0.33 9.09 0.11 0.89 10% —
Trapezius 0.57 27.13 0.03 254 10% —
Forearm EMG(%MVC)
Extensor carpi radialis 0.51 103.57 0.26 4.72 5% 0.26 4.72 5%
Extensor carpi ulnaris 1.39 81.58 0.46 4.13 5% 0.46 4.13 5%
Flexor carpi radialis 0.83 27.26 0.06 1.48 6% 0.06 1.48 6%
Flexor carpi ulnaris 0.23 23.66 020 192 8% —
Shoulder Posture (°)
Right Abduction -8.47 23.62 0.50 4.15 13% —
Right Flexion -26.94 42.64 0.21 6.24 9% —
Right Rotation -98.42 166.79 0.38 21.90 8% 0.35 21.70 8%
Wrist Posture (°)
Left radial/ulnar deviation -19.20 36.00 0.23 5.85 11% —
Right radial/ulnar deviation -13.60 28.00 0.22  4.02 10% —
Left flexion/extension -24.80 107.20 0.00 16.19 12% —
Right flexion/extension —4.80 64.80 0.13  6.39 9% 0.13 6.41 9%
Wrist Velocity (°/sec)
Left radial/ulnar deviation 0.00 7.12 0.80 0.65 9% 0.79 0.64 9%
Right radial/ulnar deviation 0.07 9.99 0.75 0091 9% 0.74 0.91 9%
Left flexion/extension 0.01 19.69 0.84 1.60 8% —
Right flexion/extension 0.36 23.30 0.80 2.16 9% —
Wrist Acceleration (°/sec?)
Left radial/ulnar deviation 0.00 95.95 0.81 8.03 8% 0.81 7.99 8%
Right radial/ulnar deviation 1.15 124.54 0.76 11.09 9% 0.76  11.09 9%
Left flexion/extension 0.10 269.13 0.83 20.27 8% —
Right flexion/extension 6.69 330.23 0.79 31.17 10% —

Notes: R-squared values were calculated as the difference between the residual variance for the intercept-only model and that of the final prediction model divided
by the total intercept-only residual variance. “—" indicates those physical exposures where individual factors were not included in the full prediction model. In
most cases, addition of individual factors from the prediction rule did not improve the R-squared value or RMS error.

AThe “full model” included all significant computer use and individual factor predictors.

BThe “reduced model” did not include individual factors.

“In %MVC for EMG, in degrees for shoulder and wrist postures, in degrees/sec for shoulder and wrist velocities, and in degrees/sec? for shoulder and wrist

accelerations.

DRMS error, in %MVC for EMG, in degrees for shoulder and wrist postures, in degrees/sec for shoulder and wrist velocities, and in degrees/sec? for shoulder and

wrist accelerations.

DISCUSSION

he goal of this study was to develop models based on

keyboard and mouse use in combination with individual
factors that could be used to predict median upper extremity
muscle activities, postures, velocities, and accelerations ex-
perienced during computer use. Percentage keyboard and/or
mouse use were significant predictors of each muscle activity,
posture, velocity, or acceleration except left wrist flexion. All
individual factors except gender were significant predictors of
at least one muscle activity, posture, velocity, or acceleration
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dataset, with the strongest effect of individual factors being
observed on shoulder rotation. Large amounts of variabil-
ity in wrist velocities and accelerations could be explained
by keyboard use and/or mouse use (74-81% for “reduced
models”). While more variability in wrist muscle activities
was explained than in shoulder muscle activities, and more
variability in shoulder postures was explained than in wrist
postures, the total variability explained in any muscle activity
or posture was small (0-50%). Including individual factors
in addition to keyboard and mouse use did not explain more
variability (changes of less than 3% from “full models” to
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“reduced models”). The RMS errors were similar across phys-
ical exposures and were not affected by the removal of indi-
vidual factors.

One advantage of including individual factors as predictors
in this study was that it allowed for examination of how
specific individual factors influence the muscle activities, pos-
tures, velocities, and accelerations during computer use when
task is also taken into consideration. Shoulder rotation was
the dependent variable most influenced by individual factors,
with a decrease in shoulder rotation of 3.8 degrees for every
1-cm increase in shoulder width. Several other studies have
also examined the association between shoulder rotation and
shoulder width,®!® and in each study an association was
reported between shoulder rotation and shoulder width. Com-
puter users with a smaller shoulder width have a narrower base
of shoulder rotation and therefore must externally rotate out
more to reach the mouse. The current study determined that
shoulder width was predictive of shoulder rotation and that the
association between shoulder width and shoulder rotation was
robust even when controlling for the effect of percentage of
keyboard use.

In some cases, the inclusion of individual factors may
expose the true relationship between keyboard and/or mouse
use and the muscle activity, posture, velocity, or acceleration
of interest. For example, Dennerlein and Johnson'? report
decreased ECU muscle activity with increased mouse use,
and in this study we observed increased ECU muscle activity
with increased mouse use when hand length is included as a
predictor of ECU muscle activity. In the case of these muscles,
it seems that increased hand length is the factor driving the
decrease in ECU muscle activity, and after controlling for
this factor, the true association between muscle activity and
mouse use is positive rather than negative. This observation
corroborates the results of previous studies, which have shown
that mouse use is associated with increased wrist extension,?
and that increased hand length is associated with decreased
wrist extension.®® Increased wrist extensor muscle activity is
required to increase wrist extension.

Consideration of other factors that contribute to the vari-
ability of physical exposures may improve the predictive ca-
pabilities of the models described here, especially for mus-
cle activities and postures. We did not include workstation
setup®® or psychosocial factors*”’—which have been shown
to be associated with physical exposures during computer
use—as predictors in our models. However, these parameters
did not vary significantly within our laboratory study—the
laboratory workstation was adjusted to match each partici-
pant’s anthropometry, and psychosocial stress was not ex-
pected to result from this type of study. Another factor that
could have affected our results is the amount of variability
in the data used. Participants may not have been moving
naturally due to the unfamiliar conditions or wearing of the
data collection equipment. However, in comparison with a
field study, these laboratory data have similar variability as
measured in computer workers performing their own work.(1?
Hence, we do not expect that our ability to predict muscle
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activities or postures is limited by reduced variability in our
datasets.

Although the relationships between many upper extrem-
ity muscle activities, postures, velocities, accelerations, and
MSDs have not yet been reported in epidemiologic studies,
they are biologically plausible. Visser and van Dieen®® pro-
pose several mechanisms for developing MSDs that could be
influenced by physical exposures, including increased levels
of muscle activity, which could be an indication of selective
loading and damage of small motor units, and postural devi-
ations, which may lead to compression of arteries and loss of
blood flow to active muscles. It is possible that with improved
assessment of the physical exposures associated with computer
use, by means of alternative methods such as those described
here, the relationship between physical exposures and MSDs
will be realized in epidemiologic studies.

The results of this study must be taken with consideration
of its limitations. First, the levels of significance reported here
must be interpreted with caution, since all seven computer use
and individual factors were allowed to be introduced into the
regression models for each muscle effort, posture, velocity,
and acceleration dataset. For example, the effect of age on
wrist velocities and accelerations reported here has not been
previously reported or hypothesized and may be due to chance.
The levels of significance also cannot be compared between
the computer use and individual factors because the computer
use factors were repeated for each participant. However, it is
possible that greater effects were observed for keyboard and
mouse use than individual factors because we had a larger
range of percentages of keyboard and mouse use than of any
of the individual factors studied. The ages of the participants in
this study were lower than in a previous study of the effect of
age on muscle activity'”, which may explain why no effect of
age on muscle activity levels was observed in the current study.

Second, we only considered the median values of physical
exposures. However, within this dataset the 10th, 50th, and
90th percentiles of all physical exposures were highly cor-
related across tasks, and therefore, we did not expect to find
different results than for the median for these metrics.!'? Also,
it is generally believed that an increase in median physical ex-
posures may lead to increased musculoskeletal damage, so pre-
dictions of this metric specifically would be useful.®® Other
studies may consider whether more variability could be ex-
plained using other ways of characterizing physical exposures.
Third, we were unable to separate our data into distinct key-
board and mouse tasks and, instead, used percentage keyboard
use and percentage mouse use as indicators of task. Future
work should confirm our results and explore a task-based ap-
proach when the physical exposures can be separated by task.

CONCLUSIONS

his study determined that keyboard and mouse use ex-
plained a large amount of the variability in wrist velocities
and accelerations experienced during computer use. However,
keyboard and mouse use did not explain much of the variability
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in muscle efforts or postures experienced during computer use.
The individual factors that have been previously identified
in the literature as being associated with physical exposures
explained very little of the variability in any of the physical
exposures investigated.

The results of this study can inform alternative methods of
exposure assessment, including the development of prediction
models. The models were able to generate accurate predictions
of median wrist velocities and accelerations and may be useful
tools for epidemiologic studies. However, the models were
not able to generate accurate predictions of median muscle
activities or postures.

It is unlikely that the addition of the individual factors
investigated in this study will improve the predictions of any
physical exposures substantially, although there is a possibility
that other, unexplored factors could be used to improve the pre-
dictions. Future work in this area should focus on identifying
other factors that might be used to create alternative, effective
prediction models or other strategies for generating muscle
effort and postural data. Ultimately, once accurate predictions
are developed, these can be applied to epidemiologic studies
investigating the association between physical exposures and
MSDs in the computer worker population.

ACKNOWLEDGMENTS

he authors would like to acknowledge Dr. Peter Johnson

for his contribution to the experimental and equipment
design for this study, as well as the funding sources for this
project: CDC/NIOSH 1-R01-0H-03997 (PI: Dennerlein) and
CDC/NIOSH 1-R01-0H-08781 (PI: Dennerlein). Dr. Katz is
supported in part by NIH/NIAMS P60 AR 47782.

REFERENCES

1. Andersen, J.H., N. Fallentin, J.F. Thomsen, and S. Mikkelsen: Risk
factors for neck and upper extremity disorders among computers users
and the effect of interventions: An overview of systematic reviews. PLoS
ONE 6(5):¢19691 (2011).

2. Winkel, J., and S.E. Mathiassen: Assessment of physical work load in
epidemiologic studies: Concepts, issues and operational considerations.
Ergonomics 37(6):979-988 (1994).

3. ImkKer, S., J. Mikkers, B.M. Blatter, A.J. van der Beek, W. van
Mechelen, and P.M. Bongers: Test-retest reliability and concurrent
validity of a web-based questionnaire measuring workstation and
individual correlates of work postures during computer work. Appl.
Ergon. 39(6):685-696 (2008).

4. Homan, M.M., and T.J. Armstrong: Evaluation of three methodologies
for assessing work activity during computer use. AIHA J. 64(1):48-55
(2003).

5. Mikkelsen, S., I. Vilstrup, C.F. Lassen, A.L. Kryger, J.F. Thomsen,
and J.H. Andersen: Validity of questionnaire self-reports on computer,
mouse and keyboard usage during a four-week period. Occup. Environ.
Med. 64(8):541-547 (2007).

6. Oude Hengel, K.M., A. Houwink, D. Odell, J.H. van Dieén, and J.T.
Dennerlein: Smaller external notebook mice have different effects on
posture and muscle activity. Clin. Biomech. 23(6):727-734 (2008).

7. Wabhlstrom, J., J. Svensson, M. Hagberg, and P.W. Johnson: Differ-
ences between work methods and gender in computer mouse use. Scand.
J. Work Environ. Health 26(5):390-397 (2000).

698 Journal of Occupational and Environmental Hygiene

11.

12.

16.

17.

20.

21.

22.

23.

24.

25.

26.

217.

28.

. Won, E.J., PW. Johnson, L. Punnett, and J.T. Dennerlein: Upper ex-

tremity biomechanics in computer tasks differ by gender. J. Electromyogr:
Kinesiol. 19(3):428-436 (2009).

. Chen, J.C., W.R. Chang, T.S. Shih, et al.: Using “exposure prediction

rules” for exposure assessment: An example on whole-body vibration in
taxi drivers. Epidemiology 15(3):293-299 (2004).

. Blangsted, A.K., K. Hansen, and C. Jensen: Validation of a commercial

software package for quantification of computer use. Int. J. Ind. Ergonom.
34:237-241 (2004).

Chang, C.H., P.W. Johnson, and J.T. Dennerlein: A wide range of
activity duration cutoffs provided unbiased estimates of exposure to
computer use. J. Occup. Environ. Hyg. 5:790-796 (2008).

Dennerlein, J.T., and P.W. Johnson: Different computer tasks affect the
exposure of the upper extremity to biomechanical risk factors. Ergonomics
49(1):45-61 (20006).

. Bruno Garza, J.L., B.H.W. Eijckelhof, P.W. Johnson, et al.: Observed

differences in upper extremity forces, muscle efforts, postures, velocities
and accelerations across computer activities in a field study of office
workers. Ergonomics 55(6):670-681 (2012).

. Mathiassen, S.E., C. Nordander, S.W. Svendsen, H.M. Wellman, and

P.G. Dempsey: Task-based estimation of mechanical job exposure in
occupational groups. Scand. J. Work Environ. Health 31(2):138-151
(2005).

. Laursen, B., and B.R. Jensen: Shoulder muscle activity in young and

older people during a computer mouse task. Clin. Biomech. 15(Suppl
1):S30-S33 (2000).

Karlqyvist, L.K., E. Bernmark, L. Ekenvall, M. Hagberg, A. Isaksson,
and T. Rosto: Computer mouse position as a determinant of posture,
muscular load and perceived exertion. Scand. J. Work Environ. Health
24(1):62-73 (1998).

Pheasant, S., and C.M. Haslegrave: Body Space: Anthropometry,
Ergonomics and the Design of Work. Boca Raton, Fla.: CRC Press, Taylor
& Francis, 2005.

. American National Standards Institute-Human Factors Society

(ANSI-HFS): American National Standard for Human Factors Engi-
neering of Visual Display Terminal Workstations (ISO 100). [Standard]
Santa Monica, Calif.: Human Factors Society, 1988.

. Occupational Safety and Health Administration (OSHA): Working

Safely with Video Display Terminals. Report No. 3092. Washington, D.C.:
U.S. Department of Labor, OSHA, 1997.

Hwang, Y.H., Y.T. Chen, J.Y. Yeh, and H.W. Liang: Effects of
passive computer use time and non-computer work time on the perfor-
mance of electronic activity monitoring. Ergonomics 53(10):1254-1262
(2010).

Yeh, J.Y., HW. Liang, and Y.H. Hwang: The effect of idle time
thresholds on computer use time estimations by electronic monitoring.
Ergonomics 52(7):872-881. (2009).

A. Perotto: Anatomical Guide for the Electromyographer: The Limbs
and Trunk. Springfield, 111.: Charles C. Thomas, 1994.

Buchanan, T.S., M.J. Moniz, J.P. Dewald, and W. Zev Rymer:
Estimation of muscle forces about the wrist joint during isometric tasks
using an EMG coefficient method. J. Biomech. 26(4-5):547-560.
Jonsson P., and P.W. Johnson: Comparison of measurement accuracy be-
tween two types of wrist goniometer systems. Appl. Ergon. 32(6):599-607
(2001).

Greene, W.B., and J.D. Heckman: Clinical Measurement of Joint
Motion. Rosemont, Ill.: American Academy of Orthopaedic Surgeons,
1994.

Dennerlein, J.T., and P.W. Johnson: Changes in upper extremity
biomechanics across different mouse positions in a computer workstation.
Ergonomics 49(14):1456-1469 (2006).

Hughes, L.E., K. Babski-Reeves, and T. Smith-Jackson: Effects of
psychosocial and individual factors on physiological risk factors for
upper extremity musculoskeletal disorders while typing. Ergonomics
50(2):261-274 (2007).

Visser, B., and J.H. van Dieen: Pathophysiology of upper extremity
muscle disorders. J. Electromyogr. Kinesiol. 16:1-16 (2006).

December 2012



