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Objectives A program called the Project on Research and Intervention in Monotonous Work (PRIM) was
initiated in 1994 as a prospective cohort study of work-related musculoskeletal disorders. The group-based
exposure assessment strategy, focusing on task-related exposure and used to obtain baseline measures of
physical exposures, is reported in this paper.

Methods Monotonous, repetitive worktasks were evaluated at 19 factories. Tasks with an estimated similarity
in physical exposure were aggregated before 103 exposure groups were formed. Subjects from the exposure
groups were randomly sampled for measurements, and task-related exposure levels were quantified by 43 single
exposure items using a real-time video-based observation method that allowed computerized estimates of
repetitiveness, body postures, force, and velocity. In combination with questionnaire-based data on task
distribution, the duration of exposure was calculated at the individual level.

Results  The video-based observational method and the large number of exposure variables enabled the
establishment of detailed quantitative exposure profiles in 103 task-based exposure groups. However, method-
ological problems associated with the use of grouped exposure assessment were revealed. Despite efforts to
optimize group homogeneity, the within-group variance was larger than the between-group variance for several
shoulder postural variables.

Conclusions A task-based exposure-assessment strategy can be successful in solving some of the main
problems associated with the assessment of physical workplace exposures. The large within-group variance in
exposure to nonneutral shoulder postures may eventually require individual assessment or the inclusion of
groups with maximal contrast in exposure or both.

Key terms between-group variance, homogeneous exposure groups, misclassification, occupational epidemi-
ology, work-related musculoskeletal disorders.

During the last decade, work-related musculoskeletal Danish gross national product (2). Consequently, nu-

disorders have been the dominant category of registered
occupational and work-related diseases in several Eu-
ropean countries (1). For the individual worker the re-
sult can be long-term pain and functional impairment.
For society, the costs associated with the disorders are
huge. In Denmark alone, estimates point to an annual
expenditure of DKK 7.5 billion for work-related mus-
culoskeletal disorders corresponding to 1% of the
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merous preventive efforts have been launched to coun-
teract this development.

In the fall of 1993, the Danish government initiated
an ambitious concerted action. The aim was to reduce
the number of repetitive monotonous jobs involving a
risk of musculoskeletal disorders by half before the year
2000. The concerted action incorporated several preven-
tive strategies mainly focusing on mandatory changes
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in work organization and production systems in high-
risk trades and factories. In response to the need for
more specific guidelines and quantitative estimates of
workplace risk factors, a research program called PRIM
(Project on Research and Intervention in Monotonous
work) was established by the Danish Working Environ-
ment Fund and the Danish Medical Research Council.

A key concern in the PRIM program — and the
Achilles heel of many previous epidemiologic studies
of work-related musculoskeletal disorders — has been
the validity of physical exposure assessment. The fo-
cus on exposure assessment as the cornerstone of risk
analysis is not surprising since a valid exposure assess-
ment is a prerequisite for the establishment of exposure-
effect relationships and an important tool with which to
evaluate objectively the effect of intervention studies
(3). The magnitude of unsolved problems in this area is
reflected in the increasing number of international pub-
lications discussing conceptual and methodological as-
pects related to the assessment of physical workplace
exposure (4, 5).

A major problem in physical exposure assessment
concerns the variability in exposure between workers
performing the same job and the choice of sampling
strategies for maximizing precision using individual or
grouped exposure assessment. This problem parallels a
similar debate focusing on human exposure to industri-
al solvents or airborne chemicals in exposure assessment
strategies in occupational and environmental epidemi-
ology (6, 7).

Another more fundamental problem of physical ex-
posure assessment relates to the insufficient hazard iden-
tification characterizing work-related musculoskeletal
disorders. In a multifactorial disease, hazard identifica-
tion is crucial, being the only guideline capable of as-
suring that the relevant exposure variables are ad-
dressed. In studies of work-related musculoskeletal dis-
orders precise information on workplace hazards is of-
ten nonexistent or conflicting, and as a result a detailed
account of relevant exposure variables to be included
in a sampling strategy is difficult to give. This difficul-
ty emphasizes that improving the quality of physical
exposure assessment is more than a “technical problem”
of methodology and sampling strategies. The need for
research related to hazard identification, including
mechanism relevance, in order to improve future expo-
sure assessment is thus obvious.

Our paper presents the approach used in the PRIM
study together with results illustrating the quantitative
appearance of workplace risk factors in monotonous re-
petitive worktasks. The principal aim of the method was
to provide baseline exposure measurements in the PRIM
health study, a 4-year epidemiologic follow-up study of
work-related neck and upper-limb musculoskeletal dis-
orders.
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Subjects and methods

The PRIM study population covered 3123 workers from
19 different factories representing a variety of industries
ranging from food-processing (poultry and pork process-
ing plants and bakeries) to textiles, cardboard packing,
plastic and toy production, postal sorting centers, super-
markets, and work with video display units. In order to
obtain measures of physical exposure in this large
number of factories with a variety of job tasks, a group-
based exposure assessment strategy focusing on task-
or process-related exposure was applied. Grouped ex-
posure assessment indicates that exposure quantification
is based on groups of workers estimated to have the
same exposure profile. A measure of a group mean —
based on random samples — is assigned to each person
in the group. Groups can be defined according to job
title or location (eg, factory, building, and room), or a
more-detailed task-based approach emphasizing the ex-
posure in the different tasks of a given job can be used

(8).

Establishment of exposure groups

In the PRIM study, task-related exposure groups were
established following repeated visits to the 19 factories,
extensive walk-throughs, and reviews of existing job
data. All monotonous, repetitive worktasks at a given
factory were evaluated. Tasks with an estimated simi-
larity in physical exposure level (ie, comparable levels
of repetitiveness, postural demands, and force require-
ments) were aggregated before the exposure groups
were formed. On the average, 5—6 task-related expo-
sure groups were established at each of the 19 facto-
ries, for a total of 103 exposure groups, which consti-
tuted the basic material for the exposure assessments of
the study. The number of worktasks included in an ex-
posure group varied from 1 to 18. (A total of 300 mo-
notonous, repetitive worktasks was evaluated, and the
median number of tasks per exposure group was 2.)

Workers at the 19 factories with nonrepetitive tasks
(eg, varied office work, internal transportation, and su-
pervision) were included as an unexposed reference
group, which comprised 25.2% of the cohort. A limited
number of repetitive tasks was not assessed since the
tasks included only a few workers. Workers engaged in
these tasks, approximately 6% of the cohort, were ex-
cluded.

Exposure quantification

Data concerning the magnitude or intensity and time
variation (repetitiveness) of exposure were obtained us-
ing a video-based observation method. Random samples
of workers from each of the 103 exposure groups were
selected for the measurements. Between 1 and 7
(median 3) workers from each exposure group were



videotaped using 3 camera angles (rear, side and close
up of the hand-wrist region). Recording time corre-
sponded to at least 10 work cycles or a minimum peri-
od of 10—15 minutes for the exposure groups with long
work cycles. In a subsequent computer-based analysis,
measures of the magnitude or intensity and time varia-
tion of exposure were calculated. Values for the differ-
ent exposure groups were represented by the median of
the individual results from the monitored workers. Esti-
mates of repetitiveness, body postures, force, and ve-
locity parameters constituted 43 single exposure items.

Seven variables were used to quantify repetitiveness.
One was the number of movements per minute for dif-
ferent joints. It represents an important variable in the
exposure dimension of time variation, and guidelines
suggesting threshold limit values for an acceptable
number of movements have been published (9, 10). In
order to describe a movement in the computer analysis,
the methods-time measurement (MTM) system was used
as reference. A sequence of MTM elements — reach
(R), grasp (G) and move-release (M-RL) — defined 1
movement (11). Two other items, duration of exertion
(ratio of loaded to total cycle time) and number of ex-
ertions per minute (often synonymous with number of
fundamental work cycles), were included as additional
indicators of temporal variability, and they proved to be
necessary supplements to information on crude cycle
time.

In general, the choice of variables for work postures
repeats the approach used in several other observation-
al methods. (For reviews see references 12 and 13.)
Some basic variables were used to describe work pos-
tures for the arms, wrists, and neck as the percentage of
cycle time, for example, shoulder flexion (0—30, 30—
60, and >60 degrees), shoulder extension, shoulder ab-
duction (0—30, 30—60, and >60 degrees), neck flex-
ion (0—20 and >20 degrees), hand-wrist flexion (15—
45 and >45 degrees), hand-wrist extension (15—45 and
>45 degrees), hand-wrist radial deviation (5—15 and
>15 degrees), and hand-wrist ulnar deviation (10—20
and >20 degrees). Video recordings from the side were
used in the analysis of shoulder flexion-extension and
neck flexion, the rear camera angles allowed the analy-
ses of shoulder abduction, and the close ups of the hand-
wrist region were used in the analyses of hand-wrist
postures. Arm and neck postures were analyzed for all
the exposure groups, while hand-wrist postures were
only analyzed in the exposure groups representing hand-
intense tasks (ie, hand-wrist movements exceeding 10/
minute).

In addition to the basic postural variables, 1 item —
percentage of cycle time with hands above shoulder
height — was analyzed to allow a comparison with the

Fallentin et al

simultaneous estimates of flexion in the shoulder joint.
At the same time the basic items concerning neck pos-
ture (position of the head with respect to the line of grav-
ity) was supplemented by an estimate of neck inclina-
tion (“tilting” of the head with respect to the normal line
of gaze) as recommended in the draft standard of the
International Organization for Standardization on the
evaluation of work postures (14).

In an attempt to characterize further the amount of
active shoulder flexion-abduction, the occurrence of mi-
cropauses was registered by computing the percentage
of cycle time spent with the upper arm supported or
hanging down vertically for more than 2 seconds, as
suggested by Kilbom et al (15). To study the effect of
the length of micropauses, an additional item changing
the “filter-setting” of the time base and calculating the
time spent with the upper arm supported or hanging
down vertically for more than 1 second was included.

Estimates of force requirements and movement ve-
locities for different joints constituted the last 7 expo-
sure items. Force and velocity requirements were sub-
jectively assessed and computed by the observer using
5-point ordinal scales with verbal anchoring, as de-
scribed by Moore & Garg (16) .° Briefly, peak force re-
quirements during a work cycle were classified as light
[<10% of the MVC (maximal voluntary contraction)],
somewhat hard (10%—29% of the MVC), hard (30%—
49% of the MVC), very hard (50%—79% of the MVC),
or near maximal (= 80% of the MVC). Estimates were
performed separately for the shoulder joint, upper arm-
elbow, hand-wrist, and fingers while taking into account
the strength of the specific muscle groups in question
and the position of the joint. Movement velocities for
the shoulder, upper arm-elbow, and hand-wrist were si-
multaneously rated from 1 (very slow) to 5 (very fast).
The intermediate ratings classified the movements as
follows: 2 = slow, 3 = fair or “normal speed of motion”,
and 4 = fast.

Data on duration of exposure (ie, time, in hours/day,
spent in each exposure group) were provided by the
workers’ self-reports. Using a questionnaire construct-
ed specifically for each of the 19 factories, the workers
reported their daily work routines in terms of the hours
the job tasks belonging to the different exposure groups
were performed per day. The questionnaire was distrib-
uted and worked up by the regional departments of oc-
cupational medicine. With the use of the questionnaire
data, it was possible to account for at least 85% of the
daily worktime for each worker, and therefore we were
able to give the 3123 members of the cohort their own
unique time-weighted exposure profile, which illustrat-
ed the proportion of the workday spent in each
exposure group. Estimates of cumulative physical

5 In a few borderline cases, the observer classified force requirements using intermediate scale values (eg, 1.5 or 2.5).
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Table 1. Intraclass correlation coefficients for the 15 exposure
variables. The results are based on 20 video recordings independ-
ently analyzed by 2 observers. (MVC = maximal voluntary con-
traction)

Exposure variable Intraclass correlation

coefficient
Cycle time (seconds) 1.00
Repetitive movements of shoulder
(number/minute) 0.98
Force levels (scale 1—5?)
Shoulder 0.70
Elbow 0.75
Hand 0.60
Shoulder abduction (% cycle time)
Micropauses 0.77
0—30 degrees 0.96
30—60 degrees 0.82
>60 degrees 0.95
Neck flexion of >20 degrees (% cycle time) 0.91
Hand-wrist ulnar-radial deviation (% cycle time)
Neutral® 0.71
Radial
5—15 degrees 0.52
>15 degrees 0.00
Ulnar
10—20 degrees 0.83
>20 degrees 0.34

2 Rating criteria: 1 = Olight (<10% MVC); 5 = Onear maximal (>80%
MVC). The criteria were based on the results of Moore & Garg (16).

b Interval between 5 degrees radial and 10 degrees ulnar.

exposure over the workday could thus be obtained by
allocating the exposure assessment for the different ex-
posure groups (based on random samples and group
medians) to the proportional distribution of worktasks
over the workday (based on individual questionnaires).®

Method reliability

Video recordings and subsequent computer analysis
were performed by 3 trained physiotherapists. Interob-
server reliability was estimated by an independent anal-
ysis of the same 20 video recordings from different job
categories by 2 observers. (Fifteen representative expo-
sure variables were selected from the 43 to ensure that
the reliability test included measures of work postures,
repetitiveness, and force demands.) A 2-way analysis of
variance was used to compute the intraclass correlation
coefficient (r;) and evaluate interobserver reliability. Ex-
cellent agreement was found for 9 of the 15 exposure
variables (1;20.75) and fair to good agreement
(0.4<r;<0.75) for 4 variables. Poor agreement (r;<0.4)
was seen for 2 variables (extreme ulnar-radial deviation
in the hand-wrist) with almost no occurrence in the an-
alyzed tapes (table 1).

Analysis of variance

A group-based measurement strategy aims at establish-
ing groups that combine a high similarity in exposure
profile (homogeneity) with a clear distinction from the
other exposure groups (contrast). This goal requires, in
general, that the variance between the groups be larger
than the variance within groups. A single number esti-
mate of within and between group variance for the dif-
ferent exposure variables was obtained by computing the
ratio of the mean of the standard deviations for all ex-
posure groups (within-group standard deviation) to the
standard deviation of the mean values across exposure
groups (between-group standard deviation). Low ratio
values (Q) indicate that the between-group variance is
the prime source of exposure variance. The components
of the between- and within-group variance have, in pre-
vious studies, been estimated by means of a nested 2-
way analysis of variance (17, 18). In this model, how-
ever, the assumption is that the group factor is treated
as a random effect. In the PRIM study, the establish-
ment of exposure groups was based on the assumption
that levels of exposure differed significantly between the
groups and the nested approach could therefore not be
applied.

Results

General exposure profile

The frequency and intensity of the generic risk factors
associated with work-related musculoskeletal disorders
with respect to monotonous, repetitive worktasks can be
estimated by pooling the results from all the exposure
groups studied. The results are presented in table 2.
Shoulder, upper arm, or wrist movements at levels ex-
ceeding suggested exposure guidelines for acceptable
levels of repetition (9) were seen in a very high propor-
tion of the 103 exposure groups. Shoulder movements
exceeded the recommended level of 2.5 movements/
minute in 98% of the exposure groups, while suggested
threshold limit values for upper arm and hand-wrist
movements (10 movements/minute) were exceeded in
78% and 75% of the exposure groups, respectively. At
the same time, high force demands — force demands
exceeding scale values of 2 (corresponding to 29% of
the MVC) — were present in 28% (hand-wrist region)
or 20% (shoulder) of the exposure groups.

In general, the exposure profile indicates a high level
of exposure to physical workplace risk factors in the

6 Our paper focuses on baseline exposure data only. In the PRIM study design, however, exposure trends (varying
exposure over time) were carefully monitored throughout the follow-up period. New worktasks or major changes in
technology or work organization was assessed using the exposure assessment method described in this paper, while
individual changes in daily worktasks were tracked by repeated administrations of the job-task questionnaire.
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exposed part of the cohort. However, adverse postural
demands in the shoulder region seemed modest. The fre-
quently cited border of acceptability for shoulder pos-
tures of 60 degrees of flexion (19, 20) was almost nev-
er exceeded in the PRIM exposure groups.

Methodological considerations

Variance between and within exposure groups. Large
exposure gradients were seen between the exposure
groups at different factories or in different industrial sec-
tors. Table 3 illustrates these differences by presenting
exposure variables from the dominant exposure group
(with respect to man-hours or number of employees) in
3 PRIM factories exhibiting different levels of exposure.
Poultry processing was characterized by high repetitive-
ness (short cycle time, extreme number of repetitive
movements), awkward work postures for several body
regions, and use of high force levels, especially in the
hand-wrist region (cutting task). The cardboard factory
presented a different exposure profile with lower repet-
itiveness, moderate duration of exertion, and a limited
number of awkward work postures, but relatively high
force levels due to manual materials handling. Finally,
the dominant exposure group at the electronic plant
combined long formal cycle times, a high repetition rate
in the hand-wrist region, high duration of exertion, and
an extreme percentage of awkward or constrained work
postures (almost constant neck flexion due to visual re-
quirements) with very modest force requirements.

At the same time, marked differences in exposure
levels could be observed between the exposure groups
at the same factory. Table 4 presents a typical example
of large exposure gradients between 2 exposure groups
at a cardboard factory. The dominant exposure group
in the cardboard factory production line included in ta-
ble 3 is compared with another exposure group at the
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same production line in table 4. This exposure group,
labeled “high repetitive feeding”, completely differed
from the moderate levels of repetitiveness and awkward
work postures seen in the dominant exposure group and
exhibited levels equal to or exceeding those of the poul-
try processing plant. Force requirements, on the other
hand, were significantly lower.

The within-group variability is illustrated by the
range of values for the individual observations included
in tables 3 and 4. Despite the marked differences and
unique characteristics of the different exposure groups
when group median values were compared, a consider-
able degree of overlapping is indicated for several pos-
tural variables.

Table 2. Characteristics (frequency and intensity) of selected ge-
neric risk factors associated with work-related musculoskeletal
disorders in the 103 exposure groups (exposed part of the co-
hort). (MVC = maximal voluntary contraction)

Exposure variable Median Interquartile
range
Repetition
Cycle time (seconds) 20.6 75—71.7
Shoulder movements (number/minute) 16.0 11.8—21.0
Hand/wrist movements (number/minute)  15.0 10.0—22.0
Elbow movements (number/minute) 14.5 11.0—215
Awkward work postures (% of cycle time)
Shoulder flexion >30 degrees 20.1 9.5—30.6
Shoulder abduction >30 degrees 12,5 4.4—23.6
Shoulder flexion >60 degrees 0.7 0.0— 46
Neck flexion >20 degrees 86.9 63.4—96.6
Wrist ulnar deviation? >10 degrees 13.7 5.9—26.7
Force levels (scale 1—5P)
Shoulder 15 1.0— 2.0
Hand-wrist 2.0 1.0— 25

2 Only calculated for exposure groups with hand-intense worktasks
(N =88).

b Rating criteria: 1 = Olight (<10% MVC); 5 = O near maximal (>80%
MVC). The criteria were based on the results of Moore & Garg (16).

Table 3. Exposure variables representing the dominant exposure group category in 3 of the factories studied. (N = number of workers
monitored per exposure group, MVC = maximal voluntary contraction)

Selected exposure variables

Poultry processing plant*

Cardboard factory® Electronic plant®

Median Range Median Range Median Range

Cycle time (seconds) 2.8 26— 2.8 19.9 10.2—32.7 1050.0 600.0—1800.0
Duration of exertion (% cycle time) 87.9 82.6—91.0 62.0 44.0—90.0 975  97.0—98.0
Repetitive movements (number/minute)

Shoulder 32.0 22.0—46.0 7.2 43—124 2.0 2.0— 5.0

Hand-wrist 32.0 22.0—46.0 7.2 43—124 235 6.0—30.0
Shoulder flexion of 30—60 degrees (% cycle time) 16.1 0.0—34.7 5.1 0.0—10.3 0.3 0.0— 3.1
Shoulder abduction of 30—60 degrees (% cycle time) 0.5 0.0—41.4 7.8 1.4—17.9 13.9 2.8—175
Neck flexion of >20 degrees (% cycle time) 88.6 81.1—96.5 21.7 0.0—41.0 97.8  90.8—99.1
Force levels (scale 1—59)

Shoulder 25 25— 25 25 1.0— 25 1.0 1.0— 1.0

Hand-wrist 3.0 3.0— 3.0 25 1.0— 25 15 1.0— 2.0

Job category "cutting” (N=4).
Job category "feeding” (folder-gluer) (N=7).
Job category "assembly work" (N=4).

2 o o »

Rating criteria: 1 = ~ light (<10% MVC); 5 = ~ near maximal (>80% MVC). The criteria were based on the results of Moore & Garg (16).
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Table 4. Exposure variables representing 2 of the exposure groups at the same factory. (N = number of workers monitored per exposure

group, MVC = maximal voluntary contraction)

Selected exposure variables

Cardboard factory

Job category “High repetitive feeding”

Job category “Feeding” (folder-gluer)

(folder-gluer) (N=2) (N=7)
Median Range Median Range

Cycle time (seconds) 44 34— 54 19.9 10.2—32.7
Duration of exertion (% cycle time) 93.5 91.5—95.4 62.0 44.0—90.0
Repetitive movements (number/minute)

Shoulder 343 33.3—35.3 7.2 43—124

Hand-wrist 343 33.3—35.3 7.2 43—124
Shoulder flexion of 30—60 degrees (% cycle time) 40.7 21.4—59.9 5.1 0.0—10.3
Shoulder abduction of 30—60 degrees (% cycle time) 51.2 34.6—67.8 7.8 1.4—17.9
Neck flexion of >20 degrees (% cycle time) 84.9 72.2—97.5 21.7 0.0—41.0
Force levels (scale 1—52)

Shoulder 15 15— 15 25 1.0— 25

Hand/wrist 1.5 15— 15 25 1.0— 25

2 Rating criteria: 1 = ~ light (<10% MVC); 5 = ~ near maximal (>80% MVC). The criteria were based on the results of Moore & Garg (16).

In table 5, the Q ratio is presented as a crude meas-
ure to indicate the relative importance of within- and
between-group variance. In the comparison of occupa-
tional groups in epidemiologic studies the between-
group variance should be the most important source of
exposure variability (17, 18). This was the case for ex-
posure variables linked to work organizational proce-
dures (ie, cycle time, number of exertions per minute,
duration of exertion, micropauses), force requirements,
and some work postures (eg, ulnar deviation of the
hand-wrist). Problems could, on the other hand, be seen
for some of the variables primarily related to shoulder
postures, for which within-group variance was relatively
higher (reflected in the high ratio values). As a conse-
quence, exposure variables with ratios exceeding an ar-
bitrary chosen “cut point” of Q=0.75 — shaded area of
the table — were excluded from subsequent analyses
in the PRIM project.

Choice of exposure variables. When analyzed in detail,
the apparently identical exposure profiles occasionally
exhibited subtle differences. When median exposure
levels during sewing machine work were compared with
the general level of exposure in all the exposure groups
in the PRIM study, using only a few crude exposure var-
iables, the differences in exposure appeared to be mar-
ginal. Cycle time, number of repetitive movements
(shoulder and hand-wrist region) and the amount of
shoulder flexion (>30 degrees) were almost identical in
the 2 groups, while force demands were somewhat low-
er during the sewing machine work.

However, the inclusion of additional exposure vari-
ables (presented in table 6) clearly demonstrated that the
variables related to static muscle load were at high lev-
els among the sewing machine operators, and they ex-
ceeded the median level in all the PRIM exposure

26 Scand J Work Environ Health 2001, vol 27, no 1

groups. Static load is a well-established risk factor, and
these subtle differences indicate the importance of iden-
tifying the relevant exposure variables or agents. In this
respect, the methodological benefits of including a large
number of exposure variables — if a higher discrimina-
tion of health risk is intended — appear to be evident.

Discussion

The applicability of a method for assessing physical ex-
posure depends on the ability of the method to quantify
risk factors believed to cause work-related musculoskel-
etal disorders (12). The methodology and design used
in our study seem to represent a useful approach. The
video-based observational method and the large number
of exposure variables analyzed enabled the establish-
ment of specific exposure profiles and the quantifica-
tion of potential occupational health hazards in 103 task-
based exposure groups. The possibility of combining
task-related exposure levels with questionnaire data on
task duration at the level of the individual worker fur-
ther enhanced the usability of the method.

However, several methodological problems associ-
ated with the use of grouped exposure assessment were
revealed. Despite efforts to optimize group homogenei-
ty by stratifying workers into subgroups focusing on
task-related exposures, the within-group variance
proved to be larger than the between-group variance for
several of the shoulder postural variables. As a poten-
tial lack of exposure contrast limited the possibility to
unravel specific risk factors for work-related muscu-
loskeletal disorders, the implication is that some pos-
tural exposure variables may be difficult to assess with
a grouped-based strategy.
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Table 5. Ratio (Q) of the mean of the standard deviation for all the exposure groups (N=103) to the standard deviation of the mean value
across the exposure groups. The shaded area encloses the exposure variables with ratios exceeding the arbitrary cut point of 0.75;

these variables were excluded from subsequent analyses.

Exposure variable Mean of standard deviations Standard deviation of mean Q value
Force, fingers (scale 1—5) 0.12 0.67 0.18
Velocity, hand-wrist (scale 1—5) 0.22 1.08 0.20
Cycle time (seconds) 211.28 958.62 0.22
Force, hand-wrist (scale 1—5) 0.23 0.79 0.29
Force, shoulder (scale 1—b5) 0.21 0.69 0.30
Velocity, elbow (scale 1—5) 0.22 0.72 0.31
Force, elbow (scale 1—5) 0.21 0.67 0.31
Number of exertions/minute 3.54 10.63 0.33
Velocity, shoulder (scale 1—5) 0.23 0.68 0.34
Hand-wrist extreme ulnar deviation (% cycle time) 3.68 10.62 0.35
Hand-wrist flexion-extension neutral (% cycle time) 9.63 25.83 0.37
Hand-wrist extension (% cycle time) 9.59 23.80 0.40
Duration of exertion (% cycle time) 6.07 14.97 0.41
Hand-wrist radial deviation (% cycle time) 3.05 7.30 0.42
Hand-wrist ulnar-radial deviation neutral (% cycle time) 9.77 23.21 0.42
Hand-wrist extreme radial deviation (% cycle time) 0.24 0.57 0.42
Repetitive movements of fingers (number/minute) 38.33 84.94 0.45
Shoulder flexion with hand above shoulder height (% cycle time) 1.83 3.57 0.51
Head “inclination” of >85 degrees (% cycle time) 0.94 1.79 0.53
Hand-wrist extreme flexion (% cycle time) 0.36 0.68 0.53
Micropauses in shoulder flexion (definition 2) (% cycle time) 7.24 13.66 0.53
Micropauses in shoulder abduction (definition 2) (% cycle time) 8.61 15.70 0.55
Hand-wrist extreme extension (% cycle time) 1.27 231 0.55
Hand-wrist ulnar deviation (% cycle time) 8.39 15.08 0.56
Micropauses in shoulder abduction (definition 1) (% cycle time) 9.15 15.99 0.57
Repetitive movements of elbow (number/minute) 5.39 9.15 0.59
Micropauses in shoulder flexion (definition 1) (% cycle time) 8.80 14.01 0.63
Repetitive movements of hand (number/minute) 5.87 9.25 0.64
Head “inclination” of 0—25 degrees (% cycle time) 14.34 21.97 0.65
Repetitive movements of shoulder (number/minute) 5.14 7.87 0.65
Head “inclination” of 25—85 degrees (% cycle time) 14.25 21.80 0.65
Neck flexion of >20 degrees (% cycle time) 14.70 22.30 0.66
Neck flexion of 0—20 degrees (% cycle time) 14.69 22.28 0.66
Shoulder abduction of 0—30 degrees (using micropause definition 1)
(% cycle time) 13.90 18.36 0.76
Shoulder abduction of 0—30 degrees (using micropause definition 2)
(% cycle time) 13.78 8.06 0.76
Shoulder abduction of >60 degrees (% cycle time) 2.66 3.42 0.78
Shoulder abduction of 30—60 degrees (% cycle time) 10.29 11.95 0.86
Shoulder flexion of >60 degrees (% cycle time) 3.71 4.23 0.88
Shoulder extension (% cycle time) 5.02 5.60 0.90
Hand-wrist flexion (% cycle time) 5.17 5.66 0.91
Shoulder flexion of 30—60 degrees (% cycle time) 11.33 12.35 0.92
Shoulder flexion of 0—30 degrees (using micropause definition 2)
(% cycle time) 15.11 14.99 1.01
Shoulder flexion of 0—30 degrees (using micropause definition 1)
(% cycle time) 15.20 14.61 1.04
Table 6. Muscle load of the sewing machine operators versus that of the general exposure level.
Variables related to static muscle load
Duration of exertion Micropauses? (median % of cycle time) Shoulder abduction® Neck flexion®

(median % cycle time)

Shoulder flexion

Shoulder abduction

(median % cycle time)

(median % cycle time)

97.5 6.2
98.1 0.0

All job categories
Sewing machine operators

7.5
0.0

125
25.8

86.9
95.2

2 >1 second in duration.
> >30 degrees.
¢ >20 degrees.

In general, the requirement for homogeneity and
contrast in comparisons of differentially exposed occu-
pational groups constitutes an important methodologi-

cal criterion. In the PRIM study, the exclusion of vari-
ables with Q values exceeding 0.75 was considered nec-
essary to reduce the within-group variance and enhance

Scand J Work Environ Health 2001, vol 27, no 1 27



Physical exposure assessment

the exposure contrasts. The Q ratio mirrors the balance
between homogeneity and contrast and relates to the re-
flections by Heederik et al (21), who believed that a cer-
tain degree of inhomogeneity can be accepted in epide-
miologic studies unless the exposure groups exhibit an
overlapping exposure distribution. Specific quantitative
estimates of group homogeneity are, on the other hand,
important to obtain because they provide an indication
of the success of establishing exposure groups based on
workers’ task equivalence.

Rappaport (22) defined a homogeneous group as one
for which the ratio of the exposures received by the
97.5th and 2.5th percentile of workers was <2. Because
of the limited number of observations for some expo-
sure groups, this definition could not be used in strict
terms to assess homogeneity in the 103 PRIM exposure
groups. However, analyses substituting the 97.5th and
2.5th percentile with maximum and minimum exposure
values could be applied to give a tentative approxima-
tion of the homogeneity of the PRIM material. With this
more “conservative” approach, the results indicated that,
for exposure variables related to repetitiveness, force,
and velocity, a very large percentage of the exposure
groups could be considered homogeneously exposed.
(On the average, 82% of the 103 exposure groups met
the criterion suggested by Rappaport.) For the postural
variables, exposures were much less uniform. Only 51%
of the exposure groups met the criterion for group ho-
mogeneity, and this finding indicates that within-group
variance or group inhomogeneity contributed signifi-
cantly to the high Q ratio determined for the shoulder
postural variables.

The problems associated with the large within-group
variance in exposure to nonneutral shoulder postures
may in theory be solved by an improved grouping strat-
egy and an increased number of samples (ie, the number
of workers monitored per exposure group). Interesting-
ly, random samples of 15—25 workers have been rec-
ommended for the assessment of trunk flexion (5), while
3 samples per exposure group appeared sufficient for the
assessment of, for example, maximum external moment
during manual materials handling tasks (23). In the
PRIM context, however, increasing the number of sam-
ples to 15—25 workers per exposure group for the pos-
tural variables would in practice approach an individu-
al assessment strategy. It is thus likely that individual
work technique and anthropometry are stronger deter-
minants of exposure to nonneutral shoulder postures —
and the associated risk of work-related musculoskeletal
disorders — than task characteristics or exposure group
membership. It should however be noted that the group-
ing strategies applied in the PRIM study proved to be
efficient for the majority of the exposure variables. The
results from 1 PRIM factory presented in table 4 con-
vincingly demonstrate that, for the majority of the risk
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factors, large exposure gradients exist between associ-
ated exposure groups at the chosen level of specificity.
Using broader characteristics as the basis for classifica-
tion assessments (eg, job title or factory name or even
division, ie, working at the production line) would have
resulted in an erroneous misclassification of exposure.

Our large number of exposure variables (43 single
items) was complicated, but necessitated by the numer-
ous risk factors characterizing the physical workplace
exposure. Efforts to solve this problem by combining
different exposure variables into a single estimate of cu-
mulative exposure have been proposed (16). Combined
indices are, however, dependent on validation by large-
scale epidemiologic studies. Currently, insufficient
knowledge of true workplace hazards strongly limits our
options. The potential for errors in a risk assessment pro-
cedure when precise guidance concerning the relevant
exposure variables to be included is lacking was dem-
onstrated for the sewing machine operators presented in
table 6. The current uncertainty of hazard identification
necessitates that a large number of exposure variables
(a fine-meshed net) be included in all exposure assess-
ment strategies. In this view, the time-consuming and
often cumbersome method that we have presented in this
paper seems to reflect the options of today.

In summary, the results from our study indicate that
a task-based exposure assessment strategy can be suc-
cessful in solving some of the main problems associat-
ed with the assessment of physical workplace exposure.
The problems associated with the large within-group
variance in exposure to nonneutral shoulder postures
may eventually require individual assessment or the in-
clusion of groups with maximal contrast in exposure or
both.
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