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ABSTRACT

KEYWORDS
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The Strain Index (SI) and the American Conference of Governmental Industrial Hygienists (ACGIH)
threshold limit value for hand activity level (TLV for HAL) have been shown to be associated with preva-
lence of distal upper-limb musculoskeletal disorders such as carpal tunnel syndrome (CTS). The Sl and
TLV for HAL disagree on more than half of task exposure classifications. Similarly, time-weighted aver-
age (TWA), peak, and typical exposure techniques used to quantity physical exposure from multi-task
jobs have shown between-technique agreement ranging from 61% to 93%, depending upon whether
the Sl or TLV for HAL model was used. This study compared exposure-response relationships between
each model-technique combination and prevalence of CTS.

Physical exposure data from 1,834 workers (710 with multi-task jobs) were analyzed using the Sl and
TLV for HAL and the TWA, typical, and peak multi-task job exposure techniques. Additionally, exposure
classifications from the Sl and TLV for HAL were combined into a single measure and evaluated. Preva-
lent CTS cases were identified using symptoms and nerve-conduction studies. Mixed effects logis-
tic regression was used to quantify exposure-response relationships between categorized (i.e., low,
medium, and high) physical exposure and CTS prevalence for all model-technique combinations, and
for multi-task workers, mono-task workers, and all workers combined.

Except for TWA TLV for HAL, all model-technique combinations showed monotonic increases in risk of
CTS with increased physical exposure. The combined-models approach showed stronger association
than the Sl or TLV for HAL for multi-task workers.

Despite differences in exposure classifications, nearly all model-technique combinations showed
exposure-response relationships with prevalence of CTS for the combined sample of mono-task and
multi-task workers. Both the TLV for HAL and the SI, with the TWA or typical techniques, appear useful
for epidemiological studies and surveillance. However, the utility of TWA, typical, and peak techniques
for job design and intervention is dubious.

classifications;
exposure-response; MSDs;
Strain Index; TLV for HAL

Introduction

It is generally accepted that combinations of biome-
chanical stressors such as force, repetition, and posture
interact to create increased risk for distal upper extrem-
ity (DUE) musculoskeletal disorders (MSDs).[}:2! In
North America, the threshold limit value (TLV) for
hand activity level (HAL)®) and the Strain Index (SI)!*!
are commonly used models to combine two or more
DUE biomechanical stressors into a single measure of
physical exposure. However, there is a poor correlation
(Spearman’s Rho = 0.50) between exposure scores from

the two models, and less than 50% agreement (Kappa =
0.28) between DUE MSD exposure classifications using
each model’s a priori low, medium, and high exposure
categories.®) Results from part one of this paper!®!
showed that for 16% of 3,647 tasks one of the models
classified a task as low exposure while the other classified
the task as high exposure. Despite these differences,
recent epidemiological studies have reported that the two
models have relatively comparable ability to predict risk
of DUE MSDs and, in particular, carpal tunnel syndrome
(CTs).16]
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We postulate that the SI and TLV for HAL might be
measuring different aspects of DUE MSD exposurel®]
because the two models: (i) have different constituent
variables (e.g., both models include “force” but the defi-
nition of force is considerably different between the two),
(ii) combine and penalize those variables differently, and
(iii) have been shown to have comparable association
with MSDs. An implication of this assertion is that com-
bining the exposure classifications from the two models
into a single exposure estimate might provide stronger
exposure-response relationships than either of the two
models could alone.

Regardless of the model used, another complication
in quantifying physical exposure is the widespread use
of job rotation or job enrichment strategies in industry
(i.e., multi-task jobs where each worker performs at least
two or more, but typically several unique tasks per day).
Both the SI and the TLV for HAL were developed to ana-
lyze mono-task jobs!>*! and, thus, there are no predefined
techniques within either of the original models to quantify
physical exposure from multi-task jobs. Nonetheless, a
few techniques are commonly used to aggregate the phys-
ical exposures from multiple tasks into a single measure of
physical exposure for a job. These are: (1) time-weighted
average (TWA) of tasks; (2) “Peak” exposure that assumes
the most stressful task is performed for the shift; and (3)
“Typical” exposure that assumes that the longest dura-
tion task represents the exposure from the shift.!>! In part
one of this study, we compared exposure classifications
using these three techniques and found good to very good
between-technique exposure classification agreement for
SI scores (Kappa >= 0.78), but poor between-technique
agreement for TLV for HAL scores (i.e., Kappa = 0.19 and
0.16 when comparing TWA to typical and peak TLV for
HAL, respectively).[5] Since the two models (the SI and
the TLV for HAL) and the three techniques (TWA, peak,
and typical exposure) differ in exposure classifications, it
is reasonable to question whether one model-technique
combination provides superior exposure-response rela-
tionships. Similarly, combining the exposure classifica-
tions for the SI and TLV for HAL may produce the
stronger result.

The objectives of this study were to: (i) compare
exposure-response relationships for CTS prevalence
using the SI and TLV for HAL, quantified with each
of three daily physical exposure techniques: (a) TWA
exposure, (b) Peak exposure, and (c) Typical exposure;
and (ii) determine whether a single exposure estimate,
produced by combining exposure classifications from the
SI and the TLV for HAL, provides stronger exposure-
response relationships than either of the two models
alone.

Methods

This study combined physical exposure and health out-
come data from three large-scale, occupational studies
of CTS. These studies were approved by the institutional
review boards (IRB) of the University of Wisconsin -
Milwaukee, the University of Utah, and the State of Wash-
ington. All workers enrolled in these studies provided
written informed consent. The methods used to enroll
workers, determine health status, and quantify physical
exposures have been discussed in detail elsewhere.[>] The
following is a summary of those methods.

Workers were recruited from 35 facilities represent-
ing 25 industries in the U.S. states of Illinois, Utah,
Washington, and Wisconsin. Workers’ ages and genders
were recorded. Heights and weights were measured at the
time of enrollment and subsequently used to calculate
body mass index (BMI), a convenient and widely used,
though modestly inaccurate, proxy for obesity.[!*]

Dominant hand physical exposures were quantified for
each task performed by each worker. Peak!*! and over-
all hand forces!*?!1] were rated by trained ergonomists
using the Borg CR-10 scale.['?! Hand activity level (HAL)
was rated by trained analysts using the HAL verbal anchor
scale.[3] Frequency of exertion, duty cycle (% duration
of exertion), hand/wrist posture, and speed of work were
quantified from video recordings and subsequently cate-
gorized using the Strain Index rating scales.!*! Frequency
of exertion and duty cycle computations were based upon
only those exertions that occurred at an analyst estimated
force level of one or more on the Borg CR-10 scale (i.e.,
Force rating > 1, “very light” or harder).[*! For cyclic tasks
with cycle times of 2 min or less, a minimum of 10 task
cycles were randomly analyzed. If cycles times were very
short (i.e., < 30's),a minimum of 5 min of cycles were ran-
domly analyzed. For longer duration tasks, a minimum of
three representative task cycles were analyzed.(®]

Tasks below the TLV for HAL action limit (AL) were
classified as “low” exposure. Similarly, tasks at or above
the AL and up to and including the threshold limit value
(TLV) were classified as “medium” exposure, and tasks
above the TLV were classified as “high” exposure.l®! SI
scores for each task were calculated using: (i) overall
force, (ii) frequency of exertion, (iii) duty cycle, (iv)
hand/wrist posture, (v) speed of work, and (vi) hours of
exposure per day as described by Moore and Garg!*! and
Garg et al.l] ST scores were then classified into exposure
categories of “low” (SI < 3.0), “medium” (3.0 < SI < 6.1),
and “high” (SI > 6.1) using the recommended limits of
Moore and Garg.['*]

For those workers with job rotation, exposures were
summarized at the job-level (i.e., daily exposure) using
three previously reported techniques: (i) TWA of tasks



Table 1. Descriptive statistics of cohort (N = 1,834).
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Variable Mean SD Min

a

Max Median IQR N %

Entire cohort (N = 1,834)
Age 411 n3 18
BMI 28.7 6.5 16.0
Gender
Female
Male
Mono-Task cohort (N = 1,124)
Age 40.8 1n3 18
BMI 28.8 6.6 16.0
Gender
Female
Male
Multi-task cohort (N = 710)
Age 1.6 1.4 18
BMI 28.5 6.4 16.6
Gender
Female
Male

72 42
58.6 275

32-50
23.9-321

1096 59.8
738 4.2

72 4
58.6 275

32-50
23.9-322

618 55.0
506 45.0

68 42
55.0 274

33-50
23.9-321

478 67.3
232 327

2|QR: inter-quartile-range.

based on task hours per day,!'>~'8! (ii) Typical exposure
defined as the task performed for the largest proportion of
the work shift,!®°] and (ii) Peak exposure defined as the
task with the highest (i.e., worst) physical exposure.!!>1°]
Multi-Task job physical exposures were classified into
each model’s low, medium, and high exposure categories
in the same manner as previously described.

Workers were determined to be prevalent cases for CTS
in their dominant hand if they had both (i) symptoms
consistent with CTS and (ii) abnormal median nerve
conduction. Symptoms consistent with CTS included
pain, numbness, tingling, and/or burning with no acute
or traumatic onset, in two or more of the first four digits
of the dominant hand for greater than one week, or three
or more times in the prior year.'?! Workers had abnormal
nerve conduction if the following combined criteria were
met for the dominant hand: (i) median motor latency
> 4.5 ms at 8 cm, or median sensory latency > 3.5 ms
at 14 cm, or midpalmar latency > 2.2 ms at 8 cm; AND
(ii) ulnar sensory latency < 3.7 ms at 14 cm, or medium-
ulnar sensory latency difference > 0.5 ms, or midpalmar
median-ulnar difference > 0.3 ms.[?!

Three sets of workers were created for this study’s anal-
yses. The main set consisted of all eligible workers. The
second set was a subset of the main, and consisted of
only those workers performing mono-task jobs (i.e., no
job rotation). For these workers, there was no difference
between the results of TWA, Peak, and Typical job expo-
sure summary techniques as the jobs they performed con-
sisted of only a single task. The last set, also a subset of the
main, consisted of only those workers performing multi-
task jobs (i.e., workers with job rotation).

To test the assertion that the SI and TLV for HAL mea-
sure different aspects of DUE MSD exposure and, thus,
their combined exposure classifications might be superior
predictors of risk than each model’s individual exposure

classifications, we combined the classifications from the
two models’ as follows: (1) if both models agreed that the
job was low exposure, the job was classified as “low”; (2)
if both models agreed that the job was high exposure, the
job was classified as ‘high”; and (3) all remaining combi-
nations were classified as “medium.”

Mixed effects logistic regression was used to deter-
mine odds ratios and 95% confidence intervals for: (i) the
TLV for HAL, (ii) the SI, and (iii) the combined mod-
els approach for each of the three sets of workers (i.e., all
workers, mono-task workers only, and multi-task work-
ers only). All models were a-priori adjusted for age, gen-
der, and BMI, and included research site (UT, WA, WI) as
a random effect. A separate model, including only the a
priori adjustment factors (i.e., no physical exposure), was
built to estimate the associations between age, gender and
BMI, and prevalence of CTS for the cohort of all workers.

Results

The three studies had combined, total enrollment of 2,020
workers who represented a diverse group of manufac-
turing and service industries.l>) Of those 2,020 work-
ers, 1,834 (90.8%) completed both health and physical
exposure baseline assessments. Multi-task jobs were per-
formed by 710 of the workers (i.e., workers had job rota-
tion), while the remaining 1,124 worked mono-task jobs
(i.e., performed only one task for their entire work shift).

The point prevalence of dominant hand CTS was
16.3%. Total prevalence of CTS for the entire eligible
cohort was 18.4% (347 participants with CTS in the right,
left, or both hands). Right hand, left hand, and bilateral
prevalence were 16.9%, 6.5%, and 4.4%, respectively.
Age, gender and BMI of the entire sample, and for the
mono-task and multi-task subsets of workers are summa-
rized in Table 1. Age and BMI were comparable between
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Table 2. Physical exposure summary for entire cohort (N = 1,834).

Variable Mean SD Min Max Median IQR N %
Strain Index - TWA 5.1 7.8 0.2 80.8 25 0.8-6.5

<3 955 52.1

3<SI<61 409 223

> 6.1 470 25.6
Strain Index - Typical 6.8 10.5 03 N17.0 3.0 0.8-9.0

<3 839 457

3<SI<61 463 252

> 6.1 532 29.1
Strain Index - Peak 73 10.8 03 17.0 3.0 0.8-9.0

<3 804 438

3<SI<6.l1 461 25.1

> 6.1 569 311
TLVHAL - TWA 0.44 0.41 0.00 5.00 038 0.20-0.57

<AL 1363 743

AL < score <TLV 229 12.5

> TLV 242 132
TLVHAL - Typical 0.55 0.56 0.00 5.00 0.44 0.25-0.67

<AL 182 64.4

AL < score < TLV 326 17.8

> TLV 326 17.8
TLVHAL - Peak 0.58 0.49 0.00 5.00 0.49 0.25-0.71

<AL 156 63.0

AL < score < TLV 332 18.1

> TLV 346 18.9

2|QR: inter-quartile-range.

the mono-task and multi-task worker sets (t = —1.465,
p =0.14, and t = 0.751, p = 0.45, respectively). However,
the multi-task workers consisted of a larger proportion
of female workers than the mono-task (67.3% vs. 55.0%,
chi-square = 27.051, p < 0.01).

For the set of all workers, females, older workers, and
obese workers had higher prevalence of CTS. Dominant
hand prevalence for females was 20.1% as compared
to 10.7% for males (OR = 1.74, 95% CI = 1.30-2.31),
22.7% for those classified as obese (i.e., BMI > 30 kg/m?)
as compared to 13.0% for nonobese (OR = 1.06/unit
BMI, 95% CI =1.04-1.08), and 21.4% for those older
than 42 years of age (median age) vs. 11.7% for younger
workers (OR = 1.03/year, 95% CI =1.02-1.04).

Physical exposure estimates using the Sl and TLV
for HAL, and the TWA, peak and typical techniques

Table 2 summarizes the descriptive statistics of physical
exposures using the SI and the TLV for HAL, and each of
the three job physical exposure aggregation techniques
(i.e., TWA, typical, and peak exposure). Overall, physical
exposures ranged from very low to very high (Table 2).
A majority of workers (N = 1,124, 61.3%) performed
mono-task jobs, and thus their SI and TLV for HAL
estimated physical exposure was constant regardless of
whether the TWA, typical, or peak technique was used
to summarize their job exposure. The TWA technique
resulted in the lowest physical exposure estimate (see
Part I for details).’) On average, typical and peak SI
scores were 1.7 and 2.2 units (33 to 43%) higher, and

TLV for HAL scores were 0.11 and 0.14 units (25 to
32%) higher, respectively, than the TWA exposures (t >
14.8, p < 0.001). Peak exposures were statistically higher
than typical exposures for both the SI and the TLV for
HAL (t > 5.4, p < 0.01), but the magnitude differences
were relatively small (0.5 units, 7% higher for the SI and
0.03 units, 5% higher for the TLV for HAL).

Table 3 summarizes physical exposures for those
workers performing multi-task jobs and mono-task jobs,
separately. When only those workers with multi-task
jobs were examined, the relative difference in physical
exposure magnitude between the TWA and the typical
and peak techniques was more apparent. The average
SI score was 6.0, 10.4 and 11.7 for the TWA, typical
and peak exposures, respectively, and the corresponding
TLV for HAL score was 0.49, 0.77 and 0.85, respectively.
Regardless of the technique used, multi-task workers
had higher average physical exposure than mono-task
workers (mean SI score of 4.5 for mono-task versus
6.0-11.7 for multi-task [t > 4.2, p < 0.001], and mean
TLV for HAL score of 0.41 for mono-task vs. 0.49-0.84
for multi-task [t > 4.2, p < 0.0001]; Table 3).

Exposure-response relationships between the S|
and the TLV for HAL, and for the TWA, peak and
typical techniques, and prevalence of CTS

Exposure-response relationships between prevalence of
CTS and SI, TLV for HAL, and the combined exposure
classification for each of the three multi-task physical
exposure aggregation techniques applied to all workers
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Table 3. Physical exposure summary for multi-task and mono-task cohorts.

Variable Mean SD Min Max Median IQR N %
Multi-Task job cohort (N = 710 workers)
Strain Index - TWA 6.0 6.9 03 68.3 3.8 17-75
<3 302 425
3<SI<61 149 21.0
> 6.1 259 36.5
Strain Index - Typical 10.4 124 03 17.0 6.0 23-135
<3 233 32.8
3<SI<6.1 156 220
> 6.1 32 452
Strain Index - Peak n7 12.7 03 17.0 6.8 3.0-18.0
<3 195 275
3<SI<61 157 221
> 6.1 358 50.4
TLVHAL - TWA 0.49 035 0.00 5.00 0.41 0.40-0.80
<AL 504 71.0
AL < score < TLV 90 127
>TLV 116 16.3
TLVHAL - Typical 0.77 0.66 0.00 5.00 0.60 0.28-0.63
<AL 323 455
AL < score < TLV 187 26.3
> TLV 200 28.2
TLVHAL - Peak 0.84 0.73 0.00 5.00 0.60 0.40-0.83
<AL 297 41.8
AL < score < TLV 193 272
>TLV 220 31.0
Mono-Task job cohort (N = 1,124 workers)
Strain Index 45 83 03 81.0 15 0.4-6.0
<3 660 58.7
3<SI<61 253 225
> 6.1 21 18.8
TLV for HAL 0.41 043 0.00 5.00 0.33 0.11-0.50
<AL 859 76.4
AL < score < TLV 139 124
> TLV 126 1.2

21QR: inter-quartile-range.

(i.e., both multi-task and mono-task workers, N = 1,834)
are provided in Table 4. Regardless of model and tech-
nique, there was a generally increasing trend in risk of
CTS as the physical exposure classification increased.

Table 4. 0dds ratios, (95% confidence intervals), and
[model p-values] for the SI, TLV for HAL, and the combined
models approach for the total cohort (N =1,834).

N = 1,834 workers Sl TLV forHAL  Combined
Low 1.00 1.00 1.00
[p=008] [p=042] [p=0.3]
TWA Exposure Medium 134 139 1.57
(0.95-2.01) (0.93-2.08) (116-2.13)
High 1.65 133 1.84
(1.19-230)  (0.88-1.99) (1.14-2.95)
Low 1.00 1.00 1.00
[p=009] [p=018] [p=0.03]
Typical Exposure Medium 125 1.32 1.54
(0.85-1.84) (0.92-1.88) (112-2.14)
High 1.66 1.48 1.99
(119-2.30) (1.03-2.12) (1.30-3.04)
Low 1.00 1.00 1.00
[p=0.8] [p=0.8] [p=0.08]
Peak Exposure Medium 112 1.28 143
(0.76-1.17) (0.90-1.83) (1.03-1.99)
High 1.48 137 171
(1.06-2.06) (0.96-1.95) (112-2.61)

Categories in bold were significant at the p < 0.05 level.

Both the SI and the TLV for HAL appeared to exhibit
monotonic increases in risk of CT'S for the Typical and the
Peak Techniques (although the high exposure category
for peak TLV for HAL was not significant, p > 0.05). For
the TWA technique, the SI showed a monotonic increase
in risk whereas the TLV for HAL showed essentially the
same OR estimate for both medium and high exposure
jobs as compared to low exposure jobs (OR = 1.39, and
OR = 1.33, respectively).

When analyses were restricted to only those workers
performing multi-task jobs, no monotonic increases in
risk of CTS were observed for the TLV for HAL or the
SI models with the exception of TWA technique for the
SI model (Table 5). All three techniques showed modest
increases in risk for high exposure categories for both the
SIand TLV for HAL, with the typical and TWA exposure
SI showing statistically significant increases (p < 0.05).
However, medium exposure categories for the SI and TLV
for HAL showed no statistically significant increase in risk
for any of the three techniques (Table 5).

The opposite trend was seen when the analyses were
restricted to only those workers with mono-task jobs
(Table 5). Medium-exposures had modest elevated risk
for both the SI and TLV for HAL (OR = 1.43 and
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Table 5. Odds ratios, (95% confidence intervals), and [model p-values] for the SI, TLV for HAL, and the combined models approach for the

multi-task and mono-task cohorts.

Multi-Task job cohort (N = 710 workers) TLV for HAL Combined
Low 1.00 1.00 1.00
[p =0.09] [p=0.29] [p=0.07]
TWA Exposure Medium 1.26 1.03 143
(0.71-2.23) (0.53-2.00) (0.90-2.28)
High 1.69 143 2.08
(1.06-2.72) (0.83-2.45) (1.11-3.89)
Low 1.00 1.00 1.00
[p=0233] [p=0.25] [p=0.12]
Typical Exposure Medium 1.00 1.08 138
(0.55-1.83) (0.64-1.80) (0.80-2.37)
High 1.64 157 213
(1.01-2.68) (0.96-2.56) (116-3.92)
Low 1.00 1.00 1.00
[p=0235] [p=0233] [p=027]
Peak Exposure Medium 0.74 1.00 1.05
(0.40-1.39) (0.59-1.67) (0.61-1.84)
High 123 133 1.47
(0.75-2.01) (0.82-2.16) (0.79-2.70)
Mono-Task job cohor (N = 1,124 workers)
Low 1.00 1.00 1.00
[p=028] [p=0.93] [p = 074]
Exposure Medium 143 1.67 1.65
(0.88-2.34) (1.00-2.77) (113-2.41)
High 1.47 1.08 1.26
(0.93-2.34) (0.57-2.04) (0.57-2.80)

Categories in bold were significant at the p < 0.05 level.

OR = 1.67, respectively), although the OR for SI was not
statistically significant (p > 0.05). The OR for the SI
for high exposure was essentially the same as that for
medium-exposure (OR = 1.47 for high vs. OR = 1.43 for
medium) and the OR for TLV for HAL was reduced to
OR =1.08. Neither the SI nor the TLV for HAL high expo-
sure category ORs were statistically significant (p > 0.05).

Exposure-response relationships for the combined
exposure classification, and the TWA, peak and
typical techniques

Also shown in Tables 4 and 5 are the exposure-response
relationships between the combined exposure classifica-
tions from the SI and TLV for HAL models (i.e., combined
approach) and prevalence of CTS. For the all workers
and multi-task workers sets, the combined approach
exhibited monotonic increases in CTS risk with increases
in physical exposure, regardless of which of the three
job exposure aggregation techniques was used. The only
exception was peak exposure technique for multi-task
workers where the medium exposure category showed
no increase in risk (OR = 1.05). For the set consisting
of all workers, the ORs were statistically significant (p <
0.05) for both medium and high exposure categories. For
the set with only multi-task workers, the high exposure
ORs for TWA and Typical exposure were statistically sig-
nificant. For mono-task workers, the combined approach
showed a statistically significant increased risk of CTS
for the medium-exposure classification (OR = 1.65,

p < 0.05), and an elevated, but relatively lower and
statistically nonsignificant OR for high exposure classifi-
cation (Table 5).

In general, the combined approach of determining
exposure level by combining exposure classifications from
the SI and TLV for HAL models showed stronger (i.e.,
higher ORs and lower p-values) exposure-response rela-
tionships with CTS prevalence than either the SI or TLV
for HAL alone (Tables 4 and 5). This observation was
true for all three job physical exposure aggregation tech-
niques (TWA, typical and peak). Furthermore, there was
a greater trend toward monotonic increases in CTS risk
for the combined approach as compared to either of the
SI or the TLV for HAL. This was especially true for the
typical exposure technique, in the context of all workers
(Table 4), where the increase in risk was nearly linear (Low
OR = 1.00, Medium OR = 1.54, and High OR = 1.99).

An exception to the trend of the combined approach
being superior was among mono-task workers, where
the SI showed nonstatistically significant elevated risk for
both medium and high exposures whereas the combined
approach showed a statistically significant increase in risk
for the medium exposure classification, but a markedly
reduced and nonsignificant increase for the high exposure
classification (Table 5).

Discussion

Consistent with the findings of prior studies, these results
show an association between level of physical exposure



and risk of CTS as quantified by the TLV for HAL and
the SI. To our knowledge, this is the first study to exam-
ine how commonly used techniques to estimate physi-
cal exposure for multi-task jobs (i.e., TWA, typical, and
peak), affect exposure-response relationships between the
TLV for HAL and the SI, and risk of CTS.

Prevalence of CTS in this cohort

Our data suggest that nearly one in five workers have find-
ings consistent with CTS. This prevalence is at the high
end of the 5-21% range previously reported for manu-
facturing and meat-packing workers,[?!] and nearly four
times the upper limit of the 1-5% range reported for
the general population.?!! The case definition for this
study is similar to those of other recent epidemiolog-
ical studies.[>!>19-21] This suggests that our observed
prevalence is not simply an artifact of an overly sensitive
case-definition, although it is likely driven by the careful
surveillance of a workforce.

The high prevalence observed in these workers may be
magnified by the types of jobs studied (i.e., manufactur-
ing and service industries with a high proportion of hand
intensive work) and many years of exposure to this type of
work prior to the study’s inception. It is interesting to note
that, while CTS is generally considered a serious mus-
culoskeletal disorder, these prevalent workers were con-
tinuing to perform hand intensive work at the time of
enrollment.[22]

Risk prediction differences between the S| and TLV
for HAL

The SI and the TLV for HAL were designed to quantify
DUE physical exposure and, therefore risk of DUE MSDs.
However, while the physical exposure domains of force
and repetition are present in both the SI and the TLV for
HAL, the models share no constituent variables within
those domains. This led to exposure classification differ-
ences between the two models for nearly half of the jobs
in this study.!>! Nevertheless, the exposure-response rela-
tionships between each of the two models and prevalence
of CTS were broadly similar. The SI achieved statistical
significance for more exposure categories, but the OR
differences were generally small between the two models.

A possible explanation for comparable exposure-
response performance, despite large exposure classifica-
tion differences, is that neither the SI nor the TLV for
HAL captured a complete representation of a task’s expo-
sure. For example, applied force has been shown to be
a strong risk factor for CTS.!?3! The SI relies on overall
forcel*1!] while the TLV for HAL uses peak force.['!] It
is possible that both peak and overall force are relevant to
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quantifying the true stress posed by a task, but neither the
SI nor the TLV for HAL addresses both simultaneously.

To test whether the SI and TLV are essentially provid-
ing orthogonal estimates of DUE physical exposure, we
combined their low, medium and high exposure classifi-
cations into a single estimate (i.e., combined approach).
For all three sets of workers and regardless of the job
physical exposure aggregation technique used, the com-
bined approach consistently showed relatively stronger
exposure-response relationships than either the SI or the
TLV for HAL (Tables 4 and 5). The only exception was for
the mono-task job cohort where the SI showed nonsignifi-
cant but elevated risk for both the medium and high expo-
sure categories, whereas the combined approach showed
statistically elevated risk for the medium-exposure cate-
gory but much lower risk for the high exposure category
relative to the medium-exposure category (Table 5). It is
important to note that, on average, the mono-task workers
had relatively lower physical exposure than the multi-task
cohort workers (Table 3). This might explain the some-
what poor exposure-response performance of the models
when applied to mono-task workers only.

Exposure-response differences between the TWA,
typical, and peak techniques for multi-task job
exposure quantification

Among the three techniques used in this study, the TWA
job physical exposure classification technique worked
best for estimating risk of CTS insofar as the SI and
the combined approach appeared to show monotonic
increases in risk of CTS among the 710 workers per-
forming multi-task jobs. The Typical technique applied
to the SI and TLV for HAL showed marked increase in
risk only for those workers at high exposure. When using
the combined approach, TWA and Typical techniques
performed comparably. The Peak technique performed
relatively worse than the TWA and Typical techniques,
regardless to which model it was applied.

Again, it should be noted that this study’s multi-
task-job workers had relatively higher physical expo-
sures and higher prevalence of CTS than mono-task-job
workers.[?#25] The combined set of all workers (i.e., both
mono-task and multi-task workers, N = 1,834) had a
wider range of physical exposures. When all workers were
considered, the TWA and typical technique worked com-
parably, whereas the peak technique performed relatively
poorly.

From an epidemiological perspective, the differences
in exposure classifications resulting from these three
techniques appear to have minimal practical effect on
quantifying exposure-response relationships insofar as,
regardless which of the three techniques was used, the
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conclusion that medium and high physical exposures
are associated with increased prevalence of CTS would
remain. The TWA technique includes data from all tasks
performed and perhaps for this reason it is widely used
in occupational epidemiology despite its obvious math-
ematical tendency to dilute the effects of high exposures
(see Table 3 and Part Onel®!). Conversely, the Typical
and Peak approaches ignore all but one specific task per-
formed by a worker and thus result in some information
loss. However, the constrained focus of the Typical and
Peak techniques might also yield results that are more
easily or logically translated into practice.

From an ergonomics practitioner perspective, using
these three multi-task exposure techniques presents
substantive challenges. The TWA technique suggests that
high physical exposures from one task can be compen-
sated by low physical exposures on another task; however,
this assumption is dubious, particularly when one of the
tasks in question would be considered hazardous if per-
formed alone.!'7-26-31] Meanwhile, the typical and peak
techniques both ignore all but one task and simultane-
ously considering the effects of typical and peak tasks
for a given job would, in many cases, require substantial
professional judgment that could lead to poor assessment
inter- and intra-rater reliability and, therefore, uncertain
intervention strategies.

Limitations

Both the TLV for HAL and the SI were designed to quan-
tify distal upper-limb physical exposures and to predict
risk of distal upper-limb injuries and illnesses, in gen-
eral, and not CTS specifically. While exposure classifica-
tion disagreement would not change if a DUE MSD other
than CTS had been studied, it is possible that exposure-
response relationships and predictive ability would. In
this regard, DUE MSDs other than CTS are relatively
understudied and further investigations are needed to
better understand the relative strengths and weaknesses
of the TLV for HAL and the SI as tools for job evaluation
and design.

Within a given exposure classification, both the TLV
for HAL and the SI lack the ability to differentiate between
different muscle loading patterns. However, specific mus-
cle loading and recruitment patterns may be important
factors for determining risk of MSDs from multi-task
jobs. For example, a worker who performs a “high expo-
sure” mono-task job might be at greater risk than a worker
performing a job consisting of two “high exposure” tasks
that each requires markedly different muscle recruitment
patters within the DUE. Neither the SI nor the TLV for
HAL, as currently designed, account for these types of
exposure differences. Thus, regardless of the technique

used to aggregate task exposures into job exposure, it is
currently difficult to use mono-task assessment tools such
as the SI and TLV for HAL to design safe multi-task jobs
and to study the effects of multi-task jobs on risk of MSDs.

The raw data for this study included TLV for HAL and
SI scores that are ostensibly continuous variables. How-
ever, primarily for two reasons, the analyses of this paper
were limited to physical exposure based on a-prior risk
categories. First, risk categories are a familiar convention
for many MSD researchers and practitioners and there-
fore easily understood. Second, there are hidden complex-
ities when treating each model’s score as continuous. With
regard to the latter, the TLV for HAL numerical score
increases in a radial pattern pivoting around the HAL =
10, peak force = 0 intercept, but this implicit trend of
increasing stress is somewhat dubious.!*?! Similarly, the
SI constituent variables are ordinal and thus the SI score
is quasi-ordinal with discrete, as opposed to truly contin-
uous, values. Thus, the SI score follows a “saw-tooth” pat-
tern where a one-step, discrete increase in SI score does
not necessarily imply increased physical exposure.!>!
Nevertheless, based on this paper’s results, treating the
scores of the two models as continuous variables and
examining the interactions between their constituent
variables and model scores appears to be warranted.

This study’s multi-task workers appeared to have
higher average physical exposures than its mono-task
workers. Similarly, it is likely that mono-task and multi-
task workers did not have comparable distributions of
physical exposures. This might explain the relatively
poorer performance of the STand TLV for HAL when ana-
lyzing the multi-task and mono-task subsets as opposed to
when the models were used to analyze all workers com-
bined.

This study analyzed cross-sectional data and the results
are subject to the biases and shortcomings of that study
design. Recall bias is likely not a meaningful issue in
these analyses because elements of both job exposure and
CTS (nerve conduction study) were measured objectively.
However, there may be recall bias of CTS symptoms.
While generally considered superior, use of prospective
analyses would add considerable additional complexity
because physical exposures tend to change over time.
Thus, cross-section analyses were deemed the most logi-
cal approach for exploring these comparisons. Regardless,
applying these models and techniques to prospective data
may lead to different conclusions.

Conclusion

Both the TLV for HAL and SI models showed exposure-
response relationships with CTS prevalence despite hav-
ing differed in exposure classification for 40% of the



workers. This disagreement creates uncertainty for job
design, job analysis, risk assessments, developing inter-
vention strategies, and other practical applications. Com-
bining the exposure estimates from the SI and TLV for
HAL improved exposure-response relationships, particu-
larly for multi-task jobs, perhaps suggesting that the mod-
els are quantifying different aspects of the exposure.

For workers performing multi-task jobs, we found
that the TWA and Typical task approaches of aggregating
physical exposures produced the strongest exposure-
response relationships. However, both these techniques
have substantial limitations. The TWA technique appears
to systematically dilute biomechanical stressors whereas
the typical technique ignores exposures from all but one
task performed during a work shift. While either tech-
nique is useful for epidemiological studies and workforce
surveillance where sample sizes are large, both techniques
require substantial professional judgment to be success-
fully used for design of new or revised multi-task jobs
and thus may have more limited utility for practitioners.
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