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ARTICLE

Validation of the Revised Strain Index for Predicting Risk of Incident Carpal
Tunnel Syndrome in a Prospective Cohort

Jay M. Kapelluscha , Stephen S. Baob , Elizabeth J. Malloyc, Matthew S. Thiesed ,
Andrew S. Merryweatherd and Kurt T. Hegmannd

aDepartment of Rehabilitation Sciences & Technology, College of Health Sciences, University of Wisconsin – Milwaukee, Milwaukee,
WI, USA; bWashington State Department of Labor and Industries, Olympia, WA, USA; cDepartment of Mathematics and Statistics,
American University, Washington, DC, USA; dRocky Mountain Center for Occupational & Environmental Health, University of Utah,
Salt Lake City, UT, USA

ABSTRACT
The Revised Strain Index (RSI), a model that quantifies physical exposure from individual hand/
wrist exertions, tasks, and multi-task jobs, was used to quantify exposure for 1372 incident-eli-
gible manufacturing, service and healthcare workers. Workers were followed for an average of
2.5 years (maximum 6 years) and had an average carpal tunnel syndrome (CTS) incidence rate
of 4.6 per 100 person-years. Exceeding the a-priori RSI limit of 10.0 showed increased risk of CTS
(Hazard Ratio (HR) ¼ 1.45, 95% CI: 1.11–1.91, p¼ 0.01). There also was a dose-response relation-
ship using proposed low (RSI � 8.5, HR ¼ 1.00), medium (HR ¼ 1.42 (95% CI: 0.96–2.09,
p¼ 0.08)), and high limits (RSI > 15, HR ¼ 1.79 (95% CI: 1.19–2.69, p¼ 0.01), respectively. RSI as
a continuous variable showed CTS risk increased steadily by between 1.9% and 3.3% per unit
increase in RSI (p� 0.03). These results suggest that the RSI is a useful tool for surveillance as
well as for job intervention/design and continuous improvement processes.
Practitioner Summary The Revised Strain Index (RSI) quantifies physical exposure from individ-
ual hand/wrist exertions, tasks, and multi-task jobs. Increased cumulative RSI scores (i.e. daily
exposure score) are associated with increased risk of carpal tunnel syndrome (CTS). The RSI is
potentially useful as a risk surveillance and intervention design tool.
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Introduction:

In 1995, Moore and Garg (1995) developed a multi-
factorial, semi-quantitative distal upper extremity
(DUE) physical-exposure assessment tool called the
Strain Index (1995 SI). The 1995 SI was developed
based on biomechanical and physiological principles
and informed by epidemiological findings. The under-
lying principle of the 1995 SI was that the physical
demands of a job (i.e. physical exposure), measured
by a numerical score, determine the magnitude of risk
for developing DUE musculoskeletal disorders (MSDs)
while performing that job. The model consisted of six
multiplicatively interactive variables that categorically
described: (i) the exertion requirements of the task (i.e.
applied force), which reflected the tensile load and
was the most heavily weighted variable, (ii) the fre-
quency of hand exertions, which was the primary

repetition variable, (iii) percent duration of exertion
(i.e. duty-cycle) that reflected available recovery time,
(iv) hand/wrist posture, which accounted for compres-
sive loads associated with directional changes of ten-
dons, (v) ‘speed of work’, which accounted for
reduced recovery associated with highly dynamic
tasks, and (vi) duration of task per day, which deter-
mined the daily dose of exposure. The product of the
multipliers associated with these six variables was the
SI score which was designed to correlate with hand/
wrist physical exposure and thus risk of DUE MSDs
(Moore and Garg 1995; Garg and Kapellusch 2011).

Early testing of the 1995 SI showed predictive valid-
ity with general, task-level DUE morbidity in meat
processing and manufacturing industries (Moore and
Garg 1995; Knox and Moore 2001; Rucker and Moore
2002). More recently, the 1995 SI has shown predictive
validity in prospective cohort studies of specific DUE
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MSDs such as CTS (Silverstein et al. 2006, Garg,
Kapellusch, et al. 2012), lateral and medial epicondylal-
gia (Fan et al. 2014; Garg et al. 2014), hand/wrist ten-
dinitis (Harris-Adamson et al. 2014), and trigger digit
(Kapellusch et al. 2014). As of 2019 the 1995 SI was
reported as among the most widely used distal upper
extremity assessment methods used by ergonomics
professionals in the United States and Canada (Lowe,
Dempsey, and Jones 2019).

Despite its strengths, the 1995 SI has some note-
worthy limitations that reduced its practical utility out-
side of either research applications or detailed job
analyses of a single job (Garg and Kapellusch 2011,
Garg, Moore, and Kapellusch 2017a). Specifically, the
model requires detailed time-studies to quantify fre-
quency and duty cycle, the speed of work variable is
challenging to quantify, and the tool lacks direct abil-
ity to account for complex tasks with multiple hand-
force requirements, postures, or durations per exertion
(Garg and Kapellusch 2011; Garg, Kapellusch, et al.
2012, 2017a). These make the 1995 SI time-consuming
to use and mostly limited to simple tasks with only a
single type of exertion – which are a shrinking minor-
ity of today’s workplace tasks. The 1995 SI may also
prove unreliable as a tool to guide interventions over
time since considerable professional expertise is
embedded within the score, e.g. multiple experts may
calculate considerably different scores for one job
and/or over time. Utility as an intervention/design tool
is further constrained by the use of categorical varia-
bles that limit ability to make fine discriminations
between tasks, discourage small reductions in physical
exposure during intervention, and generally interfere
with using the SI score as a smooth, continu-
ous variable.

To address these and other limitations of the 1995
SI, Garg, Moore, and Kapellusch (2017a, 2017b) devel-
oped the Revised Strain Index (RSI). Built upon similar
biomechanical and physiological constructs as those
of the 1995 SI, and incorporating updated findings
from numerous psychophysical studies of hand/wrist
exertions, the RSI quantifies hand/wrist physical expos-
ure using five factors: (i) intensity of exertion, (ii)
hand/wrist posture during exertion, which combined
with intensity of exertion represents the compressive
and tensile forces on muscle-tendon units; (iii) dur-
ation per exertion; (iv) frequency of exertion which
when combined with intensity, duration and posture,
reflects strain on the muscle-tendon units; and (v) dur-
ation of task per day which reflects the dose of daily
exposure (Garg, Moore, and Kapellusch 2017a). Speed
of work was eliminated from the model, as its effect

was embedded in the multipliers of the frequency and
duration per exertion variables.

Whereas the 1995 SI was designed to quantify
physical exposure from simple, mono-task jobs, the
RSI was designed to handle an array of exposure cir-
cumstances ranging from: (i) analysis of simple tasks,
or single-exertions (i.e. simple RSI, Garg, Moore, and
Kapellusch 2017a), to (ii) complex tasks with widely
varying force, duration, and posture requirements
among exertions (i.e. composite RSI, Garg, Moore, and
Kapellusch 2017b), and (iii) multi-task jobs and job-
rotation environments (i.e. cumulative RSI, Garg,
Moore, and Kapellusch 2017b) with exposures up to
12 hours per day. Further, rather than the simple cat-
egorical variables of the 1995 SI, the RSI uses continu-
ous variables that provide a smooth increase in RSI
scores as the five underlying model factors increase in
magnitude. Thus, the RSI can be used for a variety of
purposes ranging from walk-through surveillance
(using the simple RSI and assumptions of overall force
and average duration per exertion), to detailed task
and job design (using time-study and the composite
and cumulative RSI, respectively). RSI can also be used
to do comparative analyses of exertion requirements
for different hand-tools, adding to its capabilities as an
engineering design and decision-analysis tool.

The RSI was designed to facilitate objective and dis-
crete analyst decisions. Removal of the subjectively
determined ‘speed of work’ variable, improved fidelity
of measurement and guidance for quantifying inten-
sity of exertion, and the ability to quantify RSI for
each individual exertion reduces assumptions and
should lead analysts to conclusions that accurately
reflect the work they sampled. Though currently
untested, these improvements should result in intra-
and inter-rater reliability for the RSI that exceed those
of the 1995 SI.

The utility of the RSI presumes that its physical
exposure estimates are strongly related to an
increased likelihood of DUE MSDs. Therefore, the
objective of this study is to begin a validation process
for the RSI by establishing initial predictive validity
using pooled incidence data from three large pro-
spective cohort studies of carpal tunnel syn-
drome (CTS).

Methods:

The University of Wisconsin - Milwaukee Institutional
Review Board approved this study (Protocol #14.019-
UWM). All participating subjects provided written,
informed consent.
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From 2001 to 2010, the National Institute for
Occupational Safety and Health (NIOSH) CTS consor-
tium conducted prospective cohort studies of DUE
MSDs (Dale et al. 2013). Three data collection sites
from the consortium – The University of Utah, the
University of Wisconsin - Milwaukee, and Washington
State Department of Labour and Industries – had com-
prehensive data necessary to calculate RSI scores.
These data included detailed information about both
multi-task jobs and complex tasks performed during
the study. In this context, multi-task jobs require work-
ers to perform two or more tasks within a work day or
work week, and complex tasks require workers to per-
form two or more different types of exertions (referred
to as sub-tasks) to complete task performance
(Kapellusch et al. 2013). Data were available for an ini-
tial cohort of 1,885 workers with 1372 incident-eligible
workers included in these analyses after excluding
baseline prevalent workers and those immediately lost
to follow-up (see below).

Physical exposure data collection

Participants were recruited among voluntary workers
performing diverse jobs in different industries.
Workers and supervisors were interviewed at baseline
to determine jobs and tasks performed. A data collec-
tion team, that was blinded to the health and health
outcomes of workers, collected data for each task per-
formed by each worker at the worksites (Bao et al.
2006; Silverstein et al. 2010; Garg, Hegmann, et al.
2012). Where possible direct measurements of applied
forces were taken. Video recordings were made of
each task and later analysed in laboratories (Garg,
Hegmann, et al. 2012). Workers were re-assessed at
least every 6 months during subsequent follow-ups to
quantify physical exposure changes. Tasks were re-
measured and video re-recorded if physical exposures
had substantially changed.

Raw data were extracted from video recordings in
laboratories by trained ergonomists. From both work-
place job and task measurements, and videotape anal-
yses, exposure variables were measured including: (1)
ergonomic analyst’s estimated Borg CR-10 force rating
based upon field information, including: direct meas-
urement(s), force-matching, videotape observations,
and interview information collected on-site, (2) dur-
ation per exertion (in seconds) for the exertion, (4)
hand/wrist flexion/extension angles for each exertion,
and (5) frequency of hand-wrist exertion (per minute).
frequency, duration, and posture data were extracted
during detailed time-studies of video data. During this

process, individual exertions were grouped by type
where exertions with equivalent force and posture
requirements were aggregated together and had their
duration per exertion averaged. These aggregated
exertions were stored for later modelling and statis-
tical analyses (Garg, Hegmann, et al. 2012, Kapellusch
et al. 2013).

Quantifying cumulative RSI scores:

Exertion-level (i.e. sub-task) data were used to calcu-
late RSI scores for each group of exertions a worker
performed. The Composite Strain Index (COSI) algo-
rithm was then applied to determine task-level RSI
scores for the task (Composite RSI, Garg, Moore, and
Kapellusch 2017b). Finally, composite RSI scores were
combined with task-rotation information from workers
and supervisors and the Cumulative Strain Index
(CUSI) algorithm was used to determine each individ-
ual worker’s cumulative RSI score for his/her entire
shift or job (Garg, Moore, and Kapellusch 2017b). Shift-
level (i.e. ‘daily’) cumulative RSI scores were recalcu-
lated whenever a task substantially changed, or when
task-rotation strategies changed for a given worker
during follow-up.

Demographic, symptom, and electrodiagnostic
data collection

Age, gender, and body mass index were collected at
baseline by questionnaire. Height and weight were
measured. Structured interviews were used to collect
symptoms information including pain, numbness, tin-
gling, and/or burning in the hand consistent with CTS.
Symptoms were monitored monthly to every four
months, depending on research site (Dale et al. 2013).
Baseline electrodiagnostic studies were performed by
trained physiatrists or electrodiagnostic technicians
and then conducted either every 6 months or annually
for all workers with either new or persistent symptoms
consistent with CTS (Dale et al. 2013). Health data col-
lection team members were blinded to the worker’s
quantified job physical exposures.

Case definition of CTS:

This study used a CTS case definition which required
both symptoms and an abnormal electrodiagnostic
test consistent with CTS. Symptoms were tingling,
numbness, pain and/or burning in two or more of the
first four digits. To qualify, symptoms had to be pre-
sent for seven or more consecutive days, or three or
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more times during the prior year. Nerve conduction
was classified as abnormal if: (i) median motor latency
>4.5ms at 8 cm, or median sensory latency >3.5ms at
14 cm, or mid-palmar latency >2.2ms at 8 cm; AND (ii)
ulnar sensory latency <3.7ms at 14 cm, or medium-
ulnar sensory latency difference >0.5ms, or mid-
palmar median-ulnar difference >0.3ms (Silverstein et
al. 2010). Workers were classified as CTS cases on the
day they met both symptom and electrodiagnostic cri-
teria. Workers either having been previously treated
for CTS or having met the case definition at baseline
were excluded from the incidence analyses reported
in this manuscript.

Statistical analyses

This study uses only dominant hand data. Type I
(alpha) error was set to 0.05 for all tests. Analyses
were performed in R-64 version 3.6.3 for Macintosh (R
Core Team 2020).

Time from baseline to first occurrence of CTS was
modelled using Cox proportional hazard (PH) regression
with time-varying covariates (Cox 1972). Workers who
were lost to follow-up were right censored as non-cases
at the time they left the study. Proportional hazard
frailty models with research site as a random effect were
used to account for any underlying methodological dif-
ferences that contributed to unexplained variance in
CTS incidence (Therneau and Grambsch 2000).

Preliminary, null models were run for age and BMI,
as continuous variables, and loess smoothed
Martingale residuals were plotted and examined for
evidence of non-linear relations with CTS (Therneau,
Grambsch, and Fleming 1990, Lin, Wei, and Ying
1993). BMI showed a linear response. Age showed a
linear increase in CTS risk up to approximately 55
years, after which risk began to decline. Two linear
splines with a single knot at age ¼ 55 years (90th per-
centile of data) were used to quantify this association
(Malloy, Kapellusch, and Garg 2017). Subsequently, a
covariate PH model using age (spline), gender and
BMI (linear) was calculated, and loess smoothed
Martingale residuals of this covariate model were plot-
ted against cumulative RSI score. This plot showed a
linear increase up to approximately RSI ¼ 27 (95th
percentile of data), after which the data became
sparse and dispersed, and the trend line levelled.

Association between cumulative RSI score and inci-
dent of CTS was modelled treating RSI score as: (1) a
simple linear variable, (2) a linear spline with single
knot at RSI ¼ 27, (3) a categorical variable using the
a-priori cut-point of RSI ¼ 10 (Garg, Moore, and

Kapellusch 2017a), and (4) a three-level categorical
model with cut-points of RSI ¼ 8.5 (a 15% reduction
of the a-priori limit), and RSI ¼ 15.0 (a 50% increase of
the a-priori limit), thus creating logical ‘low’, ‘medium’,
and ‘high’ exposure categories. All four models were
a-priori adjusted for age, gender, and BMI. HRs and
95% confidence intervals were determined. For spline
models, the overall p-value for including cumulative
RSI score in the model was determined based on a
log-likelihood test comparing each full model to the
covariate model.

Results

This study included 1,885 workers from four US states
(IL, UT, WA, WI). Dominant-hand CTS prevalence
among these workers at baseline was 13.4% (n¼ 253).
An additional n¼ 259 workers were immediately lost
to follow-up; leaving N¼ 1372 workers eligible for inci-
dent CTS analyses. Participating workers were followed
for up to 6 years with an average follow-up duration
of 2.5 years. Minimum participation time was one
month. During the 3446 person-years of follow-up,
workers developed 157 incident cases of dominant-
hand CTS for an average incident rate of 4.56 per 100
person-years.

During their time in the study, workers collectively
performed a total of 1,904 manufacturing and service
jobs. Most workers (n¼ 1086, 79.2%) performed the
same job for their entire duration in the study. The
remaining n¼ 290 workers changed jobs, and thus
changed physical exposures during the time of the
study. These changes in exposure were accounted for
by using time-varying covariates in the PH models.
Most workers (61%) who changed exposures did so
only once, or twice (24%). A minority of workers (15%
of those with job changes, 3% of the total cohort)
changed exposures three or more times.

Of the 1904 jobs performed during the study, 844
(44.3%) were multi-task jobs. The average multi-task
job had 3.7 tasks (S.D. ¼ 1.75, range: 2–12). The
median multi-task job had three tasks. Nearly all tasks
(99.4%) in this study consisted of two or more sub-
tasks (i.e. had multiple exertion groups within task).
Sub-task RSI scores were quantified into task-level,
composite RSI scores using the Garg, Moore, and
Kapellusch (2017b) COSI algorithm. The COSI algo-
rithm rank-orders all sub-tasks and then, starting with
most stressful sub-task, incrementally combines sub-
tasks to create a task-level, composite RSI score. The
algorithm works by excluding frequency of exertion
from each sub-task RSI calculation, leaving only the
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effects of intensity of exertion, duration per exertion,
posture, and hours per day of exposure in each sub-
task RSI (these are referred to as ‘frequency independ-
ent RSI’ scores). Next, the algorithm incrementally
includes the effect of frequency of exertion by adding
the differential frequency effect of the next most-
stressful sub-task to the combined frequency effect of
all prior sub-tasks. This process steadily increases the
RSI score with each additional sub-task until all sub-
tasks are accounted for.

Subsequently, task-level composite RSI scores were
quantified into job-level, cumulative RSI scores using
the Garg, Moore, and Kapellusch (2017b) CUSI algo-
rithm. Similar to the aforementioned COSI algorithm,
the CUSI algorithm incrementally combines all tasks
from a multi-task job by starting with the most stress-
ful task. The CUSI algorithm first omits hours per day
from each task’s RSI calculation (these are referred to
as ‘hours independent RSI’ scores). This leaves only
the combined effects of intensity of exertion, duration
per exertion, frequency of exertion, and posture in
each task’s RSI scores. Next, starting with the most
stressful task, the algorithm incrementally adds the dif-
ferential effect of increasing hours per day of exposure
until total daily exposure (i.e. cumulative RSI score) is
reached. For worker who perform only one task per
day, the composite RSI and cumulative RSI scores are
identical. For this cohort of workers, the average,
cumulative RSI score was 11.3 (S.D.¼ 8.1, range:
0.1–76.6) (Table 1).

Covariate model

Workers were mostly female (58.2%), averaged 41
years of age (S.D.¼11.3, range:18–72), and had BMI of
28.3 kg/m2 (S.D. ¼ 6.1, range: 16.0–55.8). Age and BMI
were associated with increased risk of CTS (p <¼
0.01). Gender was not statistically associated with
increased risk (p¼ 0.15). CTS risk increased by 2.2%
per year of age. Peak risk occurred at 55 years of age
with HR ¼ 2.25 (95% CI: 1.20�4.92) relative to risk for
an 18 year-old. BMI risk increased by 3.2% per kg/m2.
When compared to the median of the Centres for
Disease Control (CDC) ‘normal’ weight category (i.e.
BMI ¼ 21.7 kg/m2, based on the centre of the ‘normal’
BMI range of 18.5–24.9 kg/m2), the HR for a person of
average BMI in this study (i.e. BMI ¼ 28.3) was HR ¼
1.23 (95% CI: 1.07�1.47). Similarly, a person classified
as ‘obese’ (i.e. BMI ¼ 30 or more) had HR >¼1.30
(95% CI: 1.09�1.62) relative to a worker with
‘normal’ weight.

Revised strain index models

All four models that included cumulative RSI score
reached statistical significance (p� 0.03).

The two-category model using the Garg, Moore,
and Kapellusch (2017a) a-priori limit of RSI > 10 as
high exposure had HR ¼ 1.45 (95% CI: 1.11–1.91,
p¼ 0.01). The three-category model with cut-points at
RSI ¼ 8.5 for medium exposure, and RSI ¼ 15.0 for
high exposure showed a monotonic increase in risk
with HR ¼ 1.42 (95% CI: 0.96–2.09, p¼ 0.08) for
medium exposure, and HR ¼ 1.79 (95% CI: 1.19–2.69,
p¼ 0.01) for high exposure, and with overall model
p-value of 0.02 (Table 3).

For the simple linear model, risk of CTS increased
by 1.9% per unit increase in RSI score (HR ¼ 1.019,
95% CI: 1.00–1.04, p¼ 0.03), relative to unexposed (i.e.
RSI ¼ 0). For the linear spline model, risk of CTS
increased by 3.3% per unit increase in RSI score (HR ¼
1.033, 95% CI: 1.01–1.06, p¼ 0.01) up to the knot at SI
¼ 27. Risk of CTS for RSI > 27 was statistically flat (HR

Table 1. Descriptive statisticsa for covariates and cumulative
RSI score (n¼ 1372).
Variable Categories Mean ± Std. Dev. (Range) or %

Age (years) – 41.0 ± 11.29 (18.0� 72.0)
Gender Male 41.8%

Female 58.2%
Body Mass Index (BMI) kg/m2 – 28.3 ± 6.12 (16.0� 55.8)
Cumulative RSI score – 11.3b ± 8.06 (0.1� 76.7)
aAll statistics refer to measurements at the baseline enrolments.
bMedian RSI score ¼ 10.3.

Table 2. Hazard ratios for covariate model of Carpal Tunnel syndrome.
Variable (overall p-value) Categories N (Cases) HRa (95% CI) p-Value

Age (years) Linear Spline Terms
(p¼ 0.01) per year increase for age � 55.0 1226 (138) 1.022b (1.00� 1.04) 0.01

per year increase for age > 55.0 146 (19) 0.845b (0.73� 0.98) 0.02c

Gender Male 574 (52) 1.0 –
Female 798 (105) 1.284 (0.91� 1.80) 0.15

Body Mass Index (BMI) (kg/m2) Continuous – linear (per unit increase) 1372 (157) 1.032 (1.01� 1.06) 0.01
aHazard Ratio of 1.0 with no confidence interval indicates reference category for the variable.
bFor age, b̂1 ¼ 0:02185, and b̂2 ¼ �0:19037: HR ¼ eb1 �age and HR ¼ eb1 �ageþ b2ðage�55:0Þ for age � 55.0 and > 55.0 respectively. HR per unit increase in
age is eb1 for age � 55.0 and eb1 þ b2 for age >55.0.
cThis p-value is for the second spline term and represents a test for change in slope at the knot (i.e. p< 0.05 suggests that b2 is statistically different
from zero). Thus, this p-value does not correspond to the given confidence interval, which is for the HR (i.e. eb1 þ b2 ) beyond the knot point.
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¼ 0.952, 95% CI: 0.86–1.05); however, the p-value for
change in slope above the knot did not reach signifi-
cance (p¼ 0.15), suggesting that the first spline term
could be applied to the entire range of cumulative RSI
scores observed during this study (i.e. up to RSI ¼
76.7) (Table 3).

For easy comparison of the continuous models,
Hazard ratios for several RSI scores within the range
observed in this study are shown in Table 4. Assuming
a range from RSI ¼ 0 to RSI ¼ 75, for the simple linear
model HR ¼ 2.0 at RSI ¼ 36.2 and increased to a max-
imum HR of 4.1 at RSI ¼ 75.0. By comparison, predicted
risk rises faster in the spline-based model with HR ¼ 2.0
first achieved at RSI ¼ 21.4 and continuing to a max-
imum of HR ¼ 2.4 at RSI ¼ 27 if both spline terms are
used, or a maximum of HR ¼ 11.4 at RSI ¼ 75, if the
first spline is assumed to be valid across the entire

range of RSI scores observed during this study. A visual
comparison of categorical and continuous results are
shown in Figure 1 and a comparison of simple linear
and linear spline results are shown in Figure 2.

Discussion

These analyses provide initial evidence of predictive
validity for CTS using the Revised Strain Index (RSI).
This study’s data included 1904 jobs and 1372 CTS-
eligible workers to provide a robust sample and
results that are likely generalisable across manufactur-
ing, service and health-care sectors (Luckhaupt et
al. 2013).

Categorical models

The RSI was developed with an a-priori high-risk cut-
point of 10.0, and with the notion that epidemio-
logical evidence could be used to adjust that limit
(Garg, Moore, and Kapellusch 2017a). We found
increased risk of approximately HR ¼ 1.5 using that a-
priori cut-point, suggesting that keeping RSI scores to
below 10.0 would sufficiently protect workers from
CTS in most situations. Some practitioners prefer
three-categories (i.e. low, moderate, high) of risk to
help with prioritisation of surveilled jobs. For this rea-
son, we also tested RSI cut-points of 8.5 and 15.0 that
represent a 15% reduction and 50% increase in the a-
priori cut-point, respectively. Designing to keep jobs
below RSI ¼ 8.5 would likely further assure worker
safety. Jobs at or above 15.0 have HR ¼ 1.8 and are
beginning to expose most workers to substantial risk
of CTS. Thus these data suggest that jobs with RSI >
15 should be prioritised for interventions and/or re-
designs. Meanwhile, jobs between 8.5 and 15.0 are

Table 3. Multivariatea models of exposure-response relationships between cumulative RSI scores and Carpal Tunnel Syndrome.
Variable (overall p-value)b Category/function N (cases) Hazard ratio 95% C.I. p-Value

Continuous Cumulative RSI Simple Linear 1372 (157) 1.019 1.00–1.04 0.03
per unit CUSI score

Continuous Cumulative RSI (p¼ 0.03)b Linear Spline Terms
per unit score � 27.0 1312 (148)c 1.033d 1.01–1.06 0.01
per unit score > 27.0 60 (9)c 0.952d 0.86–1.05 0.15e

Categorical Cumulative RSI with Low vs. High RSI � 10.0 674 (68) 1.00 – –
RSI >10.0 698 (89) 1.45 1.11–1.91 0.01

Categorical Cumulative RSI with Low vs. Medium vs. High RSI � 8.5 547 (47) 1.00 – –
(p¼ 0.02)b 8.5< RSI � 15.0 482 (63) 1.42 0.96–2.09 0.08

RSI > 15.0 343 (47) 1.79 1.19–2.69 0.01
aAdjusted for age, gender, and BMI, see Table 2.
bOverall significance associated with including cumulative RSI score in the model versus the covariate model alone using the likelihood ratio test.
cFor cases, ‘n’ is based upon exposure at the time a worker became a case. For non-cases, ‘n’ is based upon exposure at baseline.
dFor cumulative RSI, b̂1 ¼ 0:03243, and b̂2 ¼ �0:08129. HR ¼ eb1 �score and HR ¼ eb1 �scoreþ b2ðscore�27:0Þ for score � 27.0 and > 27.0 respectively. HR per
unit increase in score is eb1 for score � 27.0 and eb1 þ b2 for score > 27.0.
eThis p-value is for the second spline term and represents a test for change in slope at the knot (i.e. p< 0.15 suggests that b2 is not statistically different
from zero and therefore there is not a statistically significant change in slope beyond the knot). Thus, this p-value does not correspond to the given con-
fidence interval, which is for the HR (i.e. eb1 þ b2 ) beyond the knot point.

Table 4. Hazard ratio estimates for carpal tunnel syndrome
attributed to cumulative RSI score based on linear regres-
sion results.
Cumulative strain
index score

Hazard ratioa

linear spline
Hazard ratiob

1st spline only
Hazard ratio
simple linear

0 1.00 1.00 1.00
3 1.10 1.10 1.06
6 1.21 1.21 1.12
9 1.34 1.34 1.18
12 1.48 1.48 1.25
15 1.63 1.63 1.33
18 1.79 1.79 1.40
21 1.98 1.98 1.48
24 2.18 2.18 1.57
27c 2.40 2.40 1.66
30 2.07 2.65 1.76
45 1.00 4.30 2.33
60 0.48 7.00 3.09
75 0.23 11.38 4.10
aHR estimates are from results in Table 3 and were calculated using the
equation eb̂1xþ b̂2ðx� KÞþ
bHR estimates for model that assumes first spline slope persists through-
out the entire range of cumulative RSI scores.
cValue represents the knot point for the linear spline function.
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suggested to at least require close monitoring and/or
heightened surveillance. The cut-points of 8.5 and 15.0
should be tested using other datasets, and against
other DUE MSD outcomes, to confirm their efficacy as
surveillance limits.

Continuous models

Designing new tasks and jobs to reduce physical
exposure while maintaining quality and productivity

can be complicated and involve multiple alternative
designs. Continuous RSI scores could be useful in
these applications. This study found that risk of CTS
increases between 1.9% and 3.3% per unit increase in
RSI score, suggesting that designs with relatively
lower RSI scores will pose progressively less risk of
CTS to workers. Similarly, jobs that have their
RSI scores lowered over time, even in small incre-
ments, can be expected to reduce risk of CTS
for workers.

Figure 1. Visual comparison of categorical and continuous exposure-response models with 95% confidence intervals omitted
for clarity.

Figure 2. Visual comparison of simple linear and linear spline results across the full range of RSI scores observed.
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It should be noted that prior work histories, com-

pany and worker cultures, and outside of work expo-

sures will differ between companies, industries, and

geographic regions, even if the work being performed

on the jobs is substantially similar. These factors likely

contribute to or modify risk for developing MSDs. For

continuous models, the reference point for quantifying

exposure-response relationships is a theoretical group

of ‘unexposed’ workers who have similar lifestyles and

work histories to the observed cohort, but who are

not exposed to the work being studied. Thus, it

appears likely that different magnitudes of exposure-

response relationships may be observed if different

industries with markedly different cohorts of workers

are studied, even if the level of measured hand/wrist

physical exposures are comparable to those in this

current study. It remains to be seen whether the

exposure-response magnitudes reported here under-

or over-state the ‘true’ risk of CTS due to hand/wrist

physical exposure quantified by the RSI.

Role in risk management

The RSI should prove useful for identifying tasks and
multi-task jobs that pose risk for CTS from hand/wrist
physical exposures. When combined with detailed time-
motion study information (i.e. sub-task level information)
and exposure-response information like that provided in
this paper, the RSI provides detailed risk analyses that
can be used for targeted ergonomics and production
system interventions. Because fewer assumptions are
required, as compared to the 1995 SI for example, prac-
titioners can expect improved consistency in measure-
ments, especially for short-cycle routinised work where
consistent sampling strategies are more easily used.
With regular and consistent measurements, task and job
interventions can be prioritised and iteratively improved
as a part of continuous improvement processes and
long-term risk management processes such as those
described in the International Organisation for
Standards (ISO) 31000:2018 guidelines (ISO, 2018).

As part of a larger risk management process, continu-
ous exposure-response associations can be used by
companies and organisations to set physical exposure
limits for surveillance and design that are consistent
with their overall risk management goals. Similarly, gov-
ernmental bodies and organisations can use the same
continuous exposure-response information to set expect-
ations and standards for employers at large to help
reduce the worker and societal burden of DUE MSDs.

While not explicitly designed to analyse risk (or
benefit) to individual workers, the detailed physical
exposure measurements facilitated by the RSI might
prove useful for well-trained and experienced practi-
tioners such as occupational medicine physicians,
physical and occupational therapists, and athletic
trainers who are facilitating rehabilitation, return-to
work initiatives, or specific injury investigations.

Future research

Further investigations are needed to confirm this study’s
findings. While CTS is a common and costly MSD it is
merely one of several MSDs of the hand-wrist and arm.
Thus, additional studies are needed to determine and
verify exposure-response relationships between the RSI
and other DUE MSDs, such as epicondylalgia, hand/wrist
tendonitis, and flexor tendon entrapment of the digits.
Researchers should also consider studying jobs and mor-
bidity on jobs in a manner similar to Moore and Garg
(1995), Knox and Moore (2001), and Rucker and Moore
(2002). Studying jobs or tasks (as opposed to individual
workers) would allow sensitivity, specificity, positive pre-
dictive value, and negative predictive value to be esti-
mated for the RSI and would provide a more certain
basis for using the RSI as a surveillance and design tool.
Job or task intervention studies that use the RSI as a
tool for interventions and task/job design would argu-
ably be most useful to establish the RSI’s utility, and to
further develop and improve the tool. Intervention stud-
ies could also plausibly use randomised control designs
which would provide stronger evidence of predictive
validity than the observational methods employed for
this study. Expanding the pool of jobs studied to include
workers from other sectors would also be helpful to
overall preventive efforts.

Reliability studies are also needed and would help
guide use of the RSI in surveillance, intervention, and
design situations. Several aspects of reliability (and RSI
score sensitivity) are potentially important, including:
(1) analyst judgement when using RSI for walk-
through surveillance, (2) analyst rating of critical varia-
bles, such as intensity of exertion, and (3) effect of
sampling techniques and strategy. Because of the
complexity, testing reliability in the context of inter-
vention studies that can draw upon real-world use
examples are likely more valuable and insightful than
relying upon data from epidemiological studies that
use a constrained set of expert analysts and highly
specialised assessment techniques.
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Strengths and limitations

This study has several strengths, including the prospect-
ive cohort design and sample of 1904 jobs and 1372
CTS-eligible workers with frequent follow-ups. Personal,
anthropometric and job physical factors were individu-
ally measured. Individual physical exposures were quan-
tified for each exertion performed with time-study data
allowing exposures to be specified in detail at both the
task and job levels. The study population was drawn
from 4 diverse US states and includes workers from the
manufacturing, service and healthcare sectors. There are
also some noteworthy limitations.

These data were collected by three independent
research teams and then subsequently combined for
these analyses. Data collection methods were similar
and analysts were trained professionals with similar
expertise. Nonetheless, there could still be between-
site differences of which we are not aware and that
cannot be adequately controlled for using PH frailty
models with research site as a random effect
(Friedenreich 1993). It is expected that any such differ-
ences would have a bias towards null.

Participating workers had been employed for many
years prior to the study and might at least partially rep-
resent a survived workforce (Pearce, Checkoway, and
Kriebel 2007), especially at higher levels of exposure
(Checkoway and Rice 1992). Thus, these results may be
biased by healthy worker survivor effect (Monson 1986)
and/or self-selection of workers (Applebaum, Malloy, and
Eisen 2007), both of which would be expected to bias
towards null (Applebaum, Malloy, and Eisen 2011).

Raw data were quantified several years prior to
development of the RSI method and thus strict applica-
tion of RSI definitions was not possible for each individ-
ual exertion. Rather, RSI scores were computed for
substantially-similar groups of exertions using Borg CR-
10 force, average duration per exertion within exertion
group, and typical posture requirements within exertion
group. While consistent with the procedures suggested
by Garg, Moore, and Kapellusch (2017a), this approach
grouped exertions that might have had widely varied
durations per exertion. This was expected to have some-
what reduced the precision of the COSI algorithm used
to compute task-level RSI scores. Substantially different
posture requirements (e.g. flexion vs. extension) were
treated as separate exertion groups and so this circum-
stance was not expected to have been a meaningful
source of imprecision.

Conclusion

The RSI shows statistically significant exposure-
response relations with CTS, suggesting that the RSI

has predictive validity for risk of CTS among workers
performing manufacturing, service and healthcare
jobs. Using the simple RSI and cut-points of RSI ¼ 8.5
and RSI ¼ 15, tasks can be categorised into groups of
low, medium, and high risk of CTS during walk-
through surveillance of facilities. Smooth continuous
exposure-response relations between RSI and CTS sug-
gest that composite and cumulative RSI scores can be
used to design and incrementally improve tasks and
job-rotation schemes to reduce and/or minimise risk
of CTS. Further research is needed to confirm predict-
ive validity for other DUE MSDs and demonstrate val-
idity through job/task interventions.
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