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THE STRAIN INDEX: A PROPOSED METHOD ToO
ANALYZE JoBS FOR RisxK OF DistAL UPPER
EXTREMITY DISORDERS

J. Steven Moore*
Arun Garg®

*Department of Preventive Medicine, Medical College of Wisconsin, 8701
Watertown Plank Road, Milwaukee, W1 53226; "Department of Industrial
and Systems Engineering, University of Wisconsin—Milwaukee, Milwau-

kee, WI 53201

Based on existing knowledge and theory of the physiology, bio-
mechanics, and epidemiology of distal upper extremity disorders,
a semiquantitative job analysis methodology was developed. The
methodology involves the measurement or estimation of six task
variables (intensity of exertion, duration of exertion per cycle, ef-
forts per minute, wrist posture, speed of exertion, and duration of
task per day); assignment of an ordinal rating for each variable
according to exposure data; then assignment of a multiplier value
for each variable. The Strain Index is the product of these six
multipliers. Preliminary testing suggests that the methodology ac-
curately identifies jobs associated with distal upper extremity dis-
orders versus jobs that are not; however, large-scale studies are
needed to validate and update the proposed methodology.

he evaluation of exposure for distal upper extremity
musculoskeletal stressors has generally focused on de-
termining the presence of one or more generic risk fac-
tors."""® Only a few studies have attempted to quantify their in-
tensity or examine their interactions.®™'? As a result, exposure
assessment related to the identification of distal upper extremity
hazards is usually subjective and often lacks standardization.
There are several circumstances where a more standardized
methodology would be helpful. For example, decisions on the
work-relatedness of a disease should be based on exposure as-
sessment arising from job analysis rather than on someone’s sub-
jective opinion."® Similarly, a conclusion regarding the presence
of a hazardous exposure should rely on results of a job analysis.

OPTIONS FOR DETERMINING SAFE VERSUS
HAZARDOUS JOBS

The terms ‘‘safe’” and ‘‘hazardous’” describe jobs. Hazardous
jobs expose workers to one or more musculoskeletal stressors of
sufficient intensity, frequency, and/or duration so that the work-
ers are at increased risk for musculoskeletal disorders. *‘Safe”’
implies that the job is not hazardous—e.g., exposed workers are
not at increased risk. ‘‘Safe’” does not imply no exposure. At
present, there are four options to determine whether a job is safe

or hazardous. These are (1) professional opinion based on sub-
jective judgment and past experience; (2) determination of some
physiological, biomechanical, or psychophysical critical thresh-
old response (e.g., disc compressive force for low-back pain); ™
(3) epidemiological data that associates job, task, and/or individ-
ual variables with some manifestation of increased risk of a dis-
order; or (4) some combination of these three (e.g., the revised
National Institute for Occupational Safety and Health [NIOSH]
equation for manual handling tasks).">

Professional judgment from highly qualified job analysts is
very desirable and probably cannot be replaced by any model;
however, it is subjective and can be influenced by personal bias.
Since a large number of people with varying educational and
background experiences (ergonomists, industrial hygienists,
safety professionals, physicians, nurses, physical therapists, oc-
cupational therapists, etc.) are called on to determine whether a
job is safe or hazardous, differences of opinion are expected.
Some may call a job extremely hazardous while others call it
totally safe. Since the exposure assessment process is entirely
subjective, there is no objective means of resolving these differ-
ences of opinion.

As far as distal upper extremity disorders are concerned,
there is a lack of practical physiological, biomechanical, or psy-
chophysical models that relate job risk factors to increased risk
of developing such disorders. This is probably because (1) dose-
response (cause-effect) relationships are not well understood; (2)
measurement of some task variables, such as force, is very dif-
ficult in an industrial setting; and (3) the number of task variables
is very large.

Some epidemiological data associate job and/or task vari-
ables with increased prevalence or incidence of distal upper ex-
tremity disorders; however, there are only a handful of such stud-
ies. 071V Large-scale controlled studies are lacking. In general,
these studies have shown that force and repetitiveness are im-
portant risk factors, while the importance of wrist posture is
questionable.

Even though controlled scientific studies are lacking, it is
generally accepted that force, repetition, posture, recovery time,
and type of grasp are important factors in the causation of distal
upper extremity disorders."~'? Other job factors that may
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increase risk, in combination with the other factors, include cold
temperature, use of gloves, use of vibrating tools, etc."™ Du-
ration of exposure, static muscular work, and use of the hand as
a tool, while not studied in detail with regard to distal upper
extremity disorders, are also generally accepted as risk factors.

At the present time, there are some who doubt that jobs cause
distal upper extremity disorders, especially carpal tunnel syn-
drome (CTS), because of the lack of epidemiological association
between job risk factors and CTS (including surrogate measures
for CTS)."*'® At the other extreme, there are others who call a
job “‘hazardous’’ simply on the basis of observing the presence
of a single generic risk factor—e.g., non-neutral wrist postures
or repetition rate greater than twice per minute. While the latter
group will probably never miss identification of a truly ‘‘haz-
ardous’’ job, one must question how many safe jobs have been
or will be erroneously classified as hazardous.

One could argue that it is not appropriate to propose a job
analysis methodology to estimate the risk of workers devel-
oping distal upper extremity disorders if the exact pathogenetic
mechanisms are not clearly understood. On the other hand, if
no such methodologies are proposed and provided to ergo-
nomic practitioners, then they must continue to rely on their
subjective judgment (e.g., identification of non-neutral wrist
posture and/or more than two repetitions per minute, etc.) as
sufficient cause for determining that a job is hazardous. In ad-
dition, the type of database needed to understand the dose-re-
sponse relationships for distal upper extremity disorders is un-
likely to become available in the foreseeable future. Thus, on
the practical side, there is a need to provide semiquantitative
or quantitative job analysis methodologies to ergonomics prac-
titioners to discriminate between safe and hazardous jobs in
terms of workers being at increased risk of developing distal
upper extremity disorders. It should be recognized, however,
that such methodologies are first attempts, they have limita-
tions, and they need to be validated and revised as new data
become available. Others also have proposed semiquantitative
methodologies to determine safe versus hazardous jobs for dis-
tal upper exiremity disorders,®-'0-121929

This article presents a proposed semiquantitative job analy-
sis methodology that, based on preliminary testing, appears to
identify accurately jobs associated with distal upper extremity
disorders versus jobs that are not. The methodology, while de-
signed to be relatively simple to use, is based on principles of
physiology, biomechanics, and epidemiology as related to distal
upper extremity disorders.

DISTAL UPPER EXTREMITY DISORDERS

The term ‘‘cumulative trauma disorders’’ (CTDs) often is used
to describe symptoms or disorders believed to be related to var-
ious anatomical structures and/or tissues in the body. From a
musculoskeletal perspective, symptoms are perceived sensations
and disorders are morbid physical states.*" While suggestive,
symptoms may or may not be associated with disorders arising
from cumulative trauma—i.e., by themselves, they lack diag-
nostic specificity. In a literal sense, CTDs are not limited to the
distal upper extremity (elbow, forearm, wrist, and hand).

In addition, the term ‘‘CTDs’’ infers a single specific
pathogenetic mechanism, the accumulation of trauma. This
may not be correct. For example, stenosing tenosynovitis af-
fecting the first dorsal compartment of the wrist (the thumb
side) is called DeQuervain’s tenosynovitis. It is considered a
CTD. Schneider defined DeQuervain’s tenosynovitis as pas-
sive functional hypertrophy of the fibrous layer of the tendon
sheath(s) of the abductor pollicis longus (APL) and/or exten-
sor pollicis brevis (EPB) that causes stenosis of the sheath
over the radial styloid and impaired thumb function.*® The
pathogenetic mechanism of this disorder is not traumatic. It
is a normal biological adaptation (passive functional hyper-
trophy) believed to be secondary to prolonged repeated move-
ments or deviations of the wrist with the thumb fixed on an
object.*" Since the term ‘*‘CTD’’ lacks diagnostic specific-
ity, anatomical specificity, and may erroneously associate
symptoms or disorders with a specific pathogenetic mecha-
nism, its use will be deferred in this article. Instead, the phrase
distal upper extremity disorders is used.

The distal upper extremity contains a number of tissues. In
simplistic terms, these include skin, subcutaneous tissue, blood
vessels, nerves, bones, joints, and muscle-tendon units. For distal
upper extremity disorders related to work, the most common
target tissues are the muscle-tendon units and nerves. A muscle-
tendon unit is a composite structure that includes muscle, tendon,
tendon sheaths, myotendinous junctions, and tendon-bone junc-
tions.”® Each component of the muscle-tendon unit has unique
physiological and biomechanical properties, and each is associ-
ated with unique disorders or manifestations of strain. Examples
include tendinitis, peritendinitis, delayed-onset muscular sore-
ness, muscle strains, localized muscle fatigue, and stenosing
tenosynovitis (e.g., DeQuervain’s tenosynovitis, trigger finger,
trigger thumb, etc.). It is also commonly assumed that distal
upper extremity symptoms, such as discomfort or pain, are re-
lated to the muscle-tendon units of the distal upper extremity.
(Readers interested in greater detail on this subject are referred
to reference 28.)

CTS is the most common of the nerve disorders and has
received the most attention. While the exact cause of CTS is not
clear, mechanical compression of the median nerve in the carpal
tunnel with persistent nerve conduction impairment is believed
to be the most dominant theory.?” In terms of the relationship
between CTS and hand/wrist activity, theories regarding the or-
igin of the nerve compression include compression via tendon
hypertrophy;* compression from loaded tendons, especially
when the wrist is deviated from a non-neutral posture;*” com-
pression by thickening of the transverse carpal ligament;®'~3%
and compression by altered tendon sheaths.®**® Compression
of the median nerve is mediated in each instance by effects from
or changes in components of the muscle-tendon units associated
with the carpal tunnel.

Several authors have presented distal upper extremity mor-
bidity data (symptoms and/or disorders) that were associated
with jobs believed to pose increased risk.®!"*~*” When consid-
ered together, there is a consistent pattern of morbidity (e.g.,
symptoms and/or disorders related to muscle-tendon units con-
stitute a much greater percentage of distal upper extremity mor-
bidity than CTS).® {'*'=*® In addition, when CTS appears to be
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associated with such jobs, it is almost always associated with
other muscle-tendon unit disorders in the referent case or other
workers performing the job—i.e., ‘‘co-morbidity.”’ ! !#!-4®

One objective of the proposed Strain Index methodology is
to discriminate between jobs that do versus jobs that do not ex-
pose workers to musculoskeletal risk factors (task variables) that
cause the types of distal upper extremity disorders discussed
above. The occurrence of these disorders may be suspected on
the basis of reported symptoms and confirmed with clinical eval-
uations. Their occurrence also may be detected by reviewing
medical records or related documentation.

The proposed Strain Index has not been developed or tested
for its ability to identify jobs associated with increased risk of
any single specific disorder, such as CTS. It is anticipated that
jobs identified to be high risk by the Strain Index will exhibit a
spectrum of distal upper extremity morbidity among workers
who currently perform or historically performed those jobs.
Since disorders of the muscle-tendon units are the most com-
monly observed disorders associated with jobs believed to be
hazardous, they should be the most commonly observed disor-
ders among jobs identified to be high risk by the Strain Index.
Similarly, symptoms related to those disorders should be the
most commonly reported symptoms. Other outcomes, such as
high turnover, are also potential indicators of a high-risk job that
could correlate with the presence of a hazard and account for a
lack of observed distal upper extremity morbidity under certain
circumstances.

The Strain Index is a tool to assess jobs. It is not a tool to
assess people. It attempts to answer the question “‘Is a particular
Jjob hazardous or safe?”’ in terms of the occurrence of distal
upper extremity morbidity among a cohort of workers that do or
did perform the job.

THE SCIENTIFIC BASIS FOR STRAIN INDEX

This section presents a review of the physiological, biomechan-

" ical, and epidemiological knowledge on which the Strain Index

was developed. The Index methodology was not derived using
explicit mathematical relationships from experimental studies,
but rather by using the principles from these disciplines.

Physiological Considerations and Job Risk Factors
(Task Variables)

For the distal upper extremity the primary physiological end-
point of interest is localized muscle fatigue. Simonson defined
fatigue as the transient loss of work capacity resulting from pre-
ceding work.*” It is a reversible physiological state. The exact
cause is unknown, but it may involve accumulation of waste
products, depletion of energy reserves, or hypoxemia secondary
to impaired blood flow into the contracted muscle.” Symptoms
of localized muscle fatigue may include sensations of exhaus-
tion, discomfort, or fatigue; increased perceived exertion; de-
creased strength; or loss of neuromuscular control.®” While the
relationship between localized muscle fatigue and specific dis-
orders of the distal upper extremity has not been clearly eluci-
dated, it appears to play a significant role in the pathogenesis of
some conditions (e.g., peritendinitis).®"

For a single exertion, the amount of localized muscle fatigue
and its rapidity of onset depends on intensity and duration of
exertion.*” Intensity of exertion is expressed as a percentage of
maximal strength:

(Required Strength)

%Maximal Strength = 100+
oiaImat Streng (Worker’s Maximal Strength)

m

Since maximal strength varies among a population of indi-
viduals, but required strength is constant, this expression reflects
increased strain among weaker members of the population. Fur-
ther, maximal strength is task-specific—e.g., if the task requires
applying force with a deviated wrist and pinch grasp, maximal
strength should be measured or estimated in those postures.
Pinch grasp, non-neutral wrist postures, and increasing speed of
work decrease maximal strength.“>-%" These increase the inten-
sity of the exertion, thus increasing the rapidity of onset of lo-
calized muscle fatigue—a physiological manifestation of strain.

Endurance time represents the duration of exertion prior to
the onset of some manifestation of fatigue. Hagberg, using elec-
tromyography (EMG), found that endurance times (in seconds)
for isometric and dynamic contractions were related to percent-
age of maximal strength as in Equations 2 and 3, respectively,?

341,123

Endurance Timego (sec) = W @
. 324,487

Endurance Timepyy (sec) = MSYT ®

where %MS = percentage of maximal strength as defined in
Equation 1. Since endurance time is inversely proportional to
strain on the muscle (one component of a muscle-tendon unit),
physiological strain is approximately proportional to the square
of the intensity of exertion.

For repeated exertions, endurance time is related to the in-
tensity of exertion, duration of exertion, and duration of relax-
ation ©*6%

In summary, the following major principles are derived from
the physiological model of localized muscle fatigue:

(1) The primary task variables are intensity of exertion, du-
ration of exertion, and duration of recovery.

(2) Intensity of exertion refers to the force required to per-
form a task one time. It is characterized as a percentage
of maximal strength.

(3) Duration of exertion describes how long an exertion is
applied. The sum of duration of exertion and duration
of recovery is the cycle time of one exertional cycle.

(4) Wrist posture, type of grasp, and speed of work are con-
sidered via their effects on maximal strength.

(5) The relationship between strain on the body (endurance
time) and intensity of exertion is nonlinear.®*-%9
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Biomechanical Considerations and Job Risk Factors
(Task Variables)

The muscle-tendon units in the distal upper extremity may
experience two types of forces, tensile and compressive. A ten-
sile load acts along the longitudinal axis of the muscle-tendon
unit while a compressive load acts perpendicular to some part of
the muscle-tendon unit. Tensile load is a result of activation of
the contractile element of the muscle plus passive forces related
to stretching the elastic elements of the muscle-tendon unit. The
contractile force is related to intensity of exertion, speed of ex-
ertion, and posture. The passive force is related to elongation of
the muscle-tendon unit secondary to posture and nonvoluntary
external force.

Muscle-tendon units are viscoelastic structures. Investiga-
tions of the viscoelastic properties of muscle-tendon units (or
their components) involve comparing the elongation (stretching)
of the structure to varying levels of applied tensile load. The
tensile load can be expressed as force, but it is more common to
divide the force by the cross-sectional area of the structure being
tested. This latter variable is called ‘‘stress’” and has units of
force per unit area. Elongation usually is expressed as a per-
centage increase in length compared to the resting length and is
called *‘strain.”

Studies of the elastic properties of tendon show that, within
the elastic limit, strain is nonlinearly proportional to stress. 569
Under repeated loading, permanent deformation (permanent
elongation) is not observed, provided the strain does not exceed
the elastic limit.“” Under normal physiological conditions, ten-
don strain is below the elastic limit, so it is not subject to tensile
loads that would permanently deform it much less cause its fibers
to fray or fail.®’~* Viscous properties of tendon show that ten-
dons can withstand larger loads when applied rapidly (high strain
rate), plus they exhibit stress relaxation, creep, and hysteresis.®”
These elastic and viscous responses of components of the mus-
cle-tendon units are related to the magnitude and duration of the
tensile load, strain rate, number of cycles of repeated loading,
and duration of recovery intervals. While not known with cer-
tainty, it has been postulated that they may play an important
role in the causation of distal upper extremity disorders.®

Compressive loads on a muscle-tendon unit may be intrinsic
or extrinsic.”® An extrinsic force arises external to the body and
impacts upon a critical tissue, such as a muscle-tendon unit,
nerve or blood vessel. Blunt traumatic injuries and forcefully
grasping a square-handled tool are examples of extrinsic com-
pression. The Strain Index does not incorporate task variables
that account for extrinsic compression. Disorders due to extrinsic
compression, such as hypothenar hammer syndrome and some
cases of CTS, are well documented.”" A comprehensive job
analysis system should include an assessment of extrinsic com-
pression in addition to tools such as the proposed Strain Index.

An intrinsic compressive force arises when a loaded tendon
turns a corner. The magnitude of this intrinsic compression is
related to the magnitude of the tensile load, the radius of cur-
vature of the surface around which the tendons angle (wrist pos-
ture), and the length of arc of contact between the tendon and
the supporting surface.”® Since the non-bony surfaces around
which the tendons turn corners in the distal upper extremity cor-
respond to specific supporting structures (the transverse carpal

ligament, the A-1 pulleys, or the six dorsal compartments cov-
ered by the extensor retinacula), the length of arc of contact is
essentially constant. As a result, intrinsic compressive forces pri-
marily arise from exertions in non-neutral wrist postures. The
importance of some of these factors has been demonstrated ep-
idemiologically.®

In summary, the following are major principles derived from
the biomechanical model of the viscoelastic properties of com-
ponents of a muscle-tendon unit:

(1) The primary task variables for the viscoelastic properties
are intensity and duration of exertion, duration of recov-
ery, number of exertions, wrist posture, and speed of
work.

(2) The primary task variables for intrinsic compression are
intensity of exertion and non-neutral wrist posture.

(3) The relationship between strain on the body and inten-
sity of effort is nonlinear. ¢34

Epidemiological Considerations and Job Risk Factors
(Task Variables)

Several job factors have been reported in the literature to be
related to or associated with distal upper extremity disorders.
These include forceful exertions, high repetition, awkward pos-
ture, insufficient recovery time, pinch grasp, hand-arm vibration,
cold temperature, poorly fitting gloves, unaccustomed work,
poorly designed hand tools, repeated pronation and supination
of the forearm, mechanical stress concentrations, etc.(!=%111279
However, the vast majority of these citations are anecdotal (e.g.,
case reports or case series). In general the task variables in the
case reports and case series were described qualitatively rather
than quantified and, in some circumstances, it is not clear if the
tasks were actually observed. Some studies measured the prev-
alence of symptoms rather than the incidence of disorders. Oth-
ers arbitrarily classified jobs as repetitive, requiring forceful ex-
ertions, or using awkward postures without clear definitions. As
a result it is difficult to utilize the vast majority of this data to
develop a semiquantitative system. Maybe because of this, some
researchers have advocated the use of checklists.">"”

One of the most frequently cited epidemiological studies of
the relationship between job risk factors and distal upper extrem-
ity disorders was published by Silverstein et al.® This study
found that the prevalence of CTS was associated with jobs char-
acterized as highly forceful and highly repetitive. Repetitiveness
appeared to be a stronger factor than forcefulness. Awkward
hand/wrist posture, often cited as a generic risk factor, was not
found to be a significant predictor of the prevalence of CTS.
Hand-arm vibration was not associated with the prevalence of
CTS after accounting for the exertional demands of the jobs. In
a related publication that relied on the same exposure assessment
methodology, Armstrong et al. found that the prevalence of
hand-wrist tendinitis in workers who performed highly repetitive
and forceful jobs was 29 times greater compared to those who
performed jobs low in repetitiveness and forcefulness.” For
these disorders, however, high forcefulness was more significant
than repetitiveness. Once again, hand/wrist posture and vibration
were not associated with the prevalence of hand-wrist tendinitis.

AM. IND. HYG. ASSOC. J. (56) / May 1995

446



Downloaded By: [University of lowa Libraries] At: 15:01 10 August 2007

Moore and Garg compared exposure factors for jobs asso-
ciated with upper extremity disorders to jobs without such dis-
orders."'" They found that the intensity of exertion, estimated as
a percentage of maximal strength and adjusted for wrist posture
and speed of work, was the major differing factor. Wrist posture
was independently significant, but at a lower level. Using re-
gression techniques, the relationship between the incidence rate
for distal upper extremity disorders and the job risk factors was:

* 2
R =250 @
where IR = incidence rate (per 100 workers per year); F = in-
tensity of exertion (%MS); and RT = recovery time (percentage
of cycle time).
In summary, the following are the major principles derived
from the epidemiological literature:

(1) The primary task variables associated with an increased
prevalence or incidence of distal upper extremity dis-
orders are intensity of exertion (force), repetition rate,
and percent of recovery time per cycle.

(2) Intensity of exertion was the most important task vari-
able in two of the three studies explicitly mentioned.”'"
The majority (or all) of the morbidity was related to
disorders of the muscle-tendon unit. The third study,
which considered only CTS, found that repetition was
more important than forcefulness.®

(3) Wrist posture may not be an independent risk factor. It
may contribute to an increased incidence of distal upper
extremity disorders when combined with intensity of ex-
ertion.

(4) The roles of other task variables have not been clearly
established epidemiologically; therefore, one has to rely
on biomechanical and physiological principles to explain
their relationship to upper extremity disorders, if any.

Integration and Qualification

While each of these disciplines investigates different mea-
sures of strain on the body, and the relationships between some
of these measures and disorders of the distal upper extremity are
not clearly established, the consistency and coherence of the rel-
evant task variables are notable. The task variables primarily
describe the exertional aspects of the job—e.g., the intensity,
repetitiveness, and duration of the exertion; the recovery time
between exertions; and the wrist posture and speed associated
with the exertion. While the exact relationship between the task
variables and the risk of distal upper extremity disorders has not
been established, it is widely agreed that these are the important
risk factors for these disorders. The Strain Index methodology
is based on describing jobs or tasks according to their exertional
requirements. As a result, one relevant task variable not included
in the Strain Index is mechanical compression of distal upper
extremity tissues by extrinsic sources.

While it is obvious that many exertions performed by the
distal upper extremity involve the finger flexors, such as when

the hand grips an object with a power grasp, they also involve
other muscle-tendon units, such as the wrist extensors. The ex-
tensor carpi radialis longus, extensor carpi radialis brevis, and
extensor carpi ulnaris (the wrist extensors) activate to stabilize
the wrist when gripping. Similarly, the APL and EPB stabilize
the thumb when pinching. Given such kinesiological consider-
ations, it is believed that the proposed Strain Index methodology
has the ability to predict disorders of the muscle-tendon units
throughout the distal upper extremity.

The Strain Index has been developed to predict increased
risk for distal upper extremity disorders in general. It does not
differentiate between specific disorders. Examples of specific
disorders include medial epicondytitis, lateral epicondylitis, peri-
tendinitis affecting the APL and/or EPB, stenosing tenosynovitis
affecting the dorsal wrist compartments and the A-1 pulleys of
the digits, and CTS. The Strain Index also may predict the oc-
currence of distal upper extremity symptoms, such as discomfort
or pain, but the limitations of reliance on symptoms alone should
be remembered.

It is recognized that the Strain Index has the following lim-
itations in terms of its application to all potential distal upper
extremity disorders:

(1) There are some disorders of the distal upper extremity
that should not be predicted by the Strain Index—e.g.,
hand-arm vibration syndrome (HAVS) and hypothenar
hammer syndrome.

(2) The Strain Index has not been developed to predict in-
creased risk for distal upper extremity disorders of un-
certain etiology or relationship to work. Examples in-
clude ganglion cysts, osteoarthritis, avascular necrosis
of carpal bones, and ulnar nerve entrapment at the
elbow.

(3) The Strain Index has not been developed to predict dis-
orders outside of the distal upper extremity, such as dis-
orders of the shoulder, shoulder girdle, neck, or back.

THE STRAIN INDEX

The Strain Index is a semiquantitative job analysis methodology
that results in a numerical score (SI score) that is believed to
correlate with the risk of developing distal upper extremity dis-
orders. The index is based on multiplicative interactions among
its task variables, consistent with physiological, biomechanical,
and epidemiological principles. The SI score represents the prod-
uct of six multipliers that correspond to six task variables. These
are (1) intensity of exertion, (2) duration of exertion, (3) exer-
tions per minute, (4) hand/wrist posture, (5) speed of work, and
(6) duration of task per day.

The first five task variables were identified from the scientific
principles. The sixth was included because the authors believe
it is a relevant factor.

The authors chose to have each task variable rated according
to five levels. Even though some variables could be rated on
fewer than five levels (posture and speed of work), others were
more appropriately rated using all five. The authors felt that use
of a constant number of levels for each task variable made the

447

AM. IND. HYG. ASSOC. J. (56) / May 1995



Downloaded By: [University of lowa Libraries] At: 15:01 10 August 2007

TABLE |. Rating Criteria

Duration
Intensity of Duration of Exertion Hand/Wrist Speed per Day
Rating Exertion (% of cycle) Efforts/Minute Posture of Work (hrs)
1 tight <10 <4 very good very slow =1
2 somewhat hard 10~29 4-8 good slow 1-2
3 hard 30-49 9-14 fair fair 2-4
4 very hard 50-79 15-19 bad fast 4-8
5 near maximal =80 =20 very bad very fast =8

methodology easier to use. These ratings are presented in Table
L. The multipliers for each task variable are related to the ratings
(Table II). The following sections explain each of the task vari-
ables and their ratings.

Intensity of Exertion

Intensity of exertion is an estimate of the force requirements
of a task, reflecting the magnitude of muscular effort required to
perform the task one time. Defined as the percentage of maxi-
mum strength required to perform the task once, intensity of
exertion is related to physiological stress (percentage of maximal
strength) and biomechanical stresses (tensile load) on the mus-
cle-tendon units of the distal upper extremity. It does not reflect
stresses related to endurance or stamina. Since tensile load can-
not be measured in vivo, and measurement of applied force with
the hand is currently impractical in an industrial setting, intensity
of exertion is estimated.

The proposed methodology involves estimating the intensity
of exertion using verbal descriptors (see Table I), which estimate
perceived exertion. In this regard, it is similar to using the Borg
CR-10 scale, but with fewer choices.”® The methodology relies
on observers to rate the intensity of exertion. There is some ev-
idence that observers are able to effectively discriminate between
different levels of perceived exertion using the Borg scale,
though tending to overestimate low levels of stress and under-
estimate high levels compared to workers performing the task.””
These effects were considered when the verbal descriptors in
Table I were chosen. To estimate the intensity of exertion, a job
analyst or ergonomics team observes a worker (or workers) per-
form the job, then selects the verbal descriptor from Table I that
best corresponds to their perception of the intensity of exertion.
The corresponding rating (1, 2, 3, 4, or 5) is then assigned using
this table. Until more formal procedures are derived and evalu-
ated, it is recommended that differences among estimates be re-
solved by consensus if more than one job analyst is involved.

TABLE II. Muitiplier Table

For example, consider a job that involves the use of cutters
to cut wire. The intensity of exertion refers to the strength re-
quired to use the distal upper extremity to operate the tool to cut
the wire one time. The job analyst perceives that the intensity of
exertion is ‘‘hard.”” According to Table I, this corresponds to a
rating of 3. According to Table II, the multiplier is 6.0. Note that
neither frequency nor duration were considered in this estimate.
These factors and their effects are addressed through other task
variables and their multipliers.

As a second example, consider a card dealer. In this case,
the intensity of exertion associated with grasping a single card
is relatively trivial. This corresponds to the lowest rating level—
““light.”’ The rating and the multiplier are both 1.0. .

The multiplier values (Table II) reflect the rating score raised
to a power of 1.6. A power relationship was selected for several
reasons: (1) the physiological, biomechanical, and epidemiolog-
ical principles suggest a nonlinear relationship between intensity
of exertion and manifestations of strain; and (2) psychophysical
theory suggests that perceived effort is related to applied force
by a similar relationship.

In the Strain Index methodology, intensity of exertion is the
most critical variable. Its unique status is demonstrated in Table
I, where multiplier values for intensity of exertion are shown to
be much different from those of other task variables. It is the
only task variable where the multipliers are mathematically re-
lated to the rating values. The multipliers for the other task vari-
ables can be considered modifiers to the intensity of exertion
multiplier. Increasing levels of intensity of exertion imply in-
creasing levels of strain on the distal upper extremity.

Duration of Exertion

Duration of exertion reflects the physiological and biome-
chanical stresses related to how long an exertion is maintained.
It is characterized as the percentage of time an exertion is applied

Intensity of Duration of Hand/Wrist Speed of Duration
Rating Exertion Exertion Efforts/Minute Posture Work per Day
1 1 0.5 0.5 1.0 1.0 0.25
2 3 1.0 1.0 1.0 1.0 0.50
3 6 1.5 1.5 15 1.0 0.75
4 9 2.0 2.0 2.0 1.5 1.00
5 13 3.0 3.0 3.0 2.0 1.50

A If duration of exertion is 100%, then efforts/minute multiplier should be set to 3.0.
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per cycle. In the Strain Index methodology, the terms ‘‘cycle”
and ‘“‘cycle time’’ refer to the exertional cycle and average ex-
ertional cycle time, respectively. Since the duration of recovery
per cycle is equal to the exertional cycle time minus the duration
of exertion per cycle, the Strain Index methodology incorporates
the epidemiological findings in Equation 4.

To measure the average exertional cycle time, a job analyst
or ergonomics team observes the job (or a representative vide-
otape of it) for a sufficient period of time to obtain a reasonable
representation of the job requirements. In general, this should be
several complete job cycles (the more the better). The duration
of the observation period is measured with a stopwatch. The
number of exertions can be counted using a counter. The average
exertional cycle time is calculated by dividing the duration of
the observation period by the number of exertions counted dur-
ing that time period.

The duration of exertion is the average duration of exertion
per exertional cycle (calculated by dividing all durations of a
series of exertions by the number of observed exertions). The
percentage duration of exertion is calculated by dividing the av-
erage duration of exertion per cycle by the average exertional
cycle time, then multiplying the result by 100, as shown in Equa-
tion 5. The calculated percentage duration of exertion is com-
pared to the ranges in Table I and assigned the appropriate rating.
The corresponding multiplier is identified using Table IIL.

JoDuration of Exertion

(Average Duration of Exertion per Cycle)
(Average Exertional Cycle Time)

= 100+

5

For example, if the average exertional cycle time is 30 sec-
onds, and the average duration of exertion is 15 seconds, the
percentage duration of exertion is 50%. This corresponds to a
rating of 4 (Table I) and a multiplier of 2.0 (Table II). For a
duration of exertion of 5%, the rating is 1, and the multiplier is
0.5. If the duration of exertion is 85%, the rating is 5 and the
multiplier is 3.0.

The multiplier table values were derived using professional
judgment to be consistent with the physiological and epidemio-
logical considerations. For a given intensity of exertion and a
constant number of efforts per minute, a longer duration of ex-
ertion should be associated with greater strain than a shorter
duration of exertion.

The multipliers were derived empirically as demonstrated
in the following example. Assume a job requires an exertion
that is ‘‘somewhat hard’” every 10 seconds (six efforts per
minute, rating = 2). The multiplier for intensity of exertion is
3.0, and the multiplier for efforts per minute is 1.0. Their
product is 3.0 (3.0 X 1.0) . If the exertion is applied for less
than one second, the duration of exertion is less than 10%, the
rating is 1, and the multiplier is 0.5. The product of all three
multipliers is 1.5 (3.0 X 1.0 X 0.5)—a relatively low score
that suggests minimal strain. By contrast, if the exertion is
applied for nine seconds, the duration of exertion is 90%, the
rating is 5, and the multiplier is 3.0. The revised product is
9.0 (3.0 X 1.0 X 3.0)—a moderately higher score that suggests
greater strain. This implies that the latter circumstance puts

significantly more strain on the body than the former—a rea-
sonable finding since the job is approaching static effort de-
spite the low intensity of exertion.

To extend the example further, consider a new job that
requires a ‘‘near maximal’’ exertion every 10 seconds, then
repeat the calculations above. For a brief duration of exertion
(<< 10%), the product of the intensity of exertion, efforts per
minute, and duration of exertion multipliers is 6.5 (13.0 X 1.0
X 0.5)—a moderate amount of strain. However, if the duration
of exertion is 90%, the product of the three multipliers is 39
(13.0 X 1.0 X 3.0), which is a very high score. Since maximal
exertions can only be maintained for approximately six sec-
onds, but the job requires nine seconds, this high score appro-
priately reflects the strain on the workers who perform it.

There are some jobs where an object, such as a tool, is con-
stantly held in the hand, but the intensity of exertion required to
use the tool is no greater than that required to hold it. One ex-
ample is a Whizard knife. Even if the tool is used repeatedly for
several trims per piece of meat, (e.g., it is possible to count
actions per minute), the hand actually is performing static work
if the tool is never set down. A special decision rule has been
incorporated into the Strain Index methodology for this scenario.
In this circumstance the duration of exertion rating is 5 and the
multiplier is 3.0 according to the usual procedure. In addition,
however, the efforts per minute multiplier is automatically set to
3.0. For a ‘“‘light’’ exertion, the score is 9.0 ( 1.0 X 3.0 X 3.0).
For a ‘‘near maximal’’ exertion, the score is 117.0 (13.0 x 3.0
X 3.0). The former is on the moderate strain range; the latter is
extremely high.

Efforts Per Minute

Efforts per minute is the number of exertions per minute
(e.g., repetitiveness) and is synonymous with frequency.

Efforts per minute are measured by counting the number
of exertions that occur during a representative observation pe-
riod (as described for determining the average exertional cy-
cle time). In fact efforts per minute can be calculated from the
exertional cycle time and vice versa. For example, a 30-sec-
ond exertional cycle time is equivalent to two efforts per min-
ute. The measured result is compared to the ranges in Table 1
and given the corresponding rating. The multipliers are iden-
tified from Table 1L

The multiplier table values were derived using professional
judgment to be consistent with the physiological and epidemio-
logical considerations. To a degree, it is consistent with the rating
scheme used by others.®*¥ Some exertions, even if forceful,
may not pose significant strain if performed infrequently; how-
ever, increasing efforts per minute generally increases strain for
a given intensity of exertion,

Consider another example. A job requires a one-second
“‘hard’’ exertion twice per minute. The intensity of exertion rat-
ing is 3, and its multiplier is 6.0. The duration of exertion rating
is 1, and its multiplier is 0.5. Since there are two efforts per
minute, the rating is | and its multiplier is 0.5. The product of
the three multipliers is 1.5 (6.0 X 0.5 X 0.5)—a relatively low
score that implies minimal strain. The rationale for this result is
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that the relatively long recovery time between exertions mini-
mizes strain on the body. If, however, this job was done every
4 seconds (15 efforts per minute), both the duration of exertion
and the efforts per minute values change. The duration of exer-
tion is now 25%, so its rating is 2 and its multiplier is 1.0. For
efforts per minute the rating is 4 and the multiplier 2.0. The
product of the three multipliers is now 12.0 (6.0 X 1.0 X 2.0)—
a score that reflects almost eight times more strain.

Since a static exertion would be associated with very few
efforts per minute (an apparent advantage according to the mul-
tipliers in Table II), a penalty for static work was incorporated
into the Strain Index methodology by requiring that the efforts
per minute multiplier be set to 3.0 when the percentage duration
of exertion is essentially 100%.

Hand/Wrist Posture

Posture refers to the anatomical position of the wrist or hand
relative to neutral position. It reflects the effects of posture on
tensile stresses (reduced grip strength) and, when combined with
intensity of exertion, reflects intrinsic compressive stresses to the
contents of the flexor and extensor compartments about the wrist.
The postural assessment protocol is based, to a degree, on ordinal
rating schemes used by others.”**® An observer rates posture
qualitatively rather than measuring it. The verbal anchors, while
subjective, eliminate rigid cut-off criteria that cannot be cur-
rently justified and increase the ease of application of the model.
A rating is assigned by comparing the verbal anchor to Table 1.
Differences among multiple job analysts should be resolved by
consensus.

The multiplier table values were derived using professional
judgment to be consistent with the physiological, biomechanical,
and epidemiological considerations. Examination of Table II re-
veals that posture really has four relevant ratings. Postures that
are ‘‘very good’’ or ‘‘good’’ are essentially neutral and have
multipliers of 1.0 and, therefore, have no effect on the ultimate
score. As hand or wrist postures progressively deviate beyond
the neutral range to extremes, they are graded as ‘‘fair,”” “‘bad,”
and ‘‘very bad.”” The multipliers change accordingly. This rat-
ing scheme is consistent, to a degree, with those proposed by
others. #9208

Consider another experiment. A job requires a ‘‘hard’’ ex-
ertion every six seconds. The duration of exertion is one second
(17%). The product of these multipliers is 4.5 (3.0 X 1.5 X 1.0),
a marginal score. If wrist posture is ‘‘very good’’ or ‘‘good,”’
this result is not changed (i.e., there is no increased strain). If
the wrist posture is ‘‘very bad,’’ the rating is 5, the multiplier is
3.0, and the revised score is 13.5 (4.5 X 3.0). This is a moderately
high score that reflects the additional strain on the body from
applying the exertion in an extreme wrist posture. If the thumb
were fully abducted but the wrist in neutral posture, the rating
would still be ‘‘very bad’’ and the score unchanged. If the in-
tensity of exertion was ‘‘light,”’ the efforts per minute the same,
and the hand or wrist posture ‘‘very bad,”” the score is 4.5
(1.0 X 1.5 X 1.0 X 3.0), a marginal score 67% lower than the
previous example. The reason is that the low intensity of exertion
implies low tensile load in the muscle-tendon unit, so that even

if the associated tendon courses around a maximally flexed wrist,
the intrinsic compressive load is lower.

Speed of Work

Speed of work estimates perceived pace of the task or job.
It is included because of its modifying effects on exertions—i.e.,
maximal voluntary strength decreases and EMG amplitude in-
creases with increasing speed.”*~%" In addition, it is suspected
that a worker’s muscles do not fully relax between high-speed,
high-frequency exertions.

Speed of exertion is subjectively estimated by a job analyst
or ergonomics team. Once a verbal anchor is selected, a rating
is assigned according to Table I.

The multiplier table values were derived using professional
judgment. As noted from inspection of Table II, there are really
only three levels of rating for speed of work. ‘‘Very stow,”
“‘slow,”” and “‘fair’’ all have multipliers of 1.0. As a result, they
have no effect on the final score. The term ‘‘very fast’” applies
when the observed worker either does not or barely manages to
keep up with the required pace of the job. Normally, such work-
ers are performing jobs with a relatively high rating for efforts
per minute. They are overtly rushed and intently focused on the
job. A ““fast’’ speed of work is the intermediate choice. These
workers are not overtly rushed, but rely on rapid deliberate ac-
tions to perform the job. They, too, likely perform jobs with high
efforts-per-minute ratings and are focused on their work because
of its pace.

Duration of Task Per Day

Duration of task per day reflects the total time that a task is
performed per day. It attempts to incorporate the beneficial ef-
fects of task diversity such as job rotation (if the differing task
is associated with reduced stresses) and the adverse effects of
prolonged activity such as overtime. Duration of task per day is
measured, expressed as hours, and assigned a rating according
to Table L.

The multiplier table for duration of task per day was derived
using professional judgment. It is designed to reflect no effect
on strain if the task is performed for four to eight hours, a typical
work schedule, but decreased strain with decreasing durations
per day and increased strain with durations exceeding eight
hours.

Consider a task that, based on consideration of intensity of
exertion, duration of exertion, efforts per minute, wrist posture,
and speed of work, has a score of 12.0. If the job requires per-
forming that particular task for four to eight hours per day, the
score is still 12.0. This is a moderately high score. If, however,
the job is performed for less than one hour per day, the rating is
1 and the multiplier is 0.25. The revised score is 3.0, a fairly low
score that reflects minimal strain.

The Strain Index Score

The Strain Index score (SI score) is the product of all six
multipliers, as shown below by Equation 6, as demonstrated by
examples in the task variable sections.
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Strain Index (SI) = (Intensity of Exertion Multiplier)
X (Duration of Exertion Multiplier)
X (Exertions per Minute Multiplier)
X (Posture Multiplier) X (Speed of Work Multiplier)

X (Duration per Day Multiplier). 6)

INSTRUCTIONS

Application of the Strain Index involves (1) collecting data, (2)
assigning rating values, (3) determining multipliers, (4) calcu-
lating the ST score, and (5) interpreting the results.

A job analyst or ergonomics team must collect data for all
six task variables. Intensity of exertion, wrist posture, and speed
of work are estimated using the verbal descriptors in Table 1.
The percentage duration of exertion per cycle, efforts per minute,
and duration per day are based on measurements and counts.
The datum for each variable is then compared to the appropriate
column in Table I and assigned a rating (1, 2, 3, 4, or 5). Once
all the variables have assigned ratings, the multipliers are deter-
mined from Table II. To calculate the SI score, the six multipliers
are multiplied together. Appendix A is a user’s guide summariz-
ing these instructions and providing some guidelines (not strict
decision rules) for the subjectively rated task variables.

Consider the following example (summarized in Table III).
A job has the following characteristics: a ‘‘somewhat hard’’ es-
timated intensity of effort, a 60% percentage duration of exertion
per cycle, 12 efforts per minute, “‘fair’’ wrist posture, ‘‘fair’’
speed of work, and duration per day of four to eight hours. Task
variable ratings are determined from Table 1, and the multipliers
for each variable are then determined from Table II as follows:

« intensity of effort rating 2, multiplier of 3.0

« percentage duration of exertion rating 4, multiplier of 2.0
« efforts per minute rating 3, multiplier of 1.5

» wrist posture rating 3, multiplier of 1.5

« speed of work rating 3, a multiplier of 1.0

» duration per day rating 4, a multiplier of 1.0.

Multiplying all of these multipliers together yields an SI
score of 13.5. The basis for interpreting this result is presented
in the subsequent section; however, a job with an SI score in this
range would be predicted to be associated with a moderate in-
creased risk for distal upper extremity morbidity.

PRELIMINARY TESTING OF THE STRAIN INDEX

The Strain Index methodology was tested by the authors using
a data set available from a previous study performed by the au-
thors."” As a result, the authors were not blinded to the morbid-
ity data. The Strain Index was not used to describe exposures in
the original study. For the current analysis, each author indepen-
dently re-evaluated the original videotapes, estimated or calcu-
lated the task variable exposure data, and assigned ratings. In-
formal comparison of the task variable ratings revealed some
minor differences for the intensity of exertion and posture task
variables on a few jobs. These were resolved by consensus.
There were no discrepancies for the quantitative task variable
ratings. A formal analysis of inter-rater variability was not done.

The details and definitions related to the morbidity assess-
ment are in the original paper. The terms ‘‘positive’” and ‘‘neg-
ative”” describe the job categories. A positive job was observed
to be associated with distal upper extremity morbidity, while a
negative job was not. The distal upper extremity morbidity in-
cluded specific disorders (epicondylitis, DeQuervain’s tenosyn-
ovitis, trigger finger, trigger thumb, and CTS) that met well-
defined case definitions. A second category of morbidity was
called ‘‘nonspecific disorders.”” This latter category included sit-
uations where the plant physician noted one or more symptoms,
but did not report sufficient information to classify the condition
as a specific disorder according to the case definitions. In this
study, the symptoms were assumed to represent strain-related
disorders of the muscle-tendon units. Incidence rates were ex-
pressed as total number of conditions per 100 workers per year.

For each job category, the incidence rate for total distal upper
extremity disorders, the number of full-time equivalent workers
assigned to the job during the 20-month observation period, the
verbal descriptors chosen for the qualitative task variables, the
measurements for the quantitative task variables, and the SI
scores are listed in Table IV. There were 12 positive and 13
negative job categories.

Among positive job categories, the SI scores ranged from
4.5 to 81 with a mean of 29. Among negative job categories, the
SI scores ranged from 0.5 to 4.5 with a mean of 2.3. The differ-
ence between the two means was statistically significant (t =
4.05; df = 23; p < 0.01).

If one selects a value of 5 as a threshold SI score to distin-
guish a safe from a hazardous job, then the current system. cor-
rectly classifies all 13 negative jobs as safe and 11 of the 12
positive jobs as hazardous. These values correspond to a sensi-
tivity of 0.92 (11 + 12) and a specificity of 1.00 (13 -+ 13). The
single false prediction (Job No. 11) had an SI score of 4.5 and

TABLE HI. An Example to Demonstrate the Procedure for Calculating the S| Score

Intensity of Duration of Speed of Duration
Exertion Exertion Efforts/Minute Posture Work per Day
Exposure Data somewhat hard 60% 12 fair fair 4-8
Ratings 2 4 3 3 3 4
Muitipliers 3.0 2.0 15 15 1.0 1.0

SIScore =30X20x15x15%x1.0x10=135
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TABLE V. Incidence Rates and Exposure Data for the Preliminary Assessment, with Numerical Data for the
Quantitative Task Variables and Assigned Ratings for the Qualitative Task Variables

Duration Efforts Hana/ Speed
Job Intensity of of per Wrist of Duration Sl
No. FTEA Inc® Exertion Exertion Minute Posture Exertion per Day Score
1 4 210 hard 100% 12¢ very good very slow 4-8 54
2 3 160 hard 15% 13 fair very slow 4-8 13.5
3 4 135 somewhat hard 15% 10 fair very slow 4-8 7
4 6 130 somewhat hard 100% 10° fair very fast 4-8 81
5 24 78 somewhat hard 39% 26 bad very fast 4-8 54
6 4 75 near maximal 26% 9 fair very slow 4-8 29
7 1 60 very hard 45% 4 fair very slow 4-8 20
8 8 53 near maximal 3% 7 very good very fast 2-4 10
9 2 30 hard 42% 9 very good very slow 4-8 13.5
10 6 30 light 85% A7 bad very fast 4-8 36
11 2 30 somewhat hard 36% 6 very good very slow 4-8 45
12 12 25 near maximal 44% 5 fair very slow 2-4 22
13 1 0 light 42% 32 very good very slow 4-8 45
14 3 0 light 63% 7 very good very slow 4-8 2
15 6 0 light 11% 8 very good very slow 4-8 1
16 1 0 light 28% 23 fair very slow 4-8 4.5
17 1 0 light 40% 39 very good very slow <1 4.5
18 2 0 light 27% 3 very good very slow 4-8 0.5
19 2 0 light 16% 9 very good very slow 4-8 1.5
20 2 0 light 48% 4 very good very slow <1 15
21 2 0 light 43% 2 very good very slow 4-8 0.8
22 2 0 light 27% 13 very good very slow 4-8 1.5
23 2 0 light 26% 14 very good very slow 4-8 1.5
24 2 0 light 47% 17 very good very slow 4-8 3
25 2 0 light 13% 27 very good very slow 4-8 3

AFTE = full time equivalent workers
B Inc = incidence rate per 100 workers per year
© Since the duration of exertion is 100%, the efforts per minute multiplier is automatically set to 3.0.

was associated with one nonspecific distal upper extremity SENSITIVITY ANALYSIS
symptom (left hand/wrist pain).

The relationship between SI score ranges and the occurrence
of morbidity is summarized in Table V. The spectrum of disor-
ders is relatively constant across jobs with SI scores between 5
and 60, with CTS representing less than 20% of the total mor-
bidity. There was only one job with an SI score > 60, and CTS
represented 38% of the morbidity. At this time, this increased
percentage of CTS is considered secondary to small numbers
rather than some correlation with an Sl score > 60.

The relationship between SI score and mean incidence rate
is shown in Figure 1. There was an increase in mean incidence
rate for upper extremity disorders with an increase in SI score.

To examine the effects of observer rating variation, a sensitivity
analysis was conducted by promoting and demoting an individ-
ual task variable by one rating for all jobs, then counting the
number of jobs that cross the tentative SI score threshold of 5.
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TABLE V. Analysis of Morbidity by Sl Score Range

B
(=]

Mean Incidence Rate
# Injuries / 100 Workers / Year
(=
<

S/ Number of Conditions .
Score #dJobs FTE  Elbow  Hand/Wrist* CTS N 2
<5 14 30 0 1 0 <5 5-30 31-60 >60
5-30 7 34 9 21 7 SI Score Range
31-60 3 34 12 30 g FIGURE 1. Mean incidence rate versus SI score

>60 1 6 3 5
A All hand/wrist morbidity except CTS
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The model is relatively stable to such changes for all task vari-
ables except for one circumstance—promotion of intensity of
exertion. In particular, the promotion of this task variable rating
from 1 to 2 is associated with a shift of seven job categories to
an SI score greater than 5. Six of these jobs were negative. To
some degree, the verbal descriptors for intensity of exertion were
selected to control for this effect. In addition, use of a consensus
rating by an ergonomics team or committee may be helpful.

DISCUSSION

The Strain Index is an exposure assessment methodology based
on multiplicative interactions among six task variables. In this
regard, it is similar in concept to the recommended weight limit
from the revised NIOSH Guide for Manual Lifting. The concept
of multiplicative interactions among the task variables on risk
for distal upper extremity morbidity is consistent with the find-
ings of Silverstein et al.®, Armstrong et al.”, and Moore and
Garg."V The first two studies reported that the combination of
high forcefulness and high repetitiveness was the best predictor
for the prevalence of CTS and tendon-related disorders. The third
study reported a relationship between incidence rate and the
product of intensity of exertion and percentage exertion time
(100 — % recovery time). While the relationship between the
risk of upper extremity disorders and task variables may not be
exactly multiplicative, this appears to be a reasonable assump-
tion that is consistent, coherent, and congruent with current
knowledge.

Several task variables have been reported as potential or ge-
neric risk factors for distal upper extremity disorders. The Strain
Index includes six task variables that were chosen by considering
physiological, biomechanical, and epidemiological principles.
However, it should be noted that the Strain Index is not based
on any specific quantitative relationship between a task variable
and some physiological, biomechanical, or epidemiological re-
sponse.

Several different studies have either shown and/or proposed
that intensity of exertion (force) and efforts per minute (repeti-
tiveness) are among the most important task variables.*~'>">
While there is lack of epidemiological support for posture as an
independent risk factor, it has received almost universal atten-
tion. However, biomechanical and physiological considerations
strongly suggest that posture is a relevant task variable based on
its effects when combined with exertions.

Percentage duration of exertion has not only biomechanical
and physiological implications, but also was found to be one of
two risk factors that predicted the total incidence rate of distal
upper extremity morbidity in one epidemiological study.'"’ Mar-
ras et al. reported a relationship between risk of distal upper
extremity disorders and speed of exertion.®” The effects of du-
ration of task per day appears not to have been studied, but is
believed to be important and, therefore, was included in the
Strain Index. As a result, the task variables included in the Strain
Index methodology are consistent and congruent with existing
knowledge.

The model does not include one task variable known to be
related to distal upper extremity disorders, localized mechanical

compression. In addition, it incorporates only one task variable
related to work organization (duration of task per day). The
methodology does not address other potentially significant fac-
tors, such as unaccustomed work. Otherwise, it is comprehen-
sive. Regarding other potential risk factors, there is currently
insufficient or contradictory data, which led to a decision not to
incorporate them into the proposed Strain Index methodology.
It is anticipated that the methodology will evolve as knowledge
and experience increase.

Three of the six task variables (intensity of exertion, posture,
and speed of exertion) have qualitative ratings and rely on the
analyst’s subjective judgment. In particular, intensity of exertion
has a major impact on the SI score, but its rating is assigned
subjectively. Thus, differences in ratings may arise from analyst
bias, inexperience, and/or poor judgment. This is probably one
of the weak points of the Strain Index. The user’s guide (Ap-
pendix A) provides some additional guidelines for job analysts
to use when rating these three task variables. It would be highly
desirable to have some quantitative assessment of applied force
or, even better, a quantitative measurement of tensile load. How-
ever, at present, such an approach appears to be impractical in
an industrial setting due to technological and economic limita-
tions. Force rating schemes proposed by Rodgers, Kilbolm et al.,
Keyserling et al., and others also have relied on subjective rating
scales.® '*'> The use of multiple observers to develop a consen-
sus rating may be desirable.

The proposed relationships between the task variable ratings
and the multipliers are subject to criticism. There is a lack of
data to determine exact relationships between the measured or
estimated data for the task variables and the appropriate multi-
pliers. To a significant extent, the proposed relationships are
based on the authors’ professional judgments. The authors relied
heavily on thought experiments to derive the current multipli-
ers—i.e., if a hypothetical job had particular task variable attri-
butes, what would be the effects of changing one or more of
them, and did the observed effect make sense. The application
of the model to one data set shows its potential usefulness, but
this area warrants future research. The authors anticipate that the
model probably will need to be modified as it is applied to more
industries and more quantitative epidemiological data become
available. In the meantime, the ergonomists have the option to
rely either on their own judgment or use a semiquantitative ap-
proach such as the one proposed, or a combination of both, rec-
ognizing that this is not perfect.

The proposed methodology should be subjected to further
evaluation. It is currently unclear what level of ergonomics train-
ing or experience is necessary for a potential user to reliably
understand and apply the Strain Index methodology. Inter-rater
consistency and test-retest reliability have not been formally as-
sessed. The predictive validity of the methodology should be
further evaluated with a prospective longitudinal study or, if ret-
rospective, in a study where the job analysts are blinded to the
outcome measures. In addition, relationships between the Strain
Index and nonhealth-related outcomes, such as absenteeism, em-
ployee turnover, quality, or job satisfaction, could be considered.

To date, the Strain Index methodology has been applied to
25 relatively simple jobs from a single plant associated with
a single type of industry (pork processing). These jobs were
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characterized by stereotyped exertions performed, on average,
14 times per minute (range: 2 to 47). For these types of jobs,
predicting risk based solely on intensity of exertion (greater than
1 or less than 1) also happens to correctly classify 24 of these
25 jobs and, therefore, could be considered simpler and equally
accurate compared to using the Strain Index. However, the
authors believe that such a method would not be equally appli-
cable to jobs with fewer efforts per minute. To illustrate the
limitation of this simplified model, a single exertion rated as
‘‘somewhat hard’” and performed once per day would be con-
sidered hazardous.

At this time there is no proposed method for multiple task
analysis. Currently, each task of a multitask job can be analyzed
separately by considering duration of task per day. If the distal
upper extremity is somewhat analogous to the low-back, it is
suspected that the hazard potential of the job is primarily me-
diated by peak stresses, not time-weighted or some other aver-
aged value.®**% As a result, an elevated Strain Index score for
one task of a multitask job, if calculated with consideration of
duration of task per day, might predict increased risk. Devel-
opment of a multiple-task analysis methodology will require op-
portunities to evaluate such jobs and compare the results to the
observed morbidity. It is a challenge for the future.

The following summarize the Strain Index methodology’s
foundations, limitations, and assumptions:

(1) It only applies to the distal upper extremity, but covers
all relevant anatomical structures (all muscle-tendon
units and the median nerve, in general).

(2) It predicts a spectrum of distal upper extremity mor-
bidity, not particular disorders.

(3) It was designed to predict primarily disorders of the
muscle-tendon units and CTS, not all distal upper ex-
tremity disorders—e.g., HAVS, osteoarthritis, gan-
glion cysts, ulnar nerve entrapment at the elbow, etc.

(4) It assesses jobs, not individual workers.

(5) It describes the exertional demands of a job. Mechan-
ical compression should be considered separately.

(6) Itrelies on qualitative estimates for three task variables.

(7) The relationships between exposure data and multiplier
values are not based on explicit mathematical relation-
ships between task variables and some physiological,
biomechanical, or epidemiological response.

(8) It has been tested only on a set of jobs already available
to the authors. As a result, the authors were not blinded
to the morbidity results. Longitudinal validation (pref-
erably prospective) with job analysts blinded to the out-
come measures is needed.

(9) The jobs used in the preliminary test were all from a
single plant related to one industry. There was not a
great deal of variation among some of the task vari-
ables.

(10) Test-retest reliability and inter-rater variability have
not been formally evaluated.

(11) At this time, differences in task variable ratings should
be resolved by consensus.

(12) Discriminating between a *‘light’” versus a ‘‘somewhat
hard’’ exertion appears to be critical. A more objective

assessment method for intensity of exertion is highly
desirable.

(13) The required training and experience to use the Strain
Index effectively has not been determined.

Future studies should include multiple task analysis and
evaluation of predictive validity for other outcomes (e.g., sever-
ity rate, turnover, etc.).

CONCLUSION

To date, exposure assessment to characterize jobs according to
their potential for causing distal upper extremity disorders has
relied on nonstandardized, subjective methods. While high ex-
trinsic compression force (also called localized mechanical com-
pression) is considered a significant risk factor for some disor-
ders, its occurrence is relatively uncommon.''’® Rather, the
physiological, biomechanical, and epidemiological literature
suggest that the exertional aspects of a job are probably the most
significant contributors to the occurrence of distal upper extrem-
ity disorders. The Strain Index is an exposure assessment tool
that professionals and ergonomic teams can use to systematically
evaluate the exertional demands of a job to predict increased risk
of distal upper extremity disorder morbidity.

The six task variables in the Strain Index methodology were
derived from physiological, biomechanical, and epidemiological
principles. The methodology relies on multiplicative interactions
between these task variables. Preliminary testing of the metho-
dology’s predictive validity suggests that it holds promise as a
useful method to analyze jobs and predict hazard potential. Pro-
spective users should understand the scientific foundation for the
methodology, realize that they are relying on subjective esti-
mates for some task variables, and clearly note the methodolo-
gy’s current limitations. As new research is published, and the
model is used and evaluated by others and further validated using
diverse jobs, it will likely undergo refinement.
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APPENDIX A—A USER’S GUIDE FOR THE STRAIN INDEX

This guide describes how to perform the five steps associated with using the Strain Index. Page 1 describes the rating criteria and the
measurements and calculations for the six task variables. The numerical ranges for assigning rating criteria for the subjective variables
are only guidelines. Page 2 includes a table for entering your data and guides you through calculating an SI score.

Step 1: Data Collection

1. Intensity of Exertion is an estimate of the strength required to perform the task one time. Guidelines for assigning a rating criterion
are presented in the following table. Write the most appropriate rating criterion into the data table.

Rating Criterion %MS* Borg Scale® Perceived Effort

Light <10% =2 barely noticeable or relaxed effort
Somewhat Hard 10%-29% 3 noticeable or definite effort

Hard 30%-49% 4-5 obvious effort; unchanged facial expression
Very Hard 50%—79% 6-7

substantial effort; changes facial expression

Near Maximal =80° >7 uses shoulder or trunk to generate force

* Percentage of maximal strength
® Compared to the Borg CR-10 scale™

2. Duration of Exertion is calculated by measuring the duration of all exertions during an observation period, then
dividing the measured duration of exertion by the total observation time and multiplying by 100.

durati f all exerti s
% Duration of Exertion = 100 x Sorauon of all exertions (sec) _ o -
total observation time (sec)

3. Efforts per Minute are measured by counting the number of exertions that occur during an observation period, then dividing
the number of exertions by the duration of the observation period, measured in minutes.

number of exertions

Efforts per Minute =

total observation time (min) B

4, Hand/Wrist Posture is an estimate of the position of the hand or wrist relative to neutral position. Guidelines for assigning a
rating criterion are presented in the following table. Enter the result in the data table.

Rating Criterion Wrist Extension® Wrist Flexion® Ulnar Deviation® Perceived Posture
Very Good 0°-10° 0°-5° 0°-10° perfectly neutral
Good 11°-25° 6°-15° 11°-15° near neutral

Fair 26°-40° 16°-30° 16°-20° ponneutral

Bad 41°-55° 31°-50° 21°-25° marked deviation
Very Bad >60° >50° >25° near extreme

A Derived from data presented in Stetson et al.*”

5. Speed of Work is an estimate of how fast the worker is working. Guidelines for assigning a rating criterion are presented in
the following table. Enter the result in the data table.

Rating Criterion Compared to MTM-1* Perceived Speed

Very Slow =80% extremely relaxed pace

Slow 81-90% “‘taking one’s own time”’

Fair 91-100% “‘normal’’ speed of motion

Fast 101-115% rushed, but able to keep up

Very Fast >115% rushed and barely or unable to keep up

A The observed pace is divided by MTM-1"s predicted pace and expressed as a percentage of predicted. See Barnes,®V

6. Duration of Task per Day is either measured or obtained from plant personnel. Enter the result in the data table.
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Step 2: Assign Ratings Values

Use the table below the find the rating values for each task variable. Select the appropriate entry for each variable, then find
the corresponding rating value on the same row at the far left.

Rating Intensity of Duration of Hand/Wrist Speed of
Values Exertion Exertion Efforts/Minute Posture Work Duration per Day
very
1 light <10 <4 very good slow =1
2 somewhat hard 10-29 4-8 good slow 1-2
3 hard 30-49 9-14 fair fair 2-4
4 very hard 50-79 15-19 bad fast 4-8
5 near maximal =80 =20 very bad very fast =8
Step 3: Determine the Multipliers
Rating Intensity of Duration of Hand/Wrist Speed of
Value Exertion Exertion Efforts/Minute Posture Work Duration per Day
1 1 0.5 0.5 1.0 1.0 0.25
2 3 1.0 1.0 1.0 1.0 0.50
3 6 1.5 1.5 1.5 1.0 0.75
4 9 2.0 2.0 2.0 1.5 1.00
5 13 3.04 3.04 3.0 2.0 1.50
AIf duration of exertion is 100%, then efforts/minute multiplier should be set to 3.0. '
Enter Your Data Here:
Intensity of Duration of Hand/Wrist Speed of
Exertion Exertion Efforts/Minute Posture Work Duration per Day
Step 1:
Rating Criterion or
Measured Result
Step 2:
Rating Value
Step 3:
Multiplier
Step 4: Calculate the SI Score
Insert the multiplier values for each of the six task variables into the spaces below, then multiply them all together.
Intensity of Duration of Efforts per Hand/Wrist Speed of Duration SI
Exertion X Exertion X Minute X Posture X Work X of Task = Score

Step 5: Interpret the Result

Preliminary testing has revealed that jobs associated with distal upper extremity disorders had SI Scores greater than 5. SI Scores
less than or equal to 3 are probably safe. SI Scores greater than or equal to 7 are probably hazardous. The Strain Index does not
consider stresses related to localized mechanical compression. This risk factor should be considered separately.
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