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Prefauce

his report is the output of two years of dedicated labor on the part of

a diverse, talented, and energetic panel of experts supported by an

experienced, dedicated, and equally energetic staff. The effort was
organized by the National Research Council (NRC) and the Institute of
Medicine (IOM), in response to a charge from the National Institute for
Occupational Safety and Health and the National Institutes of Health to
conduct a comprehensive review of the scientific literature on the rela-
tionship of work and the workplace to musculoskeletal disorders of the
low back and upper extremities. The impetus for the study was a set of
questions posed by Congress. These questions and the panel’s responses,
are presented in Appendix A.

The current effort was focused on the science base supporting current
concepts of musculoskeletal disorders as they relate to the workplace,
ranging from consideration at the level of tissue biology, through the
variety of mechanical, organizational, and psychosocial factors operating
in the complex environment that is the workplace. It also extended to the
array of clinical expressions of such disorders, as acted on and modified
by the interaction of the individual with the range of influences and re-
sponses that characterize his or her milieu. In addition, the literature on
interventions, as appropriate to low back and upper extremity disorders
and the workplace, was reviewed with regard to its scientific quality; the
literature on best practices interventions was also reviewed to provide
information on approaches thought by industry to be worthy of incorpo-
ration into industrial practice. Both types of evidence were weighed and
considered by the panel as it formulated its conclusions and recommen-
dations.

The panel, in seeking to be responsive to its task, confined itself in this
fashion to the science base and the conclusions that the science could bear.

xiii
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Policy considerations were not part of the panel’s mandate and were not
addressed in its deliberations.

The panel members worked hard and in a collegial fashion through-
out the study. We talked, listened, and argued, and the process resulted in
an almost unanimous outcome. One panel member found, at the end, that
he was unable to agree with all the conclusions and recommendations
endorsed by the rest of the panel and wrote a dissent (see Appendix B).
We believe that dissent misstates part of this report, and we have re-
sponded to it (see Appendix C).

In addition to its own study and deliberations, the panel sought and
received information from many sources. We commissioned 19 outside
scholars to examine the scientific literature in a variety of areas germane
to its work. We had the benefit of briefings by a number of individuals
from industry, the Bureau of Labor Statistics, the Livermore National
Laboratories, the United Auto Workers, and researchers active in the field.
Presentations by representatives of a number of clinical societies, cor-
porations, and public service groups were heard, at the panel’s invitation,
in an open forum. Finally, the panel had the advantage of a visit to two
auto assembly plants to which the Ford Motor Company kindly provided
access. A list of those who provided commissioned papers, those who
briefed the panel, and others who presented their views in various for-
mats is presented in Appendix D.

This report has been reviewed in draft form by individuals chosen for
their diverse perspectives and technical expertise, in accordance with pro-
cedures approved by the Report Review Committee of the National Re-
search Council (NRC). The purpose of this independent review is to
provide candid and critical comments that will assist the institution in
making the published report as sound as possible and to ensure that the
report meets institutional standards for objectivity, evidence, and respon-
siveness to the study charge. The review comments and draft manuscript
remain confidential to protect the integrity of the deliberative process.

We thank the following individuals for their participation in the re-
view of this report: Jacqueline Agnew, Johns Hopkins Education and
Research Center in Occupational Health and Safety, Johns Hopkins School
of Hygiene and Public Health; Peter Amadio, Department of Orthopedic
Surgery, Mayo Clinic, Rochester, Minnesota; Gunnar Andersson, Depart-
ment of Orthopedic Surgery, Rush Presbyterian St. Lukes Medical Center,
Chicago, Illinois; Thomas Armstrong, Department of Industrial and Op-
erations Engineering, Center for Ergonomics, University of Michigan;
Peter Buckle, Robens Centre for Health Ergonomics, European Institute
of Health and Medical Science, University of Surrey, England; Fredric
Gerr, Department of Environmental and Occupational Health, Rollins
School of Public Health, Emory University; Ronald K. Leonard, Deere and

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

PREFACE X0

Company (retired); Michael D. Lockshin, Barbara Volcker Center, Hospi-
tal for Special Surgery; J. Steven Moore, Department of Nuclear Engineer-
ing, Texas A&M University; Neal A. Vanselow, School of Medicine and
Chancellor (emeritus), Tulane University Health Sciences Center; Eira
Viikari-Juntura, Musculoskeletal Research Unit, Finnish Institute of Oc-
cupational Health, Helskinki.

Although the reviewers listed above have provided many construc-
tive comments and suggestions, they were not asked to endorse the con-
clusions or recommendations nor did they see the final draft of the report
before its release. The review of this report was overseen by Enriqueta C.
Bond, Burroughs Wellcome Fund, Durham, North Carolina, and Dorothy
P. Rice, Institute for Health & Aging, School of Nursing, University of
California, San Francisco. Appointed by the National Research Council,
they were responsible for making certain that an independent exami-
nation of this report was carried out in accordance with institutional
procedures and that all review comments were carefully considered. Re-
sponsibility for the final content of this report rests entirely with the
authoring panel and the institution.

I would like to thank our sponsor representatives, Lawrence ]. Fine,
National Institute for Occupational Safety and Health, and James S.
Panagis, National Institute of Arthritis, Musculoskeletal, and Skin Dis-
eases for their interest in this important project. My personal gratitude
goes to our talented staff, Anne Mavor, James McGee, Susan McCutchen,
and Alexandra Wigdor for the efficiency and good cheer with which they
shepherded the group through its task. My appreciation to the members
of the panel, for the intelligence and sense of public purpose with which
they approached our task, is unbounded. I regret that as a panel we were
unable to reach complete consensus; however, I appreciate the diligent
efforts made throughout the process in this regard.

Jeremiah A. Barondess

Chair, Panel on Musculoskeletal
Disorders and the Workplace
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Executive Summary

here is no doubt that musculoskeletal disorders of the low back and

upper extremities are an important and costly national health

problem. Musculoskeletal disorders account for nearly 70 million
physician office visits in the United States annually and an estimated 130
million total health care encounters including outpatient, hospital, and
emergency room visits. In 1999, nearly 1 million people took time away
from work to treat and recover from work-related musculoskeletal pain
or impairment of function in the low back or upper extremities. Conser-
vative estimates of the economic burden imposed, as measured by com-
pensation costs, lost wages, and lost productivity, are between $45 and
$54 billion annually. There is some variation in estimates of occurrence
and cost as a result of inconsistencies within and across existing data-
bases. The ability to better characterize the magnitude of the problem and
formulate targeted prevention strategies rests on improved surveillance
and more rigorous data collection.

There is also debate concerning sources of risk, mechanisms of injury,
and the potential for intervention strategies to reduce these risks. The
debate focuses on the causes, nature, severity, and degrees of work-
relatedness of musculoskeletal disorders as well as the effectiveness and
cost-related benefits of various interventions. None of the common mus-
culoskeletal disorders is uniquely caused by work exposures. They are
what the World Health Organization calls “work-related conditions” be-
cause they can be caused by work exposures as well as non-work factors.
There are a number of factors to be considered: (1) physical, organiza-
tional, and social aspects of work and the workplace, (2) physical and
social aspects of life outside the workplace, including physical activities
(e.g., household work, sports, exercise programs), economic incentives,

1
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2 MUSCULOSKELETAL DISORDERS AND THE WORKPLACE

and cultural values, and (3) the physical and psychological characteristics
of the individual. The most important of the latter include age, gender,
body mass index, personal habits including smoking, comorbidities, and
probably some aspects of genetically determined predispositions. In ad-
dition, physical activities away from the workplace may also cause mus-
culoskeletal syndromes; the interaction of such factors with physical and
psychosocial stresses in the workplace is a further consideration. The task
herein is to evaluate the significance of the risk factors that result from
work exposure while taking into account the different types of individual
and non-work factors. The complexity of the problem is further increased
because all of these factors interact and vary over time and from one
situation to another. Research is needed to clarify such relationships, but
research is complicated by the fact that estimates of incidence in the gen-
eral population, as contrasted with the working population, are unreli-
able because the two overlap: more than 80 percent of the adult population
is in the workforce.

The panel approached the complex of factors bearing on the risk of
musculoskeletal injury in the work setting from a whole-person perspec-
tive, that is, from a point of view that does not isolate disorders of the low
back and upper extremities from physical and psychosocial factors in the
workplace, from the context of the overall texture of the worker’s life,
including social support systems and physical and psychosocial stresses
outside the workplace, or from personal responses to pain and individual
coping mechanisms (see Figure ES.1).

The size and complexity of the problem and the diversity of interests
and perspectives—including those of medical and public policy profes-
sionals, behavioral researchers, ergonomists, large and small businesses,
labor, and government agencies—have led to differing interpretations of
the evidence regarding the work-relatedness of musculoskeletal disor-
ders of the low back and upper extremities and the impact of interven-
tions. As a result, Congress requested a study by the National Research
Council and the Institute of Medicine covering the scientific literature on
the causation and prevention of these disorders. The congressional re-
quest was presented in the form of seven questions, which are addressed
in Appendix A of this report. The funding for the study was provided by
the National Institute for Occupational Safety and Health (NIOSH) and
by the National Institutes of Health (NIH).

PANEL CHARGE, COMPOSITION, AND APPROACH

The charge to the panel from NIOSH and NIH was to undertake a
series of tasks that would lead to a detailed analysis of the complex set of
factors contributing to the occurrence in the workplace of musculoskeletal

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE ES.1 A conceptual model of the possible roles and influences that vari-
ous factors may play in the development of musculoskeletal disorders. The dot-
ted box outline on the right indicates the possible pathways and processes that
could occur within the person, including the biomechanical load-tolerance rela-
tionship and the factors that may mediate the load-tolerance relationship, such as
individual factors and adaptation. Outcomes may be a result of this relationship
and may be influenced by individual factors, such as conditioning or psychologi-
cal state. The dotted box on the left indicates the possible influences of the work-
place on the sequence of events that can lead to musculoskeletal disorders in the
person. Arrows between “the workplace” factors and “the person” box indicate
the various research disciplines (epidemiology, biomechanics, physiology, etc.)
that have attempted to explain the relationship. For example, epidemiology typi-
cally searches for associations between external loading characteristics and re-
ported outcomes, whereas the relationship between external loads and biome-
chanical loading is usually explored via biomechanical studies (adapted from
National Research Council, 1999b).
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4 MUSCULOSKELETAL DISORDERS AND THE WORKPLACE

BOX ES.1 The Charge

1. Assess the state of the medical and biomechanical literature describing the
models and mechanisms characterizing the load-response relationships and the
consequences (adaptation, impairment, disability) for musculoskeletal structures
of the neck, the upper extremities, and the low back.

2. Evaluate the state of the medical and behavioral science literature on the char-
acter of jobs and job tasks, the conditions surrounding task performance, and the
interactions of person, job, and organizational factors and, in addition, examine the
research literature on the individual and nonwork-related activities that can contrib-
ute to or help prevent or remediate musculoskeletal disorders.

3. Assess the strengths and weaknesses of core datasets that form the basis for
examining the incidence and epidemiology of musculoskeletal disorders reported
in the workplace.

4. Examine knowledge concerning programs and practices associated with pri-
mary, secondary, and tertiary prevention of musculoskeletal injuries, ranging from
organization-wide promotion of a safety culture to modified work and a variety of
clinical treatment programs.

5. Characterize the future of work, how the workforce and jobs are changing and
the potential impact of these changes on the incidence of musculoskeletal dis-
orders.

6. Identify most important gaps in the science base and recommend needed re-
search.

disorders of the low back and upper extremities and that would provide
the information necessary to address the questions posed by Congress.
The charge appears in Box ES.1. The panel viewed this charge as an
opportunity to conduct a comprehensive review and interpretation of the
scientific literature, with the goal of clarifying the state of existing knowl-
edge concerning the roles of various risk factors and the basis for various
efforts bearing on prevention. The focus of the study was on work-related
factors. In this context, individual risk factors, such as age, body mass
index, gender, smoking, and activities outside the workplace, were con-
sidered as sources of confounding and were accounted for in the research
reviews.

The panel was composed of 19 experts representing the fields of bio-
mechanics, epidemiology, hand surgery, human factors engineering, in-
ternal medicine, nursing, occupational medicine, orthopedics, physical
medicine and rehabilitation, physiology, psychology, quantitative analy-
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EXECUTIVE SUMMARY 5

sis, and rheumatology. The panel’s work was guided by two underlying
principles. The first, noted above, was to approach musculoskeletal disor-
ders in the context of the whole person rather than focusing on body
regions in isolation. The second was to draw appropriate scientific infer-
ences from basic tissue biology, biomechanics, epidemiology, and inter-
vention strategies in order to develop patterns of evidence concerning the
strength of the relationship between musculoskeletal disorders and the
multiplicity of work and individual factors.

The panel applied a set of rigorous scientific criteria in selecting the
research studies for its review. Because the literature includes both em-
pirical and theoretical approaches and covers a wide variety of research
designs, measurement instruments, and methods of analysis, the quality
selection criteria varied somewhat among disciplines (see Chapter 1 for
details). At one level, there are highly controlled studies of soft tissue
responses to specific exposures using cadavers, animal models, and hu-
man subjects. At another level, there are surveys and other observational
epidemiologic studies that examine the association among musculoskel-
etal disorders and work, organizational, social, and individual factors. At
yet another level, there are experimental and quasi-experimental studies
of human populations designed to examine the effects of workplace inter-
ventions. Each level provides a different perspective; together they pro-
vide a complementary picture of how various workplace exposures may
contribute to the occurrence of musculoskeletal disorders. Although each
level has its attendant strengths and limitations when considered alone,
together they provide a rich understanding of the causes and prevention
of musculoskeletal disorders.

The wide and diverse body of literature addressing the work-related-
ness of musculoskeletal disorders suggests various pathways to injury.
Figure ES.1 summarizes the analytic framework used by the panel to
organize and interpret these various strands of research. This framework
is central to the panel’s assessment, and it is used to orient and structure
the panel’s report. The factors are organized into two broad categories:
workplace factors and characteristics of the person that may affect the
development of musculoskeletal disorders. Workplace factors include the
external physical loads associated with job performance, as well as orga-
nizational factors and social context variables. A person is the central
biological entity, subject to biomechanical loading with various physical,
psychological, and social features that may influence the biological, clini-
cal, and disability responses. The rationale underlying the figure is that
there may be many pathways to injury, and the presence of one pathway
does not negate nor suggest that another pathway does not play an im-
portant role. The various pathways simply represent different aspects of
the workplace-person system.
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PATTERNS OF EVIDENCE

The panel’s review of the research literature in epidemiology, biome-
chanics, tissue mechanobiology, and workplace intervention strategies
has identified a rich and consistent pattern of evidence that supports a
relationship between the workplace and the occurrence of musculoskel-
etal disorders of the low back and upper extremities. This evidence sug-
gests a strong role for both the physical and psychosocial aspects of work.
There is also evidence that individual factors, such as age, gender, and
physical condition, are important in mediating the individual’s response
to work factors associated with biomechanical loading.

Back Disorders and the Workplace

Low back disorder risk has been established through epidemiologic
studies of work that involves heavy lifting, frequent bending and twist-
ing, and whole body vibration, as well as other risk factors. The relative
risks have been derived from a rigorous evaluation of the literature and
have been found to be strong and consistent. Strong points in this re-
search include control for confounding, temporal association, and charac-
terization of dose-response relationships; the principal limitation is that a
number of the studies are based on self-reports of injury. The epidemio-
logic literature that specifically quantifies heavy lifting shows the greatest
risk for injury when loads are lifted from low heights, when the distance
of the load from the body (moment) is great, and when the torso assumes
a flexed, asymmetric posture. Biomechanical studies reinforce the epide-
miologic findings. Studies in basic biology also describe the mechanisms
involved in the translation of spinal loading to tissue injury within the
intervertebral disc. In addition, the basic science literature has described
pathways for the perception of pain when specific structures in the spine
are stressed. Intervention studies have shown how lift tables and lifting
hoists are effective in mediating the risk of low back pain in industrial
settings. Since risk is lowered when the load is changed from a heavy lift
to a light lift, this finding is also consistent with the rigorous epidemio-
logic findings.

In epidemiologic studies, psychosocial factors in the workplace have
also been found to play a role. Specifically, there is evidence for a relation-
ship between low back disorders and job satisfaction, monotonous work,
work pace, interpersonal relationships in the workplace, work demand
stress, and the worker’s perceived ability to work. In addition, recent
evidence from biomechanics studies points to a mechanism whereby
psychosocial stress contributes to increases in spine loading. There is also
evidence that exposure to psychosocial stressors may result in greater
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trunk muscle activity independent of biomechanical load. Some part of
the variance in response described in the biological and biomechanical
literature appears to be explained by individual host factors, such as age,
gender, and body mass index. For example, age and gender appear to
play a role in determining the magnitude of load to which a person’s
spine may be exposed before damage would be expected.

Upper Extremity Disorders and the Workplace

The pattern of evidence for upper extremity disorders, as for the low
back, also supports an important role for physical factors, particularly
repetition, force, and vibration. The most dramatic physical exposures
occur inmanufacturing, food processing, lumber, transportation, and other
heavy industries, and these industries have the highest rates of upper
extremity disorders reported as work related. Psychosocial factors were
found to play a role in upper extremity disorders as well, particularly high
jobstress and highjob demands. Inaddition, several epidemiologic studies
of physical exposures (force, repetition) and psychosocial exposure (per-
ceived stress, job demands) have documented an elevated risk of upper
extremity disorders among computer users. Nonwork-related anxiety,
tension, and psychological distress are also associated with upper extrem-
ity symptoms. Biomechanical studies have shown that extraneural pres-
sure in the carpal tunnel is increased with hand loading and nonneutral
wrist postures. Basic science studies demonstrate that extraneural pres-
sures may lead to intraneural edema and fibrosis, demyelination, and axon
degeneration. These changes in nerve structure may cause impairment of
nerve function. The findings in the intervention literature are congruent
with those in the basic biology and epidemiology literatures. There is
strong support across these bodies of work that high force and repetition
are associated with musculoskeletal disorders of the upper extremities;
basic biology data provide evidence of alteration in tissue structure. The
intervention literature supports the efficacy of tool and workstation design
changes, job rotation, and other interventions that directly address these
risk factors with regard to upper extremity symptomology.

Although the upper extremity literature is less well developed than
the literature on low back pain, an analogous set of themes emerges,
lending further support to the conclusion that external loads and psycho-
social factors associated with work influence outcomes. These exposure-
response associations persist when adjusted for individual factors that
may increase vulnerability, such as age, gender, and body mass index.
The basic biology and biomechanics studies provide a plausible basis for
the exposure-response relationships. The evidence related to the efficacy
of ergonomic interventions further supports these relationships.
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Interventions

Data from scientific studies of primary and secondary interventions
indicate that low back pain can be reduced under certain conditions by
engineering controls (e.g., ergonomic workplace redesign), administra-
tive controls (specifically, adjusting organizational culture), programs de-
signed to modify individual factors (specifically, employee exercise), and
combinations of these approaches. Multiple interventions that actively
involve workers in medical management, physical training, and work
technique education can also be effective in controlling risk. Similarly,
with respect to interventions for musculoskeletal disorders of the upper
extremities, some studies of engineering controls for computer-related
work (reducing static postural loads, sustained posture extremes, and
rapid motions, and changing the designs of workstations and tools) have
resulted in a decrease in upper extremity pain reports. Studies of admin-
istrative controls (modifying organizational culture by an emphasis on
participatory team involvement) have also reported success. For such
interventions, the commitment of management and the involvement of
employees have been important to success.

These findings are based on a research and development process that
tailors interventions to specific work and worker conditions and evalu-
ates, on a continuing basis, the effectiveness of these interventions in the
face of changing workplace and worker factors. It is therefore neither
feasible nor desirable to propose a generic solution. The development and
application of effective interventions requires an infrastructure that sup-
ports (1) gathering data, through surveillance and research, about the
engineering, administrative, and worker factors that affect the effective-
ness of interventions; (2) using these data to refine, implement, and assess
alternative interventions; and (3) translating knowledge from research to
practice. These efforts will benefit from cooperation and information ex-
change among researchers, practitioners, and workers and managers in
industry and labor, government, and academia. These practices should be
encouraged and extended.

CONCLUSIONS

Based on a comprehensive review and analysis of the evidence, as
described above, the panel has reached the following conclusions:

1. Musculoskeletal disorders of the low back and upper extremities
are an important national health problem, resulting in approximately 1
million people losing time from work each year. These disorders impose
a substantial economic burden in compensation costs, lost wages, and
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productivity. Conservative cost estimates vary, but a reasonable figure is
about $50 billion annually in work-related costs.

2. Estimates of incidence in the general population, as contrasted with
the working population, are unreliable because more than 80 percent of
the adult population in the United States is in the workforce.

3. Because workplace disorders and individual risk and outcomes
are inextricably bound, musculoskeletal disorders should be approached
in the context of the whole person rather than focusing on body regions in
isolation.

4. The weight of the evidence justifies the identification of certain
work-related risk factors for the occurrence of musculoskeletal disorders
of the low back and upper extremities.

¢ The panel concludes that there is a clear relationship between back
disorders and physical load; that is, manual material handling,
load moment, frequent bending and twisting, heavy physical work,
and whole-body vibration. For disorders of the upper extremities,
repetition, force, and vibration are particularly important
work-related factors.

* Work-related psychosocial factors recognized by the panel to be
associated with low back disorders include rapid work pace,
monotonous work, low job satisfaction, low decision latitude, and
job stress. High job demands and high job stress are work-related
psychosocial factors that are associated with the occurrence of
upper extremity disorders.

5. A number of characteristics of the individual appear to affect
vulnerability to work-related musculoskeletal disorders, including
increasing age, gender, body mass index, and a number of individual
psychosocial factors. These factors are important as contributing and
modifying influences in the development of pain and disability and in the
transition from acute to chronic pain.

6. Modification of the various physical factors and psychosocial fac-
tors could reduce substantially the risk of symptoms for low back and
upper extremity disorders.

7. The basic biology and biomechanics literatures provide evidence
of plausible mechanisms for the association between musculoskeletal dis-
orders and workplace physical exposures.

8. The weight of the evidence justifies the introduction of appropriate
and selected interventions to reduce the risk of musculoskeletal disorders
of the low back and upper extremities. These include, but are not confined
to, the application of ergonomic principles to reduce physical as well as
psychosocial stressors. To be effective, intervention programs should
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include employee involvement, employer commitment, and the develop-
ment of integrated programs that address equipment design, work proce-
dures, and organizational characteristics.

9. As the nature of work changes in the future, the central thematic
alterations will revolve around the diversity of jobs and of workers. Al-
though automation and the introduction of a wide variety of technologies
will characterize work in the future, manual labor will remain important.
As the workforce ages and as more women enter the workforce, particu-
larly in material handling and computer jobs, evaluation of work tasks,
especially lifting, lowering, carrying, prolonged static posture, and repeti-
tive motion, will be required to guide the further design of appropriate
interventions.

RECOMMENDATIONS

1. The consequences of musculoskeletal disorders to individuals and
society and the evidence that these disorders are to some degree prevent-
able justify a broad, coherent effort to encourage the institution or exten-
sion of ergonomic and other preventive strategies. Such strategies should
be science based and evaluated in an ongoing manner.

2. To extend the current knowledge base relating both to risk and
effective interventions, the Bureau of Labor Statistics should continue to
revise its current data collection and reporting system to provide more
comprehensive surveillance of work-related musculoskeletal disorders.

® The injury or illness coding system designed by the Bureau of
Labor Statistics should be revised to make comparisons possible
with health survey data that are based on the widely accepted
ICD-9 and ICD-10 coding systems.

® The characterization of exposures associated with musculoskeletal
disorders should be refined, including enhanced quantification of
risk factors. Currently, exposure is based only on characterization
of sources of injury (e.g., tools, instruments, equipment) and type
of event (e.g., repetitive use of tools) derived from injury narratives.

® Information collected from each employer should contribute to
specificity in denominators for jobs including job-specific demo-
graphic features in the workplace, such as age, gender, race, time
on the job, and occupation.

¢ Injury and illness information should include, in addition to the
foregoing demographic variables, other critical variables, such as
event, source, nature, body part involved, time on the job, and
rotation schedule. Combining these with the foregoing variables
would, with appropriate denominator information, allow calcula-
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tion of rates rather than merely counts or proportions, as is now
the case for all lost-workday events.

® Resources should be allocated to include details on non-lost-
workday injuries or illnesses (as currently provided on lost-
workday injuries) to permit tracking of these events in terms of the
variables now collected only for lost-workday injuries (age, gender,
race, occupation, event, source, nature, body part, time on the job).

3. The National Center for Health Statistics and the National Institute
for Occupational Safety and Health should include measures of work
exposures and musculoskeletal disorder outcomes in ongoing federal sur-
veys (e.g., the National Health Interview Surveys, the National Health
and Nutritional Examinations), and NIOSH should repeat, at least decen-
nially, the National Occupational Exposure Survey.

¢ Toupgrade and improve passive industry surveillance of musculo-
skeletal disorders and workplace exposures, the National Institute
for Occupational Safety and Health should develop adaptable sur-
veillance packages with associated training and disseminate these
to interested industries.

e To provide more active surveillance opportunity, the National
Institute for Occupational Safety and Health should develop a
model surveillance program that provides ongoing and advanced
technical assistance with timely, confidential feedback to partici-
pating industries.

4. The National Institute for Occupational Safety and Health should
take the lead in developing uniform definitions of musculoskeletal dis-
orders for use in clinical diagnosis, epidemiologic research, and data col-
lection for surveillance systems. These definitions should (1) include clear
and consistent endpoint measures, (2) agree with consensus codification
of clinically relevant classification systems, and (3) have a biological and
clinical basis.

5. In addition to these recommendations, the panel recommends a
research agenda that includes developing (1) improved tools for exposure
assessment, (2) improved measures of outcomes and case definitions for
use in epidemiologic and intervention studies, and (3) further quantifica-
tion of the relationship between exposures and outcomes. Also included
are suggestions for studies in each topic area: tissue mechanobiology,
biomechanics, psychosocial stressors, epidemiology, and workplace inter-
ventions. The research agenda is presented in Chapter 12.
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ADDITIONAL CONSIDERATIONS

Because of the importance of continued data collection and research
to further elucidate the causes and prevention of musculoskeletal dis-
orders of the low back and upper extremities, the panel believes it would
be useful for relevant government agencies, including the National Insti-
tute for Occupational Safety and Health, the Occupational Safety and
Health Administration, and the National Institute of Arthritis and
Musculoskeletal and Skin Diseases to consider the following program
initiatives.

1. Expanding research support and mechanisms to study musculo-
skeletal disorders in terms of risk factors at work, early detection, and
effective methods of prevention and their cost effectiveness. Some
examples include:

® Developing new mechanisms and linkages among funding agen-
cies (e.g., the National Institute for Occupational Safety and Health,
the National Institute of Arthritis and Musculoskeletal and Skin
Diseases) to expand ongoing basic research on relevant tissues (e.g.,
skeletal muscle, tendon, peripheral nerve) to promote study of
those parameters that are directly relevant to work-related
musculoskeletal disorders.

¢ Creating mechanisms to stimulate collaboration and cross-training
of researchers in the basic and applied sciences directly relevant to
work-related musculoskeletal disorders.

® Developing mechanisms to promote research jointly conducted by
industry and the relevant academic disciplines on work-related
musculoskeletal disorders.

2. Expanding considerably research training relevant to musculo-
skeletal disorders, particularly with relation to graduate programs in epi-
demiology, occupational health, occupational psychology, and
ergonomics, to produce additional individuals with research training.

3. Expanding education and training programs to assist workers and
employers (particularly small employers) in understanding and utilizing
the range of possible workplace interventions designed to reduce
musculoskeletal disorders. In addition, consideration should be given to
expanding continuing education (e.g., NIOSH Education and Research
and Training Projects) for a broad range of professionals concerning risk
factors that contribute to musculoskeletal disorders inside and outside
the workplace.
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4. Developing mechanisms for cooperative studies among industry,
labor unions, and academia, including:

¢ Establishing a database of and mechanism for communicating “best
practices.”

¢ Providing incentives for industry and union cooperation with due
regard for proprietary considerations and administrative barriers.

¢ Encouraging funding for such studies from industry, labor, aca-
demia, and government sources.

5. Revising administrative procedures to promote joint research fund-
ing among agencies.

6. Encouraging the exchange of scientific information among
researchers interested in intervention research through a variety of mecha-
nisms. Areas that could benefit include the development of (1) research
methodologies, especially improved measurement of outcomes and
exposures, covariates, and costs and (2) uniform approaches, allowing
findings to be compared across studies. In addition, periodic meetings
should be considered to bring together individuals with scientific and
“best practices” experience.

In order to implement these suggestions, the scope of research and
training activities of the National Institute for Occupational Safety and
Health would have to be expanded and funding significantly increased.
In addition, other federal agencies (e.g., the National Institute of Arthritis
and Musculoskeletal and Skin Diseases, the National Institute of Mental
Health) would have to broaden their support of research programs exam-
ining musculoskeletal disorders and the workplace. In the panel’s view
these steps deserve serious consideration.
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early 1 million people each year report taking time away from

work to treat and recover from musculoskeletal pain or loss of

function due to overexertion or repetitive motion either in the
low back or upper extremities (Bureau of Labor Statistics, 1999a).!
Although there is a risk of long-term disability in both types of disorder,
the majority of individuals return to work within 31 days. Estimated
workers” compensation costs associated with these lost workdays range
from $13 to $20 billion annually. However, in order to determine the total
economic burden, indirect costs related to such factors as lost wages, lost
productivity, and lost tax revenues must be added to the cost of compen-
sation claims, leading to estimates as high as $45 to $54 billion annually
for musculoskeletal disorders reported as work-related. These figures are
conservative and represent only reported cases. Several studies suggest
that many disorders that could be attributed to work are not reported and
therefore are not counted in any of the existing databases. According to
Praemer, Furner, and Rice (1999), data collected in 1995 show that when
nonoccupationally related disorders are included, the economic burden is
as high as $215 billion.

Given the national dimensions of the problem and the diverse posi-
tions of interested parties—including medical and public health profes-
sionals, behavioral researchers, ergonomists, large and small businesses,
labor, and government agencies—on the strength of the evidence regard-
ing causation, Congress requested a study of the scientific literature on
the causation, diagnosis, and prevention of musculoskeletal disorders.

IThe median number of days away from work for overexertion is 7; for repetitive motion,
it is 18.

17
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CHARGE TO THE PANEL

The Panel on Musculoskeletal Disorders and the Workplace was es-
tablished by the National Research Council (NRC) and the Institute of
Medicine (IOM) in January 1999, to conduct a two-year study of the con-
tribution of workplace physical and psychosocial factors to the occur-
rence of musculoskeletal disorders of the low back and upper extremities
and to examine the effectiveness of various prevention strategies. The
panel is composed of 19 experts representing the fields of biomechanics,
epidemiology, hand surgery, human factors engineering, internal medi-
cine, nursing, occupational medicine, orthopedics, physical medicine and
rehabilitation, physiology, psychology, quantitative analysis, and rheu-
matology. The impetus for the study was a request from Congress to
examine the causation, diagnosis, and prevention of musculoskeletal dis-
orders (House Report 105-635). The congressional request was presented
in the form of seven questions (see Box 1.1). The charge to the panel,
prepared by the NRC and the IOM, was designed to provide a compre-
hensive review of the science base and to address the issues outlined in
the congressional questions. The tasks specified in the charge are:

e Assess the state of the medical and biomechanical literature

BOX 1.1 Seven Questions Posed by Congress
House Report 105-635

1. What are the conditions affecting humans that are considered to be work-relat-
ed musculoskeletal disorders?

2. What is the status of medical science with respect to the diagnosis and classi-
fication of such conditions?

3. What is the state of scientific knowledge, characterized by the degree of cer-
tainty or lack thereof, with regard to occupational and non-occupational activities
causing such conditions?

4. What is the relative contribution of any causal factors identified in the literature
to the development of such conditions in (a) the general population; (b) specific
industries; and (c) specific occupational groups?

5. What is the incidence of such conditions in (a) the general population; (b) spe-
cific industries; and (c) specific occupational groups?

6. Does the literature reveal any specific guidance to prevent the development of
such conditions in (a) the general population; (b) specific industries; and (c) specif-
ic occupational groups?

7. What scientific questions remain unanswered, and may require further re-
search, to determine which occupational activities in which specific industries
cause or contribute to work-related musculoskeletal disorders?
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describing the models and mechanisms characterizing the load-response
relationships and the consequences (adaptation, impairment, disability)
for musculoskeletal structures of the neck, the upper extremities, and the
low back.

e Evaluate the state of the medical and behavioral science literature
on the character of jobs and job tasks, the conditions surrounding task
performance, and the interactions of person, job, and organizational fac-
tors and, in addition, examine the research literature on the individual
and nonwork-related activities that can contribute to or help prevent or
remediate musculoskeletal disorders.

® Assess the strengths and weaknesses of core datasets that form the
basis for examining the incidence and epidemiology of musculoskeletal
disorders reported in the workplace.

¢ Examine knowledge concerning programs and practices associated
with primary, secondary, and tertiary prevention of musculoskeletal inju-
ries, ranging from organization-wide promotion of a safety culture to
modified work and a variety of clinical treatment programs.

e Characterize the future of work, how the workforce and jobs are
changing and the potential impact of these changes on the incidence of
musculoskeletal disorders.

e Identify the most important gaps in the science base and recom-
mend needed research.

The disorders of particular interest to the panel, in light of its charge,
focus on the low back and the upper extremities. Some of these are clini-
cally clear-cut, others less so. With regard to the upper extremities, these
include rotator cuff injuries (lateral and medial), epicondylitis, carpal
tunnel syndrome, tendinitis, tenosynovitis of the hand and wrist (includ-
ing DeQuervain’s stenosing tenosynovitis, trigger finger, and others), and
a variety of nonspecific wrist complaints, syndromes, and regional dis-
comforts lacking clinical specificity. With regard to the low back, there are
many disabling syndromes that occur in the absence of defined radio-
graphic abnormalities, or commonly occur in the presence of unrelated
radiographic abnormalities. Thus, the most common syndrome is non-
specific backache. Other disorders of interest include back pain and sciatica
due to displacement and degeneration of lumbar intervertebral discs with
radiculopathy, spondylolysis, spondylolisthesis, and spinal stenosis>—

ZRadiculopathy is a disease of the roots of the spinal nerves. Spondylosis is a defect in the
spinal arch—the part of the vertebrae that lies behind the nerves and the spinal cord.
Spondylolisthesis is the slippage of a vertebra on the vertebra below. Spinal stenosis is a
narrowing of the spinal canal, usually due to osteoarthritis and sometimes with pressure on
the nerve root.
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International Classification of Disease (ICD-9) categories 353-357, 722-
724, and 726-729.

Estimates of the frequency of these disorders may be gleaned from
the fact that Americans make some 70 million physician office visits an-
nually for musculoskeletal disorders. Of these, nearly 20 million are for
back complaints and 2.7 million are for complaints related to the wrist.
Comparative estimates of the incidence of these disorders in the non-
working general population are not available, since more than 80 percent
of American adults are in the workforce. In addition, low back pain is a
common complaint and mechanical stressors are not confined to the work-
place. Defining the proportion of musculoskeletal disorders due to work-
place injuries is therefore a complex undertaking.

BACKGROUND

In the workplace, the multiplicity of factors that may affect reported
cases—including work procedures, equipment, and environment; organi-
zational and social factors; physical and psychological characteristics of
the individual; and workplace reporting practices—has led to an ongoing
debate about causes, nature, severity, and degrees of work-relatedness.3
In response, the National Institute for Occupational Safety and Health
published an extensive review of the literature describing the epidemi-
ology of musculoskeletal disorders of the back and upper extremities
(Bernard, 1997b). This review focused on the results of research projects
designed to examine the causal link between physical activities in the
workplace and musculoskeletal disorders; in addition, one section was
devoted to the assessment of the research on psychosocial factors, such as
workload, social support, job control, and activities outside the work-
place. The authors reported strong evidence for the combined effects of
repetitive motion, force, and posture on elbow and hand /wrist disorders
as causative factors, although the evidence was weaker for each factor
individually.

SWork-related illnesses or diseases may be caused by, aggravated, accelerated, or exacer-
bated by workplace exposures, and they may impair working capacity. Personal character-
istics and other environmental and sociocultural factors usually play a role as risk factors in
work-related illnesses and diseases. These are more common than occupational diseases,
which are at one end of the work-relatedness spectrum, whereby the relationship to specific
causal factors at work has been fully established and the factors concerned can be identi-
fied, measured, and eventually controlled. At the other end of the spectrum are diseases
with a weak, inconsistent, unclear relationship to working conditions, although the strength
and magnitude of the relationship may vary. This definition also includes conditions that
are not caused by work but are aggravated by it (World Health Organization, 1985).
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In summer 1998, the National Academy of Sciences/National Re-
search Council convened a workshop to review the scientific literature
regarding the effects of a wide range of potential contributing factors and
their interactions. The report of the workshop’s organizing committee
found that although the strength of the evidence varied, some broad con-
clusions could be drawn (National Research Council, 1999b:27):

¢ “There is a higher incidence of reported pain, injury, loss of work,
and disability among individuals who are employed in occupations where
there is a high level of exposure to physical loading than for those em-
ployed in occupations with lower levels of exposure.

* There is a strong biological plausibility to the relationship between
the incidence of musculoskeletal disorders and the causative exposure
factors in high-exposure occupational settings.

® Research clearly demonstrates that specific interventions can re-
duce the rate of reported musculoskeletal disorders for workers who
perform high-risk tasks. No known single intervention is universally ef-
fective. Successful interventions require attention to individual, organiza-
tional, and job characteristics, tailoring the corrective actions to those
characteristics.”

Other researchers have developed different interpretations of the
available data. These researchers contend that there is insufficient evi-
dence to establish a causal relationship between workplace activities and
the occurrence of musculoskeletal disorders (see, for example, Hadler, in
press; Nathan et al., 1992). Their argument hinges on the proposition that
the methodology for most studies is inadequate and thus uncertain re-
sults are obtained. The panel shares the view that sound conclusions must
be based on valid data, and accordingly developed rigorous criteria for
the inclusion of studies in the present effort. These criteria are detailed
later in this chapter.

APPROACH TO THE PROBLEM

In responding to its charge, the panel conducted a comprehensive
review of the scientific literature describing the biological responses to
load on tissue; biomechanical models of static, dynamic, and repetitive
motion and the effects of various forces and loads on the body; the re-
lationships among the occurrence of musculoskeletal disorders and phy-
sical work, social and organizational factors, activities outside the
workplace, and individual differences; changes in the workplace or the
addition of workplace programs designed to reduce the risks for the oc-
currence of musculoskeletal disorders; and trends in workplace charac-
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teristics and their implications for musculoskeletal disorders in the fu-
ture.

Several screening criteria were used by the panel in selecting the
research literature for review. Criteria that applied to all areas included:

1. Focused on low back and upper extremity musculoskeletal dis-
orders

2. Conducted within the last 20 years

3. Published in peer-reviewed publications

4. Published in English

Because the scientific literature has various purposes; includes both
empirical and theoretical approaches; and covers a wide variety of re-
search designs, measurement instruments, and methods of analysis, the
selection criteria necessarily varied among disciplines. Reviews in tissue
mechanobiology and biomechanics were further limited to controlled
studies measuring physical and physiological responses using cadavers,
animal models, and human subjects. The review of the biomechanical
literature focused on studies that assessed the basic load-tolerance con-
struct, had quantifiable exposure metrics, had outcome measures that
were quantifiable on a continuous measurement scale, did not rely solely
on self-reports, and were designed as prospective, case-controlled, or ran-
domized controlled trial studies. The criteria used in screening literature
for the epidemiology review were: a participation rate of 70 percent or
more, well-defined exposure and referent populations, and well-defined
criteria for measuring health outcomes determined before the study. Fi-
nally, the review of the intervention literature was restricted to studies
with control groups that examined the effects of primary and secondary
interventions in the workplace. The intervention review was supple-
mented by an evaluation of reports from industry describing best prac-
tices in the workplace.

As part of its information gathering activities, the panel commissioned
12 literature reviews including: (1) five on biological responses to load on
nerves, tendons, ligaments, muscle, and bone; (2) two on the biomechan-
ics of the back and upper extremities; (3) four on epidemiologic research
on the contribution of physical and psychosocial factors to musculoskel-
etal disorders of the back and upper extremities; and (4) one on economic
and cultural context factors that influence the reporting and duration of
these disorders. In addition, the panel was given the opportunity to ob-
serve work performed at two Ford Motor Company automobile plants
and to hold discussions with union representatives, plant managers, and
members of ergonomics teams. The panel also heard a presentation de-
scribing the Bureau of Labor Statistics database on musculoskeletal dis-
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orders and others outlining the experiences of various industries with
these disorders, including trends in reported cases and the effectiveness
of various intervention strategies. Finally, the panel held an open forum
in which representatives from orthopedics, occupational medicine, indus-
try, and labor offered their views on the weight of the scientific evidence.
The information gathered in the site visit to Ford Motor Company and in
the presentations enriched the panel’s discussions of workplace activities
and the effectiveness of various intervention strategies in selected work
environments.

THE WHOLE PERSON: INJURY, ILLNESS, AND DISEASE

We begin the discussion with some basic concepts that guided the
panel’s analysis of the scientific literature. These include the concept of
physical injury, including the response of the whole person and the chal-
lenges of diagnosis based on symptoms (e.g., pain), objective, measurable
biological change, or both.

In the most immediate sense, injury is a biological event representing
the impact of an environmental alteration on the individual. Such alter-
ations are of numerous types and intensities and may range from inva-
sion by biological agents, such as viruses or bacteria, through exposure to
toxic substances or various forms of radiant energy, to physical forces,
including those capable of damaging musculoskeletal structures. The ex-
tent of physical injury after such exposure varies widely depending on
the intensity of the adverse event, the duration of exposure to it, and the
characteristics of the injured individual.

Just as there is wide variability in the nature of the inciting event,
there is wide variability among individuals in response to pain and func-
tional limitation, including a variety of individual coping mechanisms,
the effectiveness, extent, and adequacy of personal support systems at
home and at work, and the individual’s broader adjustment to the work
context. These factors mean that injury is a psychosocial event as well as a
biological or physical one. In addition, physical activities outside the
workplace, including, for example, those deriving from domestic respon-
sibilities in the home, physical fitness programs, and others are also ca-
pable on one hand of inducing musculoskeletal injury and on the other of
affecting the course of such injuries incurred at the workplace. Because
injury and its impact on the individual are inextricably bound, the panel
approached its charge by considering the context of the whole person as
the injured and reacting entity, rather than focusing on the low back or
upper extremities in isolation.

Among individuals who have the same level of physiological impair-
ment, there is wide variation with regard to symptom intensity, associ-
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ated interference with activity, and contributing and comorbid factors in
the individual’s health status and in the wider social context of his or her
life. Important diagnostic issues are involved in workplace injuries, just
as they are in most situations in which individuals look to physicians or
others in the health care system for diagnosis and management of symp-
toms. Furthermore, in the case of many clinical disorders, it is common
for complete and unambiguous objective support of the diagnostic for-
mulation to be lacking. Thus, clinicians are accustomed to the concept of
diagnostic thresholds; that is, acceptable levels of evidence on the basis of
which treatment and other management decisions are made. Such evi-
dence may include the extent to which the patient’s symptoms are char-
acteristic of the disorder under consideration, the degree to which the
findings on physical examination are consonant with it, the presence of
predisposing factors and precipitating events sufficient to lend support to
the diagnosis, and the level of confirmation available from objective stud-
ies, such as laboratory tests, electrocardiograms, and X-rays. Assessments
lacking such objective medical evidence can sometimes achieve high de-
grees of diagnostic reliability, as is the case in some pain syndromes in
other areas, for example, classic migraine headache, angina pectoris, and
premenstrual syndrome, although in may instances presenting syndromes
are less specific.

Several studies of varying design (chart review, clinic questionnaire,
community surveys) have examined how often patients with common
physical complaints have symptoms only, in the absence of correlated
measurable change (Kroenke and Mangelsdorff, 1989; Kroenke and Price,
1993; Kroenke et al., 1994; Marple et al., 1997; Kahn, Kahn, and Kroenke,
2000). It appears that at least one of every three patients who present with
physical complaints in the primary care setting fall into this category,
regardless of the specific symptoms or complaints. In these studies, the
proportion of individuals with back pain who had symptoms only ranged
from 16 to 90 percent. The widely ranging estimates arise from substantial
differences in study methodology. Those studies relying on retrospective
review of medical records (Kroenke and Mangelsdorff, 1989; Khan et al.,
2000) for back pain diagnosis only yielded higher estimates (70 to 90
percent), while those using directed inquiry of physicians (Kroenke et al.,
1994; Marple et al., 1997) provided lower estimates (16 to 30 percent).
These data do not mean that such symptoms are trivial, but rather that
patients presenting for care frequently experience symptomatic illness in
the absence of abnormalities on physical examination and available diag-
nostic tests. The predominance of a symptom-only diagnosis is not re-
stricted to musculoskeletal disorders but has been demonstrated also for
other symptoms, including chest pain and abdominal pain (Wasson, Sox,
and Sox, 1981; Martina et al., 1997).
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These factors point to an important distinction that obtains widely
throughout clinical medicine: the distinction between illness and disease
or, framed in an alternative manner, the distinction between the experi-
ence of being ill or sick (symptoms, other discomforts, dysfunctionality,
fear, and social impacts) on the one hand, and disease, a biological event
characterized usually but not invariably by definable and objective change
(for example, abnormalities in X-rays, blood tests, or on examination of
the heart) on the other. Disease and illness are usually present together
and in related fashion, but this is not inevitably the case. Thus, it is pos-
sible to be ill in the absence of objective change (migraine headache is a
good example), and it is possible to have objective disease without being
ill (for example, a small lung tumor evident on a chest X-ray that has not
yet produced any symptoms). The important derivative of these consid-
erations for the purposes of the deliberations of the panel is that symp-
tomatic injury of the low back or upper extremity may or may not be
accompanied by definitive objective change, for example, on X-ray exami-
nations, and, conversely, abnormalities of a variety of types may be found
on X-rays or other studies that do not bear on and have no relation to the
symptoms with which the patient may be presenting to the care system.
Clinical judgment, that is, the weighing of all of the evidence by the phy-
sician, is thus an important factor in arriving at a diagnostic conclusion.

Not infrequently, pain syndromes related to the low back or upper
extremities do not satisfy rigorous diagnostic criteria for well-defined
clinical entities. Thus, most instances of acute or chronic low back pain are
not accompanied by classical radiation of the pain in the distribution of
the sciatic nerve, a syndrome that usually indicates herniation of a lumbar
intervertebral disc with impingement on nerve roots. In such instances,
the poor fit of the symptom pattern in the particular patient with diagnos-
tic criteria for well-defined disorders is not an indication that the patient’s
symptoms are trivial or unrelated to identifiable risk factors. Indeed, the
lack of such a fit with clearly defined disorders is more often the case than
not.

Pain is the most common symptom for which patients see physicians,
and chronic pain is a particularly difficult problem in clinical manage-
ment. Pain can have no precise definition because only the suffering indi-
vidual perceives it. Pain receptors are widely distributed in the tissues of
the body and appear to be stimulated either by strong mechanical defor-
mation, by extremes of hot or cold, or by various chemical substances
liberated by inflammation or other processes. Pain is transmitted through
peripheral nerves to the spinal cord and to the brain. Various responses
are elicited, through a variety of neural connections involving the spinal
cord as well as descending pathways from the brain. Some of these are
reflex in nature and others involve complex reactions that vary widely
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from individual to individual, based on pain intensity, the implications of
the pain to the individual, the extent to which the pain interferes with
physical or social function, and many other factors. (Chapter 5 contains a
more detailed discussion.)

Somatization is a clinical phenomenon that requires consideration in
the context of understanding the perception of pain. It is generally de-
fined as the experiencing and reporting of bodily symptoms lacking a
plausible physical explanation and the attribution by the symptomatic
individual of such symptoms to disease. Medical attention is frequently
sought for such symptoms. Somatization must be distinguished from
malingering. Malingering is the intentional production of false or grossly
exaggerated physical or psychological symptoms prompted by a con-
scious desire to obtain tangible external rewards. Somatization, which is
both unintentional and involuntary, shares neither of these characteristics
(Sadock and Sadock, 1999).

Medically explained symptoms that occur in somatizing patients can
sometimes persist for long periods of time. Cognitive processes (e.g., in-
creased attention to normal bodily sensations or excessive worry about a
serious cause) as well as psychological factors both contribute to somatiza-
tion. Among the psychological factors, depression and anxiety are particu-
larly important influences in the experience of pain related to somatization.
These factors are present in 30 to 60 percent of somatized patients (Kroenke
etal., 1994,1997; Simon et al., 1996). Both pharmacological and nonpharma-
cological treatments may lead to symptom reduction in somatizing pa-
tients (O'Malley et al., 1999; Kroenke and Swindle, 2000). A small subset of
somatizing individuals have a history of chronic multiple, unexplained
symptoms and are classified as having a somatoform disorder. Early rec-
ognition of the role somatization may play in some patients with muscu-
loskeletal disorders or other persistent symptoms is essential to avoid
excessive diagnostic testing as well as inappropriate medical and surgical
interventions. The evaluation and management of somatization are re-
viewed by Barsky and Borus (1995, 1999).

A particular challenge in the treatment of musculoskeletal disorders
in the worker in whom somatization is a causative or aggravating factor is
the potential stigma related to experiencing or reporting a concomitant
psychological problem, such as depression or anxiety. Such stigmatiza-
tion may preclude access to appropriate management of the psychologi-
cal distress that accompanies these problems. Although denial of requests
for behavioral health evaluations may be based on claims adjusters’ fears
of adding a secondary “mental claim” to a primary “physical claim,”
related to a belief among claims adjusters that such an addition drives up
the cost of the claim significantly, an analysis of detailed medical costs for
back pain by private workers’ compensation carriers indicates that psy-
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chiatric or psychological care accounts for a very small percentage of
health care costs, despite the high prevalence of idiopathic low back pain
and co-occurrence of anxiety and depression in this diagnostic group.
Only 0.4 percent of the cost of the care delivered for low back pain was
allocated to psychiatric or psychological evaluation and treatment in one
study (Williams et al., 1998). A similarly low percentage of health care
costs was allocated to behavioral health services in a large group of fed-
eral workers diagnosed with carpal tunnel syndrome or tendinitis of the
elbow managed within the federal workers” compensation system (Feuer-
stein et al., 1998).

Workplace and individual psychosocial factors can interact with er-
gonomic factors to affect clinical and functional outcomes even in those
workers not receiving workers’ compensation and actively working with
pain. The practical implication is the importance of early evaluation of
injured workers to determine if there are psychosocial issues that might
influence the outcome. If such problems are detected, intervention should
be aggressively targeted at these areas early.

LEVELS OF ANALYSIS: INDIVIDUALS AND POPULATIONS

Analysis of musculoskeletal disorders and the workplace must take
place on two levels. The first of these addresses the individual, and the
second addresses populations at risk in the aggregate. Individual consid-
erations in workplace injury include elements of individual exposure to
risk, the characteristics of the injuring event, the responses of the indi-
vidual to the injury, diagnostic issues, and case management, including
both clinical and nonclinical aspects. Aggregate or population approaches
to workplace injury allow the accumulation of epidemiologic informa-
tion, which in turn permits the analysis of patterns of injury, patterns of
responses, and the design of potential preventive measures. There is a
broad scientific literature in each of these areas—that is, at the level of
both the individual and the population at risk—and the panel has ana-
lyzed both in the process of its examination of the evidence bearing on
workplace injury.

Analysis at the aggregate level provides a useful structure for con-
sidering a wide range of strategies for reducing the risk factors for the
occurrence of musculoskeletal disorders. One intervention strategy, for
example, might be redesigning elements of the physical workplace; oth-
ers might be creating a more supportive organizational culture or intro-
ducing an exercise program for strengthening workers both physically
and psychologically. In introducing any intervention strategy, it is impor-
tant to take into account the whole person and his or her interactions with
the environment. Hence, many of those working in this area have used
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multifactorial approaches based on programs that include, for example,
changes in workplace design, exercise regimens, training in pain control
techniques, and efforts to affect other aspects of the workplace environ-
ment, such as equipment design.

Modifications of workplace infrastructure are intended to be endur-
ing and appropriate for a population of workers. Although the potential
effects of workplace activities on the body occur in workers as individu-
als, employer remedies and preventive strategies are more logically and
economically directed toward a workplace system in which the aggrega-
tion of workers is characterized by a range of human physical and psy-
chological features. The goal is to create workplace conditions that are
robust to changes in the workforce over time and adaptable to changes in
the nature of the work being performed.

CONTEXTUAL FACTORS

Figure 1.1 provides an overview of the risk factors for injury, impair-
ment, and disability attributed to musculoskeletal disorders in the indi-
vidual. It shows that the association between physical exposure and the
development of a musculoskeletal disorder occurs in a broad context of
economic and cultural factors and reflects the interaction of elements in-
trinsic to, as well as extrinsic to, the individual. Most research on muscu-
loskeletal disorders in the workplace has focused on physical exposures
and psychosocial factors, and indeed these factors are treated in greatest
detail in this report. Here we briefly discuss the potential impact of eco-
nomic incentives, workplace organizational policies, and research, be-
cause in our view these are important to any interpretation of the basic
scientific data on the relationship between exposure and rates of worker
disability. In this regard, there is convincing evidence to support the hy-
pothesis that compensation wage replacement rates, local unemployment
rates, and cultural differences can influence the reporting of musculoskel-
etal pain or disability—even though assessment of the direction and mag-
nitude of these factors is quite complex.

Disability Benefits

Virtually every study that addresses workers” compensation disabil-
ity benefits shows that the nature of these benefits has a significant effect
on the timing of return to work after a work-related injury. The probabil-
ity of return to work decreases and duration of work absence increases as
benefit levels increase (Loeser, Henderlite, and Conrad, 1995). The causal
direction of the reimbursement effect, however, may not always be clear.
While higher reimbursement rates may indeed prompt some workers
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FIGURE 1.1 Risk factors for the injury, impairment, and disability attributed to
musculoskeletal disorders in the individual.

who would otherwise return to work to remain absent longer, lower rates
may prompt others to return to work too early, while still symptomatic,
and with significant functional limitations. Separate from benefits, an as-
sociation between attorney representation and the frequency and dura-
tion of claims has been documented. This linkage has prompted policy
recommendations to remove disincentives to return to work (Johnson,
Baldwin, and Butler, 1998). The direction of this “attorney effect,” how-
ever, is difficult to establish. It is not obvious that representation by an
attorney is the cause of a claim’s being filed or prolonged. For example,
patients with the most severe functional limitations are most likely to seek
assistance from attorneys. It may also be that the legal proceedings pro-
long the period until a claim is settled and the worker returns to work.
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Organizational Policies and Practices

The rise of direct and indirect costs of work-associated injuries during
the 1980s prompted employers and researchers to examine the ways in
which workplace policies and practices may influence work disability.
Hunt and Habeck (1993) studied the role of organizational policies and
practices on the frequency and duration of worker disability among em-
ployees of 220 companies in Michigan in 1991. Firms that reported main-
taining safe equipment, investigating risks and accidents promptly,
enforcing safety policies, and emphasizing safety in all aspects of opera-
tions had fewer lost workdays. Firms that reported active involvement of
the injured worker and supervisor in the return-to-work process, creative
strategies to accommodate injured workers, and cooperation and coordi-
nation of workers also had fewer lost workdays and fewer claims.

Shannon and colleagues (1996) surveyed employers and workers at
435 manufacturing workplaces across six industries in Ontario. Several
factors were associated with lower rates of lost-time injuries, including
greater experience (seniority) of the workforce, greater involvement of
the workers in decision making, and greater commitment of the company
to workers’ career development. Profitability and unionization were not
associated with lost-time frequency rates in this study, nor were the struc-
ture or functioning of the joint health and safety committees. Union
membership has been shown to delay return to work in the United States
but not in Canada, perhaps because in the United States unions often
provide workers with attorneys and legal representation, which may pro-
long work absence (Johnson, Baldwin, and Butler, 1998; Baldwin, 2000).

There is consistent evidence that providing injured employees with
modified work (typically modified tasks and schedules) increases the rate
of successful return to work twofold and reduces the length of work
absence following injury by half (Krause, Dasinger, and Neuhauser, 1998).
Furthermore, the employer’s attitude toward injured workers may have
important effects on return to work (Strunin and Boden, 2000).

These findings indicate that organizational policies and practices in
the workplace influence rates of worker disability. In particular, compa-
nies that make a greater commitment to worker health, safety, involve-
ment in decision making, and availability of modified work appear to
have lower rates of lost-time injuries. Of note is the observation that struc-
tural elements such as health and safety committees appear not to lead to
lower lost-time rates unless they are coupled with a commitment to
worker well-being.
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Culture

There is also some evidence that cultural factors influence reporting.
Although this literature is difficult to interpret due to the elusive defini-
tion of such factors, there is work on low back pain and whiplash injury
suggesting that cultural differences may affect musculoskeletal epidemi-
ology. Specifically, Westernization, industrialization, and social security
systems may be associated with a greater willingness of workers to report
low back pain (Volinn, 1997). With regard to whiplash injury, investiga-
tors have speculated that insurance for personal injury drives rates up-
ward in some countries and the lack of insurance depresses rates in others
(Obelieniene et al., 1999; Partheni et al., 1999). The conversion in Sas-
katchewan from tort-based compensation, including payments for pain
and suffering, to a no-fault system that did not provide such payments
was accompanied by substantial decreases in the incidence of claims
(Cassidy et al., 2000). The effect of the change in compensation system on
whiplash symptoms was not evaluated in this study.

MECHANICAL, PHYSIOLOGICAL, AND
PSYCHOLOGICAL FACTORS

Every clinical disorder represents a complex interaction between the
affected individual and a variety of determinants of the response of the
particular individual to injury. Thus, the “dose” of the injuring agent or
circumstance may vary widely from person to person, interacting with
relevant characteristics of the individual that determine vulnerability or
resistance. In addition, symptoms, disease, injury, and disability have
varying meaning among individuals, reflecting a wide array of psycho-
logical and social responses. The spheres in Figure 1.1 represent individual
risk factors for musculoskeletal disorders and their potential interaction
with mechanical stressors—one sphere contains the mix of the individ-
ual’s psychological characteristics, such as coping strategies, and his or
her social context; the second includes physiological characteristics of the
individual, including tissue response to load, age, and the presence of
medical comorbidities; and the third includes mechanical exposures, such
as physical job demands resulting in external loading. The importance of
each sphere, and hence its contribution to the risk of disorder, varies
among individuals and work environments. At the center, the three
spheres overlap to define a region of risk for disorder, emphasizing the
principle that the risk is multifactorial and reflects the varying contribu-
tion of each set of factors. In addition to their specific contributions, the
extent to which the spheres interact is influenced by social, medical, orga-
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nizational, and other factors, and the probability of disorder varies
accordingly.

The psychological characteristics sphere represents the nature of the
individual’s psychological response to extrinsic stressors, largely reflect-
ing social context and its implications for the individual. The relative
importance of this sphere is determined by such psychological character-
istics as attitudes, values, and a variety of coping mechanisms. The psy-
chosocial axis represents the psychosocial factors to which the individual
is exposed.

The physiological characteristics sphere represents the individual’s
biology/physiology: the structure and function of the body. This sphere
reflects how individual physical factors contribute to risk of disability.
These factors include age, body mass index, gender, and general physical
condition, including the presence of comorbidities. Medical interventions,
such as clinical treatments and surgery, can influence the individual’s
physical state and thus the position of the physiological sphere along the
physiological axis.

The mechanical exposure sphere represents factors associated with
physical load arising in the environment—physical work procedures and
equipment as well as physical activity outside the workplace. Physical
work procedures include activities such as lifting, reaching, bending,
twisting, and repetitive motion, all of which affect the physical load expe-
rienced by body tissues. Examples of relevant physical activities outside
the workplace include exercise regimens, sports, and lifting and bending
in the course of household or other daily activities. Many of these activi-
ties of daily living may involve physical stresses similar to those present
in the workplace. The mechanical axis implies variation of work and
organizational factors that may contribute to risk. For example, putting
time pressure on the worker may result in poor execution of prescribed
procedures and lack of attention to safety considerations.

Interaction among physiological, psychological, and mechanical load
levels is reflected in the figure by sphere overlap. The interplay of psycho-
logical characteristics and mechanical exposure represents the intersec-
tion between imposed physical load and the individual’s psychological
response to the workload. The overlap between psychological and physi-
ological characteristics represents the interaction among tissue vulner-
ability to load, the experience of pain, and the effect of pain on the
individual. Finally, the overlap between the physiological and mechani-
cal spheres symbolizes the relationship between physical stressors and
the response of body tissue. Figure 1.1 is intended to describe variation
from person to person and in the individual over time, as well as the
capacity of any of its subelements to diminish or expand. There is also a
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capacity implied for adaptation on the part of the individual, as well as
for alteration in mechanical factors, social and cultural context, etc.

Figure 1.2 provides an elaboration of these factors and their interrela-
tionships as a basis for the panel’s review and analysis of the scientific
literature. This figure is central to the panel’s assessment, and provides a
framework for organizing and structuring the research reviewed in this
volume. Here the factors are organized into two broad categories: work-
place factors and characteristics of the person that may affect the develop-
ment of musculoskeletal disorders. Workplace factors include the external
physical loads associated with job performance, as well as organizational
factors, and social context variables. The person is identified as the central
biological entity subject to biomechanical loading with the various physi-
cal, psychological, and social features associated with the individual that
may influence the biological, clinical, and disability response. These indi-
vidual factors are represented in the physiological and psychological
spheres shown in Figure 1.1 and include age, gender, smoking habits,
comorbidities, and perhaps genetically determined predispositions, as
well as participation in physical activities away from the workplace (e.g.,
physical exercise, household work, etc.).

External loads resulting from work are transmitted through biome-
chanical forces of the limbs and trunk to create internal loads on the
tissues and anatomical structures. Relevant biomechanical factors include
body position, exertions, and motions. Biomechanical loading is also af-
fected by individual factors such as anthropometry, strength, agility, dex-
terity, and other factors mediating the transmission of external loads to
internal loads on anatomical structures. When the load exceeds mechani-
cal tolerance or the ability of the structure to withstand the load, tissue
damage occurs. The outcomes of pain, discomfort, impairment, and dis-
ability are the result of the interaction of the three categories of workplace
factors portrayed and the physical and psychological characteristics of
the individual.

Organizational and social context factors may affect the external de-
mands of work and the individual’s response to these demands. Organi-
zational factors influence external loads in terms of the organization of
tasks, work pace, characteristics of interpersonal interactions, and the
utilization of ergonomic principles to modify tasks so as not to exceed the
physical capacity of the worker. Social context factors may influence both
organizational procedures and worker expectations and motivations. The
impacts of the organizational and social factors on the individual are
mediated through cognitive and perceptual mechanisms (represented by
individual factors in Figure 1.2). These mechanisms vary from one indi-
vidual to another; thus, the threshold at which external stimuli evoke
psychological stress and mobilize coping mechanisms varies due to indi-
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FIGURE 1.2 A conceptual model of the possible roles and influences that various
factors may play in the development of musculoskeletal disorders. The dotted
box outline on the right indicates the possible pathways and processes that could
occur within the person, including the biomechanical load-tolerance relationship
and the factors that may mediate the load-tolerance relationship, such as individ-
ual factors and adaptation. Outcomes may be a result of this relationship and
may be influenced by individual factors, such as conditioning or psychological
state. The dotted box on the left indicates the possible influences of the workplace
on the sequence of events that can lead to musculoskeletal disorders in the per-
son. Arrows between “the workplace” factors and “the person” box indicate the
various research disciplines (epidemiology, biomechanics, physiology, etc.) that
have attempted to explain the relationship. For example, epidemiology typically
searches for associations between external loading characteristics and reported
outcomes, whereas the relationship between external loads and biomechanical
loading is usually explored via biomechanical studies (adapted from National
Research Council, 1999b).
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vidual factors. Furthermore, responses to stress may affect the manifesta-
tions of musculoskeletal disorders by influencing pain perception and
tolerance, altering cognitive function and behavior, and altering the physi-
cal and/or psychological state of readiness for the performance of physi-
cal tasks. The arrows between workplace factors, the individual factors
and the biomechanical loading mechanism provide a roadmap for the
panel’s analysis of the relationships that have been examined in the scien-
tific literature. This framework is used throughout the book to structure
the presentation and assessment of the evidence. In addition, there are a
number of key terms used throughout this volume that may be inter-
preted variously depending on the reader’s orientation. Definitions of
these terms as used in this report appear in Box 1.2.

GUIDE TO THE REPORT

Part I provides general introductory and contextual material. It in-
cludes the introduction (Chapter 1) and a chapter on the prevalence, in-
cidence, and costs associated with musculoskeletal disorders and the
economic and social factors that influence their reporting (Chapter 2). An
overview of the methodological issues and approaches used in the re-
search on musculoskeletal disorders is provided (Chapter 3).

Part II contains a review of the evidence. Presented are detailed de-
scriptions of the evidence from epidemiologic studies of physical and
psychosocial variables (Chapter 4), tissue mechanobiology (Chapter 5),
biomechanics (Chapter 6), physical and behavioral responses to stress
(Chapter 7), workplace interventions (Chapter 8), and general characteris-
tics of the workplace now and in the future.

Part III presents an integration of the evidence and the panel’s conclu-
sions and recommendations, including suggestions for future research
directions.

There are five appendixes. Appendix A presents the panel’s response
to congressional questions. Appendix B is the dissent statement by Robert
Szabo. Appendix C is the panel’s response to the dissent signed by the
other 18 panel members. Appendix D lists the contributors to the report,
and Appendix E contains the biographical sketches of panel members and
staff.
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BOX 1.2 Definitions

Compensability: Qualifying under the law for payment for medical expenses and/
or loss of earning capacity because of partial or total loss of function or capacity
(impairment) as the result of an injury or illness.

Disability: A social definition indicating inability or limitation in performing socially
defined activities and roles expected of individuals within a social and physical
environment. Examples are inability to perform a job or inability to swim recreation-
ally (Institute of Medicine, 1997:6).

Disease: An objective pathologic condition, involving interruption or interference
with normal body structures or function (adapted from the definition of “pathology”
in Institute of Medicine, 1997:5).

Disorder: |s variously defined as an alteration in an individual’s usual sense of
wellness or ability to function. A disorder may or may not interfere with usual activ-
ities of daily living or work activities. A disorder may or may not be associated with
well-recognized anatomic, physiologic, or psychiatric pathology.

Exposure: Proximity or contact with a putative risk factor in such a manner that an
injury, disease, or illness may occur (from Last, 1988). The concept carries with it
the dose of the causative risk factor.

lliness: A clinical definition indicating the subjective state of the person who feels
aware of not being well (from M.W. Susser, cited in Last, 1988). This subjective
experience may or may not be associated with objective signs of disease.

Impairment: A functional definition indicating a loss and/or abnormality of mental,
emotional, physiological, biomechanical, or anatomical structure or function. This
includes, for example, losses or abnormalities due to pain and/or gait abnormality
or at the extreme, invalidism, and may refer to organs and organ systems function
or to the intact individual. (derived from Institute of Medicine, 1997:6).

Injury: Any damage to the individual (anatomic, physiologic, or psychiatric) result-
ing from exposure to thermal, mechanical, electrical, or chemical energy or other
stessors or from absence of such essentials as heat or oxygen (adapted from
National Committee for Injury Prevention and Control, 1989).

Outcome: All the possible results that may stem from exposure to a causal factor
or from preventive or therapeutic interventions: all identified changes in health
status arising as a consequence of the management of a health problem. (from
Last, 1988).

Work: The act of expending human labor or effort, usually for financial remunera-
tion, to create a product or to produce goods or services. The expenditure of effort
to create, transform, or process goods, services, or intellectual models.

continues
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Workplace: The physical structure and location where work is undertaken and
organized. A physical location specifically designed and dedicated to organizing
human labor for the creation of goods and services, such as a factory, office, or
construction site.

Work-Related lliness or Disease: Work-related illnesses and diseases may be
caused by, aggravated, accelerated, or exacerbated by workplace exposures, and
they may impair working capacity. Personal characteristics and other environmen-
tal and sociocultural factors usually play a role as risk factors in work-related ill-
nesses and diseases, which are more common than occupational diseases. [Oc-
cupational diseases are at one end of the work relatedness spectrum, where the
relationship to specific causal factors at work has been fully established and the
factors concerned can be identified, measured, and eventually controlled. At the
other end of the spectrum are diseases with a weak, inconsistent, unclear relation-
ship to working conditions; and in the middle of the spectrum there is a possible
causal relationship, but the strength and magnitude of it may vary.] (from World
Health Organization, 1985). This definition also includes conditions that are not
caused by work, but which are aggravated at work.

37
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musculoskeletal disorders in the general population and in the work

place. An analytic approach is used to extract relevant information as
well as to identify key limitations. The discussion covers both the occur-
rence of musculoskeletal disorders and the annual costs to society.

| his chapter provides a review of the major databases covering the

MUSCULOSKELETAL DISORDERS IN
THE GENERAL POPULATION

Six data sources are available for estimating the extent of the musculo-
skeletal disorder burden in the general U.S. population—the National
Health Interview Surveys (1988 and 1995), the National Health and Nutri-
tion Examination Survey (1976-1988), the Health and Retirement Survey
(1992-1994), the Social Security Supplemental Security Income system
(1998), the National Ambulatory Medical Care Survey (1989), and two
regional surveys. The limitations of these datasets are considerable and
are discussed in detail later in the chapter.

It is essential here to note that: (1) there are no comprehensive na-
tional data sources capturing medically determined musculoskeletal dis-
orders; (2) almost all of the data regarding musculoskeletal disorders are
based on individual self-report in surveys; and (3) the survey data do not
and cannot distinguish musculoskeletal disorders that may be associated
with work from those likely not associated with work in the study popu-
lations, which are comprised primarily of working American adults. From
these facts two inferences may be drawn:

1. Explicitly, these data include work as well as nonwork-related
musculoskeletal disorders without distinction. Rates derived from these

38
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general population sources cannot be considered in any sense equivalent
to rates for background, reference, or unexposed groups nor, conversely,
as rates for musculoskeletal disorders associated with any specific work
or activity.

2. There are no comprehensive data available on occupationally un-
exposed groups. Given the proportion of adults now in the active
workforce in the United States, any such nonemployed group would, by
definition, be unrepresentative of the adult population.

Table 2.1 summarizes all available information regarding the rates in
the general population from the six sources, organized by category: (1) all
musculoskeletal disorders, (2) upper extremity disorders (including carpal
tunnel syndrome), and (3) disorders of the back. Because there are rela-
tively more data available in the latter category, Tables 2.2 and 2.3 are
included to provide the detailed findings in each of the relevant study
groups. The overwhelming thrust of the data reveals that musculoskeletal
disorders are very prevalent among adults in the United States, especially
after the age of 50, and are a source of an extraordinary burden of disability.

According to the 1997 report from the National Arthritis Data Work-
group (Lawrence et al., 1998), a working group of the National Institute of
Arthritis and Musculoskeletal and Skin Diseases, 37.9 million people, or
15 percent of the entire U.S. population, suffered from one or more chronic
musculoskeletal disorders in 1990. Moreover, given the increase in dis-
ease rates and the projected demographic shifts, they estimate a rate of
18.4 percent or 59.4 million people with these disorders by the year 2020.
Results of the National Health Interview Survey for 1995 showed a 13.9
percent prevalence of impairment from musculoskeletal disorders
(Praemer, Furner, and Rice, 1999).

Other estimates were generated from the Health and Retirement Sur-
vey (1992-1994), which found a rate of 62.4 percent among men and
women between ages 51 and 61 reporting one or more musculoskeletal
disorders; 41 percent of these reported work disability as a consequence.
Among all disabled workers in that age group, almost 90 percent reported
one or more musculoskeletal disorders, making musculoskeletal disor-
ders overwhelmingly the largest reason for disability. According to data
from Supplemental Security Income, a program that covers chronically ill
as well as previously employed persons, 7.7 percent of people under the
age of 65 receiving assistance attribute it to musculoskeletal disorders.
This proportion rises to 16.9 percent among adults in their 50s, and to 23.9
percent among adults 60 to 64 years old.

Data regarding upper extremity disorders and low back pain are con-
sistent and show that both are important national concerns. Data regard-
ing the former, available from the National Health Interview Survey, show
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TABLE 2.3 Prevalence of Various Categories of Low Back Pain, by
Race, Age, and Sex (percentage)

Any in Frequent in Lifetime Occurrence On Most Days for
Past Year”  Past Year’ Lasting >2 Weeks® 1 Month or More?
Race
White 59 19 14 25
Black 46 19 11 20
Other 48 9 21
Age, years
18 to 34 61 14 10 18 to 44 20
35 to 49 53 21 12
50 to 64 56 21 17 45 to 64 30
265 49 18 16 265 29
Sex
Male 53 15 14 24
Female 57 20 13 24

@Data from Louis Harris Survey Group, 1985 (from Sternbach, 1986).

bData from a citywide population survey; see Reisbord and Greenland, 1985.

cData from the National Health and Nutrition Examination Survey II, as reported by
Deyo and Tsui-Wu (1987). The percentages are estimates because the reported age catego-
ries differed slightly from the ranges presented here. Although the decline in lifetime occur-
rence of low back pain in the highest age category may be surprising, it has been noted in
several surveys. Possible explanations are patients’ limited recall for distant past events,
selective mortality (persons with low back pain have shorter survival, perhaps due to asso-
ciated health habits or socioeconomic circumstances), or a “cohort” effect, in which persons
over age 65, for unexplained reasons, had a lower likelihood of low back pain throughout
their lives.

dData from the National Center for Health Statistics, National Health Interview Survey,
1995, as reported by Praemer, Furner, and Rice (1999).

slightly over 9.4 percent of the entire projected U.S. population reporting
hand or wrist conditions in 1988; 1.55 percent (1.62 million people) of
these are self-reports of carpal tunnel syndrome. Results of the National
Health Interview Survey for 1995 showed a 1.74 percent prevalence of
impairment from upper extremity or shoulder musculoskeletal disorders
(Praemer, Furner, and Rice, 1999). Atroshi et al. (1999) have documented
a rate of 14.4 percent for working-age adults with symptoms referable to
the wrist, and a physiological and clinical diagnosis could be made for
about 3 percent. Nordstrom et al. (1998), studying the catchment area of
the Marshfield Clinic, documented 378 new cases of carpal tunnel syn-
drome among a total population of 55,000 over three years, equaling a
new diagnosis for about 1 percent of all adults in the region. Multiple data
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sources confirm the high prevalence of low back pain (see Tables 2.2 and
2.3). Depending on how survey questions are posed, between 19 and 56
percent report having some back pain within a given year, while between
10 and 18 percent report frequent pain or pain lasting more than 2 weeks.
Notably, as has been stressed in the low back pain literature, the propor-
tion of these for whom either sciatica is present (suggesting focal ana-
tomic defect) or a herniated disc is diagnosed by a physician is relatively
small by comparison.

Furthermore, the National Ambulatory Medical Care Survey of 1989,
on the basis of a probability sample of all outpatient health care facilities
in the United States, ranks musculoskeletal disorders second after respi-
ratory conditions as the most common reason for seeking health care. For
1989, it was estimated that there were 19.9 million visits for low back pain,
8.1 million for neck pain, and 5.2 and 2.7 million for hand and wrist pain,
respectively.

In summary, data on the general population suggest the following:
(1) musculoskeletal disorders, especially low back pain, are very preva-
lent and a major reason for seeking health care, (2) musculoskeletal disor-
ders represent the most common cause for disability among workers in
their 50s and 60s, and (3) projections suggest that these figures are rising,
largely because of changes in the demographics of U.S. society and the
workforce.

WORK-RELATED MUSCULOSKELETAL DISORDERS

Information about the distribution of musculoskeletal disorders by
type of work across the U.S. workforce is needed in order to estimate the
burden of work-related musculoskeletal disorders. However, there is no
single, comprehensive surveillance data system that provides the neces-
sary data to link musculoskeletal disorders and work. Without such a
system, it is necessary to examine elements of the association, as repre-
sented in several incomplete, somewhat overlapping data sources. Sev-
eral national systems and some systems from smaller or more targeted
jurisdictions may contribute to developing a reasonably robust estimate
of burden. Elements to be considered are discussed below and shown in
Table 2.4.

The Annual Survey of Occupational Injuries and Illnesses, which is
the responsibility of the U.S. Department of Labor’s Bureau of Labor
Statistics (BLS), reports annually on the number and incidence of work-
place injuries and illnesses in private industry. The private industry
workforce covered includes approximately 75 percent of the total work-
force, which is estimated to be 135 million (Bureau of Labor Statistics,
2000b). Beginning with the 1992 survey, BLS has collected additional
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information on more seriously injured or ill workers in the form of worker
and case characteristics. Excluded are the self-employed, farms with fewer
than 11 employees, private households, and federal, state, and local gov-
ernment agencies.

Comparable occupational injury and illness data for railroad activities
are provided by the U.S. Department of Transportation’s Federal Rail-
road Administration, and for coal, metal, and nonmetal mining are pro-
vided by the U.S. Department of Labor’s Mine Safety and Health
Administration.

The National Center for Health Statistics conducts numerous surveys
designed to provide national estimates of the disease burden and health
status of the nation. Only the National Health Interview Survey contrib-
utes to estimating prevalence by type of work and musculoskeletal disor-
der. In 1988, these data were collected by a supplemental survey on work
and selected musculoskeletal conditions, with self-report of work-relat-
edness for those conditions. The objective of this survey is to monitor the
health of the U.S. population by self-reported health conditions. The sur-
vey covers the civilian noninstitutionalized population of the United
States. It was used to gather information annually on a sample of approxi-
mately 100,000 individuals.

The state of Washington provides workers” compensation for two-
thirds of the state’s workforce, while the other third are covered by em-
ployer programs of self-insurance. Through the Washington State Fund,
the state maintains data from accepted compensation claims that permit
examination of conditions by standard diagnostic codes and by industry.

The Federal Employees” Compensation program provides workers’
compensation benefits to federal employees, numbering 2.9 million in
1994. Data from the U.S. Department of Labor Office of Workers” Com-
pensation Programs provide detailed coding by the International Classifi-
cation of Disease (ICD-9) along with other demographic features.

There are at least two other potential resources that could contribute
to building a proper estimate of the total burden of work-related muscu-
loskeletal disorders. These are medical care utilization data (with proper
protection of medical confidentiality) and the National Occupational Ex-
posure Survey undertaken by the National Institute for Occupational
Safety and Health.

A combination of these national and regional databases could be used
to provide improved and more informative estimates of the burden of
work-related musculoskeletal disorders. Some combination of them could
also serve to provide an improved mechanism for tracking trends at the
level at which the role of risk factors themselves could also be closely
followed. Tracking systems would inform employers, employees, and
relevant government agencies about important trends in both the devel-
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TABLE 2.4 Comparison of Data Elements in Major Systems Reporting
on Musculoskeletal Disorders at Work

Case
Database Population Denominator ~ Exclusions Definition
BLS Part I 165,000 Hours Small farms, OSHA
establishments worked self-employed, recordable
by SIC private
household,
government
workers
BLS Part I 165,000 Hours Small farms, OSHA
establishments worked self-employed, recordable
by SIC private with at
household, least one
government missed day
workers
NHIS 43,000 households U.S. None (sample Self-reported
106,000 persons population chosen to conditions
represent U.S. (1988
population) supplement
on musculo-
skeletal
disorders)
Washington  2/3 employers Hours Self-insured, Accepted
State worked self-employed cases,
Fund gender/race
Medical Insured Difficult to None Algorithms
claims populations characterize need to be
data created

NOTE: BLS = Bureau of Labor Statistics; ICD = International Classification of Disease; NHIS
= National Health Interview Survey; OSHA = Office of Safety and Health Administration;
SIC = Standard Industrial Classification; SOC = Standard Occupational Classification.

opment and the amelioration of risk factors related to musculoskeletal
disorders.

Annual Survey of Occupational Injury and Illnesses

Survey Structure and Sampling Strategy

As interest in the importance of work and musculoskeletal disorders
has grown over the past two decades, the most common data reference
has been the Annual Report on Injuries and Illnesses provided by the
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Case Exposure Demographic ~ Severity
Coding Factors Timing Data Measures
BLS coding Hours worked Year None None
in SIC
BLS coding SIC, SOC, Year Age, gender, Lost days,
body part, event, source race, years restricted
Nature worked workdays,
None Occupation: Within last Age, gender, Disability,
longest, last 12 months race time away
12 months, from
last 2 weeks work
ICD9 Occupation NA None Lost time
>4 days,
costs
ICDY9 Job-specific Algorithm Age, gender,  Algorithm
information needs to race needs to
must be be created be created
matched for onset

Bureau of Labor Statistics. Since 1982, the source for these data has been a
national sample of private industry reports of injury and illness according
to the requirements of the Occupational Safety and Health Administra-
tion (OSHA Form 200). This source is therefore limited to employment in
the private sector and includes only cases that have been determined to be
work-related by the employer, using definitions provided by OSHA.
Annually, a stratified random sample of establishments is selected to pro-
vide data. (For the mining workforce, the Mine Safety and Health Admin-
istration requires that full details of all work-related injuries and illnesses
be reported to BLS. Currently, the sample of nonmining establishments is
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approximately 165,000, significantly reduced from the sample size of
250,000 establishments selected for the annual survey a decade ago).

When an employer is selected to be part of an annual sample, two-
part forms are provided for recording and submitting the necessary sum-
mary information about occupational injuries and illnesses. In Part I
(Summary of Occupational Injury and Illnesses), the employer is in-
structed to provide information from personnel records and from the Log
and Summary of Occupational Injury and Illnesses (OSHA 200) that re-
ports: (a) the size of the establishment, (b) the number of hours worked
during the year, (c) the total number of injuries separated into those with
and without lost workdays, (d) the total types of illnesses (using OSHA's
classification of skin diseases or disorders, dust diseases of the lungs,
respiratory conditions due to toxic agents, poisoning, disorders due to
physical agents, disorders associated with repeated trauma, and all other
occupational illnesses), and (e) the number of illnesses separated into
those with and without lost workdays. At the level of this survey, BLS is
able to estimate total employment by industry or by occupation, thus
permitting the calculation of injury and illness incidence rates. On the
basis of reports in Part I, musculoskeletal disorders are identified only by
category of illness or “disorders associated with repeated trauma.” For
the guidance of those completing the OSHA log and summary, this cat-
egory is described with the following examples: noise-induced hearing
loss; synovitis, tenosynovitis, and bursitis; Raynaud’s phenomena; and
other conditions due to repeated motion, vibration, or pressure. Thus,
while the category includes a case of hearing loss, it is unlikely to include
a case of back strain or pain from overexertion.

In Part II (Reporting of Cases with Days Away from Work), each
establishment covered by OSHA is required to maintain detailed infor-
mation about each injury and illness on the form entitled Supplemental
Record of Occupational Injury and Illnesses (OSHA 101). Since 1992, BLS
has requested that each establishment included in the annual sample pro-
vide information from this supplemental record for cases reported to re-
sult in at least one day away from work. The Mine Safety and Health
Administration requires all mines to report the full details of all cases.
Information extracted from this supplemental form provides the follow-
ing details about the lost-time cases: date of event, days away from work,
days of restricted work activity, length of service, race, age, gender, and
occupation. Three additional details are provided in a descriptive or nar-
rative form: event (what the employee was doing and how the injury
occurred); nature (what the injury or illness was), and source (what object
or substance directly harmed the employee). These details are then coded
according to a BLS-developed system that allows better focus on muscu-
loskeletal disorders, although it is not based on the standard ICD catego-
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ries. Participating establishments take information from workers’ com-
pensation reports, insurance forms, or other supplementary records to
complete this second survey.

While all establishments are required to maintain the details used to
complete Part II of the BLS survey—with the exception of requirements of
the Mine Safety and Health Administration for mine operators to report
the added details on all injuries and illnesses—BLS requests the addi-
tional details only on events that are associated with lost time. Therefore,
events that result only in restricted work activity or no restrictions are not
sampled for the available greater detail.

Lost-workday events included in the Part II sample account for ap-
proximately 25 percent of the reported conditions. The added detail avail-
able from these reports allows more refined specification of illnesses and
injuries. For example, event includes information that allows classification
into categories relevant to musculoskeletal disorders, such as overexer-
tion or repetitive trauma, and nature includes relevant categories such as
sprain/strain/tears, carpal tunnel syndrome, tendinitis, back pain, and
other pain. If the data OSHA requires for all injuries and illnesses were
reported to BLS, the data system would be much more robust and would
allow a better understanding of these conditions.

Survey Results

BLS injury and illness data from Part I of the annual summary show
an increase in all reported illnesses between 1982 and 1994, rising from an
estimated 105,600 reports in 1982 to 514,700 in 1992. This trend was fol-
lowed by a small decline over the past four years, with the total reports in
1998 estimated to be 392,000. No appropriate denominator for these num-
bers is available to calculate rates based on the current reporting scheme.
The subset of conditions described as “disorders associated with repeated
trauma” showed a similar but much more striking trend, with an esti-
mated 22,600 reports in 1982 rising to 332,100 in 1992; the most recent
estimate is 253,300. Events attributed to repeated trauma have therefore
risen from 21 to 65 percent of all reported illnesses in the portion of the
private sector sampled by BLS.

BLS examined the recent decline in overall occupational injury and
illness rates in an effort to understand these trends (Conway and Svenson,
1998). Although the examination did not address musculoskeletal dis-
orders specifically, the general observations probably apply to these dis-
orders as well. The BLS study speculated that the downward trend was
not due to a shift in employment from high- to low-hazard industries, nor
an increase in underreporting, but rather from better recognition of the
causes of occupational injuries and illnesses by all parties involved. This
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led to a nationwide adoption and implementation of safety and health
programs that contain accident-related costs.

BLS injury and illness data from Part II are available only since 1992.
During this period there has been a gradual decline in the total number of
lost-time injuries and illnesses. Using the information on the nature of the
injury associated with the different body parts allows a more refined way
to examine trends in musculoskeletal disorders than is possible from Part
I data. The relevant nature of injury designations that may be related to
musculoskeletal disorders are sprains and strains, carpal tunnel syn-
drome, tendinitis, and soreness/pain.

In 1997, Part I data were used to estimate the total number of illnesses
related to repeated trauma as 276,600. In the same year, the added infor-
mation provided in the Part II dataset for conditions related to muscu-
loskeletal disorders provided an estimate of 846,000 lost-workday cases.
The large majority of these conditions occur in the neck, shoulder, upper
extremity, and back. Note that this number counts only the events that
occurred in 25 percent of the cases—those reporting lost work time. In
1997, only 1.8 million of the 7.1 million total injuries and illnesses were
reported as lost-workday cases in Part II.

Some differences exist by industry when the results of Part I and Part
II are compared. For the Part I subcategory of illnesses that are identified
as due to repeated trauma, the largest proportion of reports come from
manufacturing (72 percent), with service (10 percent) and retail trade (6
percent) the two next largest. When the same data are examined by inci-
dence rates, manufacturing has three times the total industry rate (106/
10,000 full-time workers versus 32/10,000). It is difficult to compare these
results with those available from the Part II data because the categories
are different. However, among the categories of conditions that could be
related to musculoskeletal disorders, the proportional distribution of
events changes substantially. Manufacturing is responsible for only 22
percent of sprains/strains, carpal tunnel syndrome, or tendinitis, while
the service industry accounts for 26 percent. When the incidence rates for
carpal tunnel syndrome alone are examined (the only specific musculo-
skeletal disorder), manufacturing still leads the other sectors showing a
twofold excess over all private industry (6.5/10,000 versus 3.4/1,000), but
both the transportation and finance sectors also exceed the overall aver-
age rates. Among the musculoskeletal disorder-related categories, the
most common, but less specific, sprains and strains have the highest over-
all incidence rates (92.5/1,000); but now the transportation sector has the
highest sector-specific rate (191/1,000) with construction, mining, agri-
culture, and wholesale trade all showing rates higher than overall indus-
try. These data suggest that there is no single industrial sector in which
musculoskeletal disorders are a unique problem and, furthermore, that
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the problem is not limited to the traditional environments of heavy labor
represented by agriculture, mining, and manufacturing.

The Part II detailed information on each lost-time case is particularly
important, as it permits much better examination of trends and the asso-
ciation of specific risk factors with occupation. Some examples of the
possible use of the detailed data are provided to illustrate the potential of
the added detail.

1. Three conditions—carpal tunnel syndrome, tendinitis of the upper
extremity, and hurt back/back pain—show age-specific time trends that
deserve attention. For example, in 1996, median days away from work for
female typists is 50 percent longer for younger (ages 35 to 44) than for
older typists (ages 55 to 64). The same direction in age difference was seen
for receptionists (median 5 times longer for younger versus older
workers), but billing clerks showed the opposite trend. Median days away
from work were 10 times longer for the older age group compared with
the younger.

2. Details about type of condition in 1997 provide further insights.
Injuries or illnesses attributed to repetitive motion were examined. The
proportion of repetitive motion events attributed to typing or key entry
was determined for three conditions: carpal tunnel syndrome, tendinitis,
and sprains or strains (the only conditions common enough not to be
suppressed). According to BLS, repetitive motion accounts for 98 percent
of all carpal tunnel syndrome, 63 percent of tendinitis, and only 2 percent
of sprains and strains. Among the subset of these three conditions attrib-
uted to repetitive motion, almost one-quarter of all carpal tunnel syn-
drome cases were associated with typing or key entry, compared with
only 13 percent of tendinitis and 5 percent of sprains and strains.

3. Trends between 1992 and 1997 deserve further investigation. Dur-
ing this period, when all injury and illness reports decreased, sprains,
strains, and tears of the wrist decreased by 30 percent, while carpal tunnel
reports decreased by only 13 percent. When examined by industrial sec-
tor, carpal tunnel rates in the manufacturing sector decreased from 9.7 to
6.5 per 10,000 full-time employed workers, while rates in transportation
and public utilities increased from 3.1 to 3.6. Differing trends were also
observed for sprains, strains, and tears between 1992 and 1997. In the
agriculture sector, incidence rates were significantly reduced (from 183.2
to 97.6 per 10,000 full-time employed workers), while the rates for trans-
portation and public utilities remained fairly stable (from 211.2 to 190.8
per 10,000 full-time employed workers). Explanations for these different
trends should be undertaken.
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An example of a less obvious value derived from these data is pro-
vided in a BLS study examining the changing composition of lost-work-
day cases (Ruser, 1999). The Part I injury and illness reports between 1976
and 1997 show the annual incidence of lost-workday cases has not
changed substantially. However, there is a trend toward decreasing days
off the job and an increasing use of restricted work activity assignments.
Even though the Part I data have been collected by BLS only since 1992,
the 1992 to 1996 data provide important insights not available from the
PartI data. The Part II data show a slight reduction in the number of days
away from work coupled with a growing use of restricted activity days
and a substantial increase in the proportion of cases with lost workdays
accompanied by restricted workdays. Furthermore, the Part II data allow
examination of the trends by the nature of the injury. They show the
highest percentage increase in restricted work activity days among those
with carpal tunnel syndrome. The increased fraction was from 31 to 47
percent of lost-workday cases between 1992 and 1996. Considerable value
would come from being able to examine all injuries and illnesses using
the added detail available from the Part I survey data already routinely
collected by employers but not reported to the BLS.

National Health Interview Survey

Survey Structure and Sampling

In 1988, the National Institute for Occupational Safety and Health
(NIOSH) provided support to the National Center for Health Statistics
(NCHS) to undertake a supplement to its annual survey that collected
detailed information on interviewees” work histories and on self-reported
health conditions of the back and hand. The data available from this
source have been examined in order to estimate the work-relatedness of
selected musculoskeletal disorders of the back and hand (specifically,
carpal tunnel syndrome). The National Health Interview Survey (NHIS)
is a continuous personal interview survey conducted by NCHS on a prob-
ability sample of the households of noninstitutionalized civilians. In 1988,
interviews were completed on 44,000 individuals, 30,000 of whom were
working. The detail available from this survey provides a much richer
resource than BLS data to understand the relationship of work to health
conditions, but, at the same time, the sampled workforce is much smaller
than that represented by the BLS data. As a result, the level of detail about
industry or job-specific risk is not as great.

NIOSH scientists have taken primary responsibility for the analysis
and publication of results from this special survey related to musculo-
skeletal disorders, primarily back pain and carpal tunnel syndrome.
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Recently, tendinitis and related conditions as well as arthritis have been
examined for their relationship to work.

In order to examine the reports of back pain that are likely to reflect
musculoskeletal disorders of the back, analysts examined responses of
interviewees who reported back pain occurring for at least a week in the
past 12 months. These analyses were carried out for all back pain as well
as for a subset defined as work-related back pain (back pain brought on
by repeated activities or resulting from a single accident or injury at work).
For those with report of hand discomfort, subjects could volunteer their
sense of the cause of discomfort.

Survey Results for Back Pain

The NHIS survey data for those who reported to have worked in the
past 12 months were used to estimate that 22.4 million people (prevalence
of 17.6 percent) suffered from back pain, without regard to whether it was
related to work. A small majority of those with back pain (56 percent)
were males (Guo et al., 1995). When cause of back pain was sought, 78
percent reported that the pain was associated with repeated activity, a
single accident or injury, or both, and two-thirds of those reported the
activity or event occurred while at work. Risk of back pain by occupation
was examined by comparing specific occupations to all workers. Among
males, the highest-risk occupations—prevalence ratio >2.0—were con-
struction laborers, carpenters, and industrial truck and tractor equipment
operators. Among females, the highest-risk occupations with a preva-
lence ratio of >2.0 were nursing aides/orderlies /attendants, licensed prac-
tical nurses, maids, and janitor/cleaners. A literature review indicated
that many of the highest-risk occupations were under study, but it was
noted that several that had relative risks among the top 15 for gender
were previously unrecognized occupations, including: carpenters, hair-
dressers, automobile mechanics, janitors, and maids, often employed in
small businesses or self-employed.

In a separate study utilizing the same data set, NIOSH examined the
subset of reports of back pain that were specifically attributed by the
respondent to work. Severity was measured by recording the number of
days away from work (Guo et al., 1999). With this more stringent defini-
tion, 5.6 million work-related back pain cases were estimated. In this
analysis, NIOSH reported cases by industry rather than by occupation.
Among males, the industries with a prevalence ratio of >2.0 were lumber
and building material retailing, crude petroleum and natural gas extrac-
tion, and sawmills/planing mills/millwork. Among females, industries
with a prevalence ratio of >2.0 were nursing and personal care facilities,
beauty shops, and motor vehicle equipment manufacturing.
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The estimated overall prevalence of cases of work-related back pain
with at least one lost workday was 4.6 percent of the working population.
Furthermore, the proportion of back pain cases reporting lost workdays
was 50 percent higher among those who attributed their pain to work
than among those who did not. The investigators grouped industries ac-
cording to the most workdays lost (overall average of 9.2 days for
work-related cases) and according to the highest number of workdays
lost per lost-workday case. Nationally, back pain of any type was esti-
mated to account for 149 million lost workdays, the majority of which (68
percent) were associated with work-related back pain. The industry with
the most lost workdays was construction for men (1.76 million days) and
elementary and secondary schools for women (760,000 days). Examining
severity of the back pain cases among those with work-related pain, the
industry with the highest average lost workdays was the electronic com-
puting equipment industry (29 days/case) for men and the U.S. Postal
Service (61 days/case) for women. Both sexes were ranked high for gro-
cery stores, hospitals, banking, and eating and drinking establishments.
However, there is substantial variation by gender. For example, in the
U.S. Postal Service, men reported average lost workdays of only 1.9 days
per case, one-thirtieth of that found among women.

Survey Results for Hand Discomfort

The survey questions about hand discomfort elicited information
about carpal tunnel syndrome, tendinitis and related syndromes, and
arthritis. Analyses of these self-reports indicate that annually among
working adults:

1. 1.87 million report having carpal tunnel syndrome, of which over
one-third report that their health care provider diagnosed their condition
as carpal tunnel syndrome and half of these were believed to be
work-related (Tanaka et al., 1995, 1997).

2. 588,000 report having tendinitis or related syndromes, of which 28
percent were labeled as work-related by a health care provider (Tanaka,
Petersen, and Cameron, in press; Tanaka et al., 1997).

3. Almost 2 million active or recent workers were estimated to have
hand-wrist arthritis that caused a major change in work activities, jobs, or
missed workdays among almost 20 percent (Dillon, Petersen, and Tanaka,
in press, Tanaka et al., 1997).

The cases in which one or more of these three disorders confirmed by

a health care practitioner were evaluated for associations with a number
of risk factors, including age, race, gender, and work requiring repetitive
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bending and twisting. All three conditions were significantly more com-
mon among those whose work required bending and twisting of the hands
and wrists (Dillon, Petersen, and Tanaka, in press; Tanaka, Petersen, and
Cameron, in press; Tanaka et al., 1995, 1997).

Washington State Workers’” Compensation Reports

The Washington State Fund provides workers” compensation for two-
thirds of the state’s workforce, with the other third offered through em-
ployer programs of self-insurance. As a result, the state has an unusually
complete and uniform data resource for analyzing workers” compensa-
tion cases. Particularly important is the fund’s access to medical informa-
tion that permits identifying conditions by ICD code. This facilitates
comparisons with similarly coded general medical information. Recently,
these data have been used to examine the work experience of those whose
conditions of the back and upper extremity qualify for compensation after
a determination of work-relatedness (Silverstein and Kalat, 1999).

Claims data for 1990 to 1997 concerning back injury claims showed a
total of 228,500 cases, for an annual incidence rate of 2.3/100 full-time
workers. Gradual-onset back injuries represented two-thirds of the
awarded claims, and 60 percent of the lost workdays attributed to back
injuries. Claims data for the same period involving upper extremities
revealed a total of 254,600 cases for an annual incidence rate of 2.6/100
full-time workers. Gradual-onset upper extremity injuries represented
over one-third of the awarded claims and almost half of the lost workdays
attributed to upper extremity injuries. Similar incidence rates were found
in the review of data from self-insured workers. When age and gender
characteristics of the occupational carpal tunnel syndrome cases from this
dataset were compared with those reported in population-based studies
of carpal tunnel syndrome the results were:

* Women and men had almost equivalent incidence rates (1.2:1) and
onset was at 37 years of age.

¢ For the general population, the gender ratio was 3:1 and average
age of onset for carpal tunnel syndrome was 51 years (Franklin et
al., 1991).

Analyses of the Washington State Fund data also provide informa-
tion about the leading industries in which workers” compensation claims
are awarded for back or upper extremity disorders. For gradual-onset
back disorders, these are nursing homes, roofing, wood frame building
construction, landscaping, and wallboard installation. For upper extrem-
ity disorders, these are wood products manufacturing, wholesale meat
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dealers, nursing homes, and temporary help in assembly work and saw-
mills. The self-insured companies—the 400 largest in the state—represent
a different industrial mix. For gradual-onset conditions, the additional
industries of concern were package delivery, bus companies, warehouses,
supermarkets, and municipal workers, including schools.

U.S. Department of Labor Office of Workers” Compensation Programs

The U.S. Department of Labor Office of Workers” Compensation Pro-
grams data have been used to examine characteristics of compensated
claims for upper extremity disorders. Since this dataset also provides ICD
specific diagnostic information, carpal tunnel syndrome can be identified
with confidence. Similar to the Washington State Fund report, the range
of almost all cases was between ages 31 and 50, but women were a higher
proportion of all cases of carpal tunnel syndrome (2.3:1). Data were not
available on job or industry equivalents, so gender differences in other
likely exposures could not be evaluated (Feuerstein et al., 1998).

Medical Claims Data

Until recently, it has been uncommon to access general medical claims
data to determine the patterns of musculoskeletal disorders among work-
ing adults. A collaboration between the United Auto Workers and
Chrysler Corporation permitted the development of a successful meth-
odology for examining these data without breaching medical confidenti-
ality. The study reported on employees from five plants chosen to
represent a diversity of automotive manufacturing activity (Park et al.,
1992). The medical claims data over three years were linked with job
histories, permitting examination of rate differences by job or depart-
ment. These data do not include medical treatment information for any
workers’ compensation claim. The target conditions for the initial analy-
ses were selected musculoskeletal disorders (carpal tunnel disorder, other
musculoskeletal disorders of the upper extremity, rotator cuff syndrome,
musculoskeletal disorders of the neck, and musculoskeletal disorders of
the back). The findings revealed wide differences when crude incidence
rates were examined across departments, especially when departments
with suspect biomechanical risks were compared with departments con-
sidered as having low or no occupational risk factors for these conditions.

Although the current limitations in the use of these data are substan-
tial, the striking finding was the apparent frequent occurrence of muscu-
loskeletal disorders that might prove to be work-related but were not
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identified as such with respect to workers’” compensation claims. There
are two implications. The first is that workers” compensation records are
likely to be very incomplete for estimating the relative importance and
distribution of musculoskeletal disorders related to work. Second, study
of the incidence or prevalence of work-related musculoskeletal disorders
in the general population is likely to include a large number of conditions
that are not recognized as work-related.

National Occupational Exposure Survey

The National Occupational Exposure Survey was designed by NIOSH
to provide data descriptive of health and safety conditions in the work
environment in the United States. Almost 4,500 facilities were visited to
evaluate working conditions and potential exposures to workplace risks
in most types of work settings in the country. Among the factors identi-
fied were (1) potential exposure to whole body and segmental vibration
and (2) work conditions associated with passive or awkward postures,
lifting, arm or shoulder transport movements, hand-wrist manipulation,
finger manipulations, and machine-paced work. Although the survey was
carried out in the early 1980s and may be outdated in some regards, it
offers data to better characterize work factors related to musculoskeletal
disorders in specific jobs in a wide variety of workplaces. One analysis of
these data indicated that hand-wrist manipulations were observed almost
as frequently as continuous noise exposure. Using these data, an esti-
mated 2.2 million workers were exposed to continuous noise and 2.0
million workers to hand-wrist manipulations (Wegman and Fine, 1990).

DATA ON ECONOMIC COSTS

Data are available on the cost of musculoskeletal disorders in the
general population. A 1999 report from the American Academy of Ortho-
paedic Surgeons (Praemer, Furner, and Rice, 1999) estimates the total cost
of all musculoskeletal conditions in the United States at $215 billion in
1995. Included are the direct treatment cost that accounted for 41 percent
of the 1995 total; morbidity costs, the value of reduced or lost productiv-
ity, 52 percent; and mortality costs, 7 percent, based on a 4 percent dis-
count rate of the value of productivity forgone in future years as a result
of premature mortality in 1995. These figures include occupationally as
well as nonoccupationally related disorders.

There is a wealth of information on the direct cost to workers’ com-
pensation insurers for claims filed in the 50 states as well as in the federal
compensation system. Data from two states, Washington and Wisconsin,
have been extensively analyzed in relation to musculoskeletal disorders
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(Silverstein and Kalat, 1999; Boden and Galizzi, 1999). Moreover, Liberty
Mutual has undertaken a series of studies looking at the costs per muscu-
loskeletal disorder by type, as well as in the aggregate. Using the figure
derived above from BLS for reported musculoskeletal disorder-like ill-
nesses or injuries involving lost work time of about 1 million cases, and
the average direct cost in workers’” compensation per case estimate of over
$8,000, one may estimate a minimal direct cost for compensation of $8
billion. However, using the proportion of all workers” compensation ex-
penditures related to musculoskeletal disorders (about one-third) and the
total workers’ compensation cost in the United States of $55 billion (Na-
tional Academy of Social Insurance, 2000), the estimate for direct work-
ers’ compensation costs would be closer to $20 billion.

Economic assessment of the actual cost for these compensated claims
is higher, of course, since there are many indirect costs to employers, the
affected individuals, and society. These include lost productivity, uncom-
pensated lost wages, personal losses, such as household services, admin-
istration of the programs, lost tax revenues, social security replacement
benefits, and so forth (Morse et al., 1998; Boden and Galizzi, 1999). Esti-
mating the additional costs associated with these uncompensated compo-
nents yields estimates of total costs associated with reported
musculoskeletal disorders as high as $45 to $54 billion, a figure around 0.8
percent of the nation’s gross domestic product.

As noted above, there is substantial reason to think that a significant
proportion of musculoskeletal disorders that might be attributable to work
are never reported as such. Morse and his colleagues (1998) in Connecti-
cut, using a population-based phone survey, estimated that about 1 in 10
working-age adults suffers from a condition that would meet qualifica-
tion for work-related musculoskeletal disorders of the neck, arm, wrist, or
hand, and that in over 20 percent of these a physician had made such a
diagnosis by report. However, only 10 percent of these workers had ac-
cepted workers” compensation claims, which would suggest a very high
rate of underreporting. Moreover, these investigators found additional
hidden costs associated with work-related musculoskeletal disorders in
their survey, including losses of homes and cars, divorces, and job dislo-
cations.

The Health and Retirement Survey, which is a population-based sur-
vey of adults ages 51 to 61 (Yelin, 1997; Yelin, Trupin, and Sebesta, 1999),
approached the question differently, comparing direct markers of eco-
nomic function in workers with and without musculoskeletal disorders in
their population. On average, workers with musculoskeletal disorders
earned approximately $3,000 less per person than those without, after
adjusting for all other health and social differences. Given the high preva-
lence of musculoskeletal disorders in adults ages 51 to 61 (62 percent in
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their study), this would translate into an income loss nationally for men
and women in that age group of over $41 billion. Of course, there is no
evidence on the fraction of these individuals that would qualify for a
diagnosis of work-related musculoskeletal disorders. Nonetheless, the
economic impact of musculoskeletal disorders, when expanded to
younger adults, would certainly exceed 1 percent of the nation’s gross
domestic product.

LIMITATIONS OF THE DATA

Musculoskeletal Disorders in the General Population

It has already been highlighted that the data derived from the general
population estimates are intrinsically limited by the absence of any link-
age to data that would allow discrimination or apportionment among
work and nonwork-related factors. Nor are there any data available that
provide musculoskeletal disorder rates in an “unexposed” population,
since the exposures of interest are so widespread. Nor are such data ca-
pable of being easily developed.

There are other intrinsic limitations to the general population data
worthy of note. First, as has been mentioned, most available data have
been derived from self-report. In other words, these data are not summa-
ries of medical diagnoses but responses of individuals regarding symp-
toms or their knowledge of a physician’s diagnoses. This problem stems
in part from the difficulty associated with diagnosis of many of the condi-
tions of concern, such as low back or wrist pain, which are, even in physi-
cians’ evaluation, judged largely on patient complaints. While other
conditions, such as carpal tunnel syndrome and herniated disc, may be
more amenable to specific testing approaches (albeit each with substan-
tial controversy within the medical community), such conditions repre-
sent only a small minority of cases of musculoskeletal disorders. This
problem is intrinsic to the nature of the musculoskeletal disorders them-
selves and not amenable to simple scientific or biomedical solution.

The paucity of data due to the small number of surveys and the infre-
quency of their conduct is a limitation that is potentially amenable to
solution. Strategies for linking physician diagnoses with other demo-
graphic data, as has been done in a very limited way for low back pain
(see, e.g., Frymoyer et al., 1983), could provide more reliable indices for
estimating the burden of musculoskeletal disorders within different strata
of the population. Equally important, linkages between these diagnoses
and metrics of exposure to the major risk factors that may be associated
with musculoskeletal disorders would theoretically allow direct estima-
tion of the proportion of cases associated with the varying factors, the
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degree to which these factors covary in relation to the disorders, and the
potential proportion that could be prevented by interventions aimed at
these specific factors. Currently, none of the existing databases available
for the general population offers such a possibility.

Finally, it must be reiterated that no databases provide rates of
musculoskeletal disorders in representative populations without expo-
sure to the risk factors of concern. Identification of such “unexposed”
populations could meaningfully be achieved only within the context of
linkage among demographic, health, and work data that is not currently
foreseeable.

Work-Related Musculoskeletal Disorders

Annual Survey of Occupational Injuries and Illnesses

The Annual Survey of Occupational Injuries and Illnesses survey is
the only resource that currently provides ongoing, consistent reporting of
injuries and illnesses that permits examination of trends over time. There-
fore, it is the only national resource that can be used for the surveillance
goal of tracking trends in injury and illness rates. Trend analysis is useful
both to identify new risks and to evaluate efforts to reduce known risks.
The survey has limitations that are well recognized.

Limitations of Part I

1. The survey represents only private industry, excluding approxi-
mately 25 percent of the workforce, primarily government workers, those
who are self-employed, those who work on small farms, and those em-
ployed in places with fewer than 10 individuals.

2. In order to gain cooperation from the reporting establishments,
BLS protects the confidentiality of results by not making them publicly
available if (a) the estimates for the industry are based on too few report-
ing units, (b) average employment in the industry is too small (generally
< 10,000), (c) statistical estimates do not meet minimum reliability criteria,
or (d) there is any other way that publication might disclose confidential
information.

3. The sample size of 165,000 is too small to permit estimates at any
level below the national level except for large aggregated industry group-
ings. This is not the case for the subcategory of mining, since the Mine
Safety and Health Administration requires reporting of all injuries and
illnesses, not just a sample of these events.
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4. The illness coding system is not ICD-based. Rather, it utilizes very
crude collapsing of unlike conditions and is determined by a person with
no specific training for the task.

5. The demographic characteristics of individuals are not reported,
and only industry, not occupation or task, is collected, limiting the
description of the injuries and illnesses with adequate specificity.

Limitations of Part 11

In addition to the first three limitations listed for Part I:

1. The greater detail on each injury or illness that is provided in Part
IIis collected exclusively for lost-time injury or illness cases. OSHA, how-
ever, requires this level of detail to be recorded on all injuries and ill-
nesses. BLS has neither the mandate nor the resources to collect and
analyze the additional data, although such data would greatly enhance
the usability of the database available for surveillance purposes.

2. The more detailed nature and body part coding system is not ICD-
based and the narrative is provided by an individual with no specific
training for the task. Although the coding is done by trained BLS staff, the
inputs are still not adequately standardized.

3. While there are proper demographic characteristics associated with
all reports as well as the occupation or task being performed, no compa-
rable denominator data are collected. This prevents the calculation of
rates for these better-specified conditions. A recent analysis of workplace
fatality rates indicates that it is possible to address this problem (Ruser,
1998.)

4. Data items are suppressed at a national level if the number of cases
is fewer than five.

National Center for Health Statistics Surveys

These surveys provide a number of ways to characterize the health of
the U.S. population. The different survey elements allow for the develop-
ment of a comprehensive measurement of health as self-reported and as
diagnosed by health care providers. When these reports are combined,
the result is an excellent resource for use to describe the health of the
workforce. There are some important limitations that could be corrected,
however, as is seen in the NIOSH-funded 1988 supplement to the National
Health Interview Survey:
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Limitations

1. For the interview surveys (National Health Interview Survey and
the National Health and Nutrition Examination Survey), only the job title
or industry is collected and then only for the preceding week, month, or
12 months. For the health care records (e.g., the National Ambulatory
Medical Care Survey), no data are collected on job or industry.

2. Despite the importance of musculoskeletal disorders in the popu-
lation (both work-related and nonwork-related), the currently designed
surveys collect little detail about these disorders. The added detail in the
1988 NHIS supplement presents a good example of how informative sur-
vey data can be when these disorders are better characterized.

Workers’ Compensation Records and the Washington State Fund

The data available from the Washington State Fund are valuable be-
cause they have a well-defined population base to which they refer. How-
ever, while the Washington State Fund data are among the best, the
occupation and industry distribution in one state does not provide an
adequate national representation of either those occupations and indus-
tries and cannot provide information about occupations and industries
not prevalent in Washington.

Data based on workers” compensation vary across states as each state
applies differing definitions and criteria in determining the conditions
that are compensable. The between-state differences are substantial, plac-
ing further limits on efforts to derive national estimates of burden from
workers’ compensation claims. There is evidence that such claims are an
underestimate of work-related musculoskeletal disorders, suggesting
some limitations of workers’ compensation reporting for surveillance and
for estimating the national burden of work-related musculoskeletal disor-
ders (Biddle et al., 1998; Morse et al., 1998).

While some limitations of the system are administrative, other limita-
tions should be noted. The decision to file a workers” compensation claim
is determined by knowledge that the option exists (Sum, 1996). This var-
ies by state and by the education or training of each worker and em-
ployer. A decision to file a claim also depends on how likely the claim is
to be contested (Herbert, Janeway, and Schecter, 1999), workers’ concerns
about employer retribution if they file (Speiler, 1994; Pransky et al., 1999;
Ochsner et al., 1998), and the alternatives available for payment of medi-
cal costs (medical insurance).
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National Occupational Exposure Survey

The National Occupational Exposure Survey is an important national
resource for hazard surveillance providing the data to describe the distri-
bution of ergonomic risk factors by industry and occupation. The survey,
however, was last carried out almost 20 years ago and is not likely to
represent well the distribution of current exposures. It also does not pro-
vide exposure characterization of the risk factors present in emerging
industrial sectors.

Medical Care Utilization Data

Data from medical care records could be particularly valuable in pro-
viding much greater detail about the nature, distribution, time course,
and disability associated with musculoskeletal disorders. Such data, how-
ever, have important limitations:

1. Medical confidentiality mechanisms need to be developed to allow
use of these data for surveillance purposes and to protect the individual
identity of those whose records are in the system.

2. Although specific diagnostic information is recorded by ICD-9
coding, algorithms will need to be developed to ensure consistency in
diagnostic practice across providers and determine reliability.

3. Systems to match information on occupation or employer will need
to be developed so that patterns of musculoskeletal disorders among dif-
ferent working groups can be examined.

Data on the Economic Costs

Since the estimates of cost are contingent on estimates of incidence,
severity, and prevalence rates for musculoskeletal disorders and differen-
tiation of work from nonwork-related cases, all of the above limitations
apply to these estimates. In addition, there are issues unique to the eco-
nomic estimates: (1) other than the direct costs of health services and
wage offsets, there is no uniformly agreed-on formula for estimating the
additional costs of each case, such as domestic productivity, reduced fu-
ture occupational productivity, reduced educational opportunities for
children, etc.; (2) it appears likely that additional costs, over and above
health services and wage replacement, accrue not only to victims of
musculoskeletal disorders, but also to their employers and to society.
These include administrative costs, training of replacement workers, lost
tax revenues, utilization of public replacement benefits or assistance, etc.
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Strategies for assessing these additional costs remain understudied and
controversial and are one basis for the wide range of estimates cited above.

SUMMARY

There are sufficient data regarding the occurrence of musculoskeletal
disorders in the general U.S. population, including workers and non-
workers, to conclude that the musculoskeletal disorder problem is a ma-
jor source of short- and long-term disability, with economic losses in the
range of 1 percent of the gross domestic product. However, these sources
suffer from severe limitations: (1) they use nonstandard criteria for desig-
nation of musculoskeletal disorders, making comparison among them
impossible; (2) data points are infrequently collected, making analysis of
trends or changes impossible; and (3) none is currently structured in such
a way as to allow distinctions between musculoskeletal disorders that
may be related to work activities and those that are not.

BLS and workers” compensation data are sufficient to (1) confirm that
the magnitude of the work-related musculoskeletal disorder problem is
very large; (2) demonstrate that rates differ substantially between indus-
tries and occupations consistent with the assumption that work-related
risks are important predictors of musculoskeletal disorders; and (3) docu-
ment that the rapid growth in the problem or its recognition that occurred
in the 1980s has shown a slight decline in the 1990s. These data provide
substantial information regarding those musculoskeletal disorders that
are considered work related. Moreover, they have been obtained regu-
larly and provide some insight into the relationship between certain kinds
of industries and occupations and the rates of musculoskeletal disorders.
In these databases, cases have been selected in variable, nonuniform ways
that are likely to underrepresent the spectrum of work-related muscu-
loskeletal disorders that occur; musculoskeletal disorders are coded in
nonstandard ways, further limiting comparability between data sources;
and information available in terms of demographic and occupational risks
is very limited.

Taken collectively, review of all available data sources underscores
the need for more complete, more frequent, and better standardized data-
bases that include, at a minimum, uniform coding of musculoskeletal
disorders and sufficient information about industry, occupation, and tasks
to allow accurate quantification of the musculoskeletal disorder problem,
separation into those aspects that are and those that are not related to
work factors, and tracking to determine the effects of interventions as
they are undertaken.
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he scientific literature relevant to the problem of work-related mus-

culoskeletal disorders represents a wide variety of research designs,

assessment instruments, and methods of analysis. Therefore, the
panel’s representation of the science base covers a wide range of theoreti-
cal and empirical approaches. For example, there are highly controlled
studies of soft tissue responses to specific exposures that are based on
work with cadavers, animal models, and human biomechanics. There are
also surveys and other observational epidemiologic studies that examine
the associations between musculoskeletal disorders and physical work
and organizational, social, and individual factors. In addition, there are
experimental and quasi-experimental studies of human populations that
are designed to examine the effects of various interventions.

Each of these approaches contributes a different perspective to the
overall topic of musculoskeletal disorders in the workplace; together they
provide a more complete, cross-validated understanding of how different
workplace exposures may contribute to the occurrence of musculoskel-
etal disorders. Each approach has important strengths and limitations
when viewed alone. When information from the three approaches is
viewed together, as in this report, however, the perspective on musculo-
skeletal disorders in the workplace is enriched. Illustrations of these
approaches are provided below, using the example of the examination of
the relationship between repetitive lifting and back disorders. Similar
illustrations could be provided for upper extremity disorders.

In other reports, such as the recent National Institute for Occupational
Safety and Health report on musculoskeletal disorders in the workplace
(Bernard, 1997b), the emphasis has been on the preponderance of evi-
dence within one area of literature (e.g., the report focused on observa-
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tional epidemiology). Here, however, we review all three approaches:
basic science, observational epidemiology, and intervention studies.
Rather than review each approach with the aim of examining a prepon-
derance of evidence, this report considers the pattern of evidence across the
different areas of scientific study. The pattern of evidence analysis, de-
scribed in detail by Cordray (1986) and discussed below, has been used in
an earlier National Research Council report (1995); it is particularly useful
when considering causal inferences across different fields of study.

RESEARCH PERSPECTIVES

Basic Sciences

From the perspective of basic sciences, studies are designed and per-
formed to isolate discrete events that are carefully engineered to deliver a
set of exposures characterized by replicable frequency, dose, and dura-
tion. These exposures are applied to isolated anatomical and physiologi-
cal systems (e.g., muscles, nerves) that are then measured for anatomical
damage or adverse biochemical changes. For example, the question of the
extent to which repetitive lifting is related to back disorder can be exam-
ined with the assistance of an apparatus that applies a repeatable fre-
quency, dose, and duration of a load to a cadaver or relevant animal
models; then biological measures, such as tissue biopsy for measurement
of biochemical changes consistent with damage, can be obtained. The
results from this type of study provide data on basic mechanisms to show,
for example, whether repetitive compression similar to that involved dur-
ing lifting is associated with tissue damage, and the extent to which dam-
age can be identified as following these discrete events. In the laboratory
context, the goal is to isolate events of exposure and outcome to the great-
est degree possible, by precise and refined measurement and by control-
ling extraneous environmental conditions (e.g., temperature, humidity).

The results provide confidence in drawing inferences on whether tis-
sue damage follows application of exposure, but these inferences are tem-
pered by several factors. First, isolation of human tissue for study (such as
a particular muscle or group of muscles) may demonstrate damage, but it
may remain unclear whether the load applied in the experiment is similar
to that experienced by humans. There are studies that report precise physi-
ological abnormalities but no correlation with symptoms or function of
the person being studied. These fine measurements may be trivial, or they
may represent an early disease process that will become manifest only
later. Second, the complexity of the human biological system includes
compensatory mechanisms that are excluded in studies that focus on the
isolation of mechanisms. For example, some combination of muscle
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groups and positioning of the whole person could provide a pattern of
motion that may partially offset the insulting exposure in the real work
environment. Therefore, the degree to which the results from these more
focused studies can be generalized to workers in the context of their ongo-
ing tasks must be carefully interpreted. Third, the degree to which an
animal model is analogous to the human must be considered. How ex-
periments that involve loading of mouse tails are relevant to human mus-
culoskeletal disorders is a meaningful question that scientists need to
clarify for others. While seemingly distant from human experience, this
animal model is relevant from the perspective of comparative anatomy
and provides a quantifiable aspect to measurement of the impact of physi-
cal stresses. Ultimately, the basic science studies contribute important
information about the mechanisms by which injury can occur following a
prescribed set of exposures, but the application of the findings to the
whole human depends on the extent to which the results are congruent
with data from human studies.

Observational Epidemiology

From the perspective of observational epidemiology, studies of hu-
man populations are designed that measure both exposures (e.g., repeti-
tive motion) and outcomes (e.g., back disorders). A key feature of
measurement in observational epidemiologic studies is that the results
are generated from populations of humans. There are limits to the mea-
surements that persons (as opposed to cells or tissues) will allow or toler-
ate. Because the comparisons involve groups, there are levels of detail
that remain desirable but are not feasible to measure (e.g., the cost may be
prohibitive). However, surveys provide information, such as symptoms,
that cannot be obtained in the same way from certain types of laboratory
study; for example, back pain may be disabling even in the absence of
objective diagnostic test findings, and the frequency of this condition is
important to ascertain.

The presence of symptoms in the absence of objective findings needs
careful attention. Symptoms are often the first presentation of an illness
and may represent changes that are due to physical damage (due, in this
case, to repetitive lifting) that has not progressed enough to be measured
by physiological tests or physical exam. Self-reports of symptoms may
also reflect other factors, such as psychological stress. These trade-offs
(e.g., in detail versus feasibility of measurement) are inherent in observa-
tional epidemiologic studies.

The basic strategy in an epidemiologic study is to identify the extent
to which the outcome (e.g., back disorder) occurs more frequently in the
exposed group than the unexposed group. The strength of this type of
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study over basic science investigations is that the results are generated in
a real-world context. The assumption is that the persons being compared
are similar in all respects (e.g., age, weight for height) other than the
exposure (e.g., repetitive lifting) being considered in the investigation. In
fact, observational epidemiologic studies use techniques from biostatis-
tics to evaluate the degree of differences in the extraneous variables be-
tween the two groups and to perform statistical adjustment that makes
these other factors similar. The goal of these statistical techniques is to
control for confounding. It also allows precise estimation through statisti-
cal adjustment for a variety of factors, including whether the “appropri-
ate” variables are collected and entered into the calculations and whether
the number of people enrolled in the study is sufficient to permit the level
of comparisons after accounting for other extraneous variables. No
amount of application of statistical procedures can redeem a study if
important variables are missing from the data collection or the study size
is too small.

Another aspect of observational epidemiologic studies is the variety
of designs that can be used to build inferences about causal associations.
To illustrate this, we consider one of the most common types of studies,
the cross-sectional survey. This survey involves collection of data from a
sample of people of whom measures of exposure are made usually by
interview. It can involve observation of work tasks and measurement of
the environment (e.g., average load weight, frequency, duration of lift-
ing). The outcomes can also be measured by interview (e.g., incidence and
duration of back pain), physical examinations, or application of standard-
ized diagnostic tests. Applied to the example given here, a population
surveyed to examine the relationship between repetitive lifting and back
disorder, the design involves collecting information from the individuals
about their current and past lifting experience (exposure) and their cur-
rent and past episodes of back pain or diagnoses of back disorder (out-
come).

This survey design is efficient in that the scientists conducting the
study can collect a group of people, ask questions (and check medical
records, etc.), and tabulate the results all within a reasonable time frame.
However, this survey approach has limitations. Because data on the expo-
sures and outcomes are collected simultaneously, it is possible that per-
sons who had back disorders left job categories involving repetitive lifting.
Therefore, in this case, the survey may show, for those who remained to
be questioned, that back disorders were not related to repetitive lifting;
the result, however, may be affected by the fact that the injured persons
were no longer at these work tasks, or even the possibility that lifting is
“protective” against back disorders. Because there are a variety of such
considerations that complicate interpretation of a survey, a number of
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other study designs have been developed that permit the ability to estab-
lish a relationship with greater confidence. However, these study designs,
described later in the chapter, are more time- and resource-intensive.

Interventions

From the perspective of intervention studies, investigations of human
populations are designed on the basis of data from basic sciences and
observational epidemiologic studies, to formally test whether reduction
(or enhancement) of an exposure results in a lower incidence of a disorder
(and an elevation of a state of well-being). Intervention studies in basic
sciences and epidemiology are rooted partly in the fact that the effort to
undertake rigorous study is resource intensive, and scientists need a basis
of understanding before embarking on a program that could have unin-
tended and untoward consequences. The ideal of the intervention study
is to achieve, to the extent possible, the features of laboratory studies that
involve control of the ambient environment.

After a discrete intervention is identified (for example, introducing
job redesign to address the relationship between repetitive lifting and
back disorders), a population of workers who are exposed (e.g., engage in
repetitive lifting) is randomly assigned to receive either the intervention
(i.e., job redesign) or the usual activity (if considered an ethical alterna-
tive). Random assignment of intervention treatments is done in an at-
tempt to equalize the effect of extraneous variables across those who
receive the intervention and those who do not. The design is prospective,
in that people undergo the intervention or comparison conditions (modi-
fied exposure) and are then followed over time to examine the incidence
of the outcome (rates of back disorders in this case). The rate of incidence
in the outcome in the two groups is compared, and if a difference is
observed, it is attributed to the intervention. The key to this inference is
the recognition that if the two groups are comparable on all factors mea-
sured, except the intervention itself, an assumption can be made that the
groups are probably comparable on unmeasured factors. Therefore, the
factor that most likely explains the difference in rates of disease or other
outcomes is the intervention.

This feature of randomized allocation distinguishes intervention from
observational epidemiologic studies. In prospective epidemiologic stud-
ies, the variable of the intervention (such as exercise) is measured on
those who self-select to perform the intervention (or it is intentionally
selected based on some preconceived preferences of those responsible for
the selection process) rather than on those who are selected on a random
basis (e.g., to undergo exercise activities in the trial). While the techniques
for comparison are similar in the two study designs, self-selection in the
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epidemiologic study means that there may be other, unmeasured, factors
that contribute to the selection of who performs the activity under study.
These other factors may be critical for contributing to and explaining the
outcome of interest (e.g., back disorder).

While the randomized controlled design is powerful for testing the
effectiveness of interventions, it is not appropriate for all situations. For
example, if the data from basic and epidemiologic studies and clinical
experience suggest that the proposed intervention is highly likely to be
effective, then questions can arise about how ethical it would be to with-
hold an intervention from a group for the sake of a formal comparison.
The converse question to consider is whether absence of a study would be
ethical. Probably more important for workplace studies is the consider-
ation that there is constant change at work, independent of any planned
intervention, that makes the laborious process of planning and imple-
menting a randomized controlled trial challenging, if not impractical.

In these situations, another design, variously termed “historical con-
trol study,” “before/after design” study, and “time-series analysis,” has
been used. For this design, an intervention is prescribed (or simply hap-
pens) in a population that has been followed and for whom the
preintervention disease or outcome incidence is already known; after the
intervention is introduced to all in the population, incidence of disease or
outcome is ascertained over time. The basis of comparison is the inci-
dence of the outcome, since an effective intervention should result in a
lower rate of disease or other outcome in the population “after” com-
pared with the “before” interval being studied. While ethically less com-
plicated to institute than randomized trials, this design is limited by the
possibility that any number of other unmeasured factors may have oc-
curred during the course of the study, and these other factors may have
contributed to the outcomes observed. For example, while instituting job
redesign in factories, new medications for low back pain could be intro-
duced. The extent to which this other factor accounts for the results that
are attributed to the intervention would need to be considered. However,
the before/after study is an efficient design that takes advantage of natu-
ral changes that occur in the workplace and are applied uniformly to all
people (so selection issues are minimized). Therefore, findings from these
studies can be accumulated more quickly to suggest directions for pro-
gram implementation and, if appropriate and necessary, additional stud-
ies using randomized controlled trials.

Randomized trials can be limited in other ways besides costs and
ethical concerns about withholding interventions. Concerns include
whether the intervention was applied as designed (fidelity to the plan),
contamination of effect (whereby persons randomized to the control con-
dition have contact with persons who received the intervention and adopt
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some elements of the intervention indirectly), and inadequate randomiza-
tion procedures. Randomized trials are difficult to conduct in the work-
place because work practices change frequently, workers are reassigned
frequently, and it is difficult to mask participants in this setting. Scientists
involved with randomized controlled trials plan carefully to minimize the
concerns whenever possible.

Prevention represents the ultimate goal of pubic health science, the
objectives of which are to build on the basic sciences and observational
epidemiology and to test practices designed to reduce the incidence of
disease and facilitate the well-being of the population. Prevention is best
tested through intervention studies. Intervention studies serve not only
as formal tests to demonstrate practices that should be implemented in
different settings, such as the workplace, but also provide another layer in
developing confident inferences on which health factors are related. For
example, basic science and epidemiologic studies may provide informa-
tion about the association of repetitive lifting and back disorder. This
information provides the basis for developing interventions, including
job redesign, that are aimed at reducing the frequency or some other
characteristic of repetitive lifting. The successful intervention studies with
job redesign that show a reduction in repetitive job lifting and a resultant
reduction in the incidence of back disorders provide evidence for institut-
ing activities in practice and for confirming that the repetitive lifting and
back disorder were truly related.

In summary, the three types of scientific inquiry described briefly
here—basic science, observational epidemiology, and intervention stud-
ies—provide different perspectives, but they contribute to each other in
generating support, as well as checks and balances, in building scientific
certainty. This chapter reviews some of the methodological approaches
used by the various fields that address the questions on musculoskeletal
disorders in the workplace. While the methods are in many ways power-
ful, it is the variety of observations from different perspectives that con-
tinues to provide an evolving picture of the causes of and interventions
for preventing musculoskeletal disorders in the workplace. To develop
prediction, a view is needed on how causal inferences are made.

DETERMINING CAUSALITY WITHIN STUDIES

Making sense of the diverse literature requires approaches to show
how causality is established. How is it that a claim can be made that
repetitive lifting “causes” back disorder? How is it that repetitive motion
contributes to upper extremity disorders? Before extensive resources are
committed to modify the workplace or the ways workers approach their
jobs, one should examine the certainty of the statement that repetitive
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lifting is responsible for back disorder. The basis for understanding,
whether it is from a laboratory study, a field study, or an intervention
trial, rests on key concepts. The first is that there is an exposure and the
second is that there is an outcome of interest. The exposure can be one of
any number of events of a biological, physical, chemical, or psychological
nature. In the example used in this chapter, the exposure has been repeti-
tive lifting, but one could study trunk bending, trunk twisting, tempera-
ture, and so on. In public health literature, the outcome is usually a disease
condition for which risk factors are being sought in order to find strate-
gies to prevent the disease. In this chapter, we are using the example of
back disorder. In more recent public health literature, there has been a
greater emphasis on health and well-being, and certainly this can be
operationalized into an outcome for study. Here we use the terms “expo-
sure” and “outcome,” while in other settings, the analogous terms would
be “stimulus” and “response” or “cause” and “effect,” respectively.

The third concept is the association between the exposure and the
outcome. While the association of the exposure and outcome can be made
based on an individual at a single point in time, such an inference will be
more speculative than causal, because it is based on limited information
(e.g., a nurse reports back pain and her job involves repetitive lifting).
Clinicians do this all the time, but the single observation for the clinician
is actually cumulative, because the findings from one patient are placed
in the context of medical knowledge learned and catalogued to date. The
circumstances in science are different; the focus is not on categorizing
patients into established categories, but on establishing a novel associa-
tion. A hallmark for scientific inference is that there are repeated observa-
tions. This is in part to ensure replication (and why scientific activity is
called “re-search”). Also, given the biological diversity of the human spe-
cies, the observations of many studies help to ensure that associations
between outcomes and exposures are found across different layers of
human characteristics, showing that they are not simply a by-product of
some other characteristic that is coincidental in the population.

For associations to be causal, they must be based on multiple observa-
tions; there are also necessary characteristics of the association between
exposure and outcome. Some refer to these characteristics as “criteria”;
and others would use the term “conditions” or “conventions” for causa-
tion. The five characteristics listed by Campbell and Stanley (1966) and
updated by Cook and Campbell (1979) and Cordray (1986) include: (1)
temporal ordering, (2) that exposure and outcome vary together
(“covary”), (3) the absence of other plausible explanations, (4) temporal
contiguity, and (5) congruity between exposure and outcome. These char-
acteristics serve as criteria when reviewing individual studies for their
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likelihood of generating causal inferences. Later in this chapter, character-
istics that are considered across studies are presented.

Temporal ordering refers to the importance of having the exposure
precede the outcome in time; for example, repetitive lifting is more likely
to be considered a cause of back disorder if it precedes it in time. In
laboratory studies, temporal ordering can be established by the type of
control that an investigator has over the timing and delivery of an expo-
sure. In epidemiologic studies, this involves a recording of events in the
real world. Prospective studies involve measuring exposures and then
following people for the development of an outcome. Temporal ordering
may be difficult to establish in cross-sectional surveys because informa-
tion about exposure and outcome are obtained during the same inter-
view. The survey approach, though operationally efficient, is less
powerful for generating causal inferences than a prospective study (e.g.,
that follows individuals who vary in terms of performing repetitive lift-
ing and who are then followed systematically for development of back
disorder).

The second characteristic, exposure and outcome covary, refers to the
observation that if the exposure is present, an outcome will occur; a re-
duction of exposure will also result in a reduction of outcome. For ex-
ample, when no compressive force is applied to a spinal disk, it becomes
thickened, but when loaded, it thins. While this suggests a one-to-one
correspondence, it represents more of an ideal in human population stud-
ies, in which a number of factors may be contributing and offsetting each
other in establishing the outcome. Therefore, the epidemiologic equiva-
lent is that if the exposure is present, it is more likely that an outcome will
occur.

The third characteristic is the absence of other plausible explanations.
This includes the concept of confounding. Confounding is the circumstance
in which the basic association of interest is in fact due (at least in part) to
another factor. The definition of a confounding variable is that it is associ-
ated with both the exposure and the outcome, and that after accounting
for this third variable, the relationship between the exposure and out-
come is reduced, sometimes to the point at which an association can be
said to be no longer meaningful. Suppose, for example, that studies find a
strong association of repetitive lifting and back disorder, and an inference
is evolving that the former is causing the latter. Then suppose that an-
other set of studies is performed that includes a measure of recreational
activities outside the workplace. From these studies, suppose it is found
that these activities are associated with repetitive lifting (presumably be-
cause people in these jobs are likely to engage in similar levels of activities
outside the workplace compared with other workers) and back disorder.
The question can then be raised as to whether repetitive lifting itself is the
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culprit for back disorders at work, or whether the back disorders are in
fact due to recreational activities that are characteristic of workers who
happen to select (or be selected for) jobs involving repetitive lifting. In
this case, recreational activity serves as a potential confounder and repre-
sents a possible alternative explanation for the association between re-
petitive lifting and back disorder.

Fortunately, in field studies of workers, there are biostatistical meth-
ods to assist with disentangling the effects of putative confounders. The
techniques include stratification (i.e., examine whether the association of
repetitive lifting and back disorder persists across groups of persons strati-
fied by levels of recreational activity) and adjustment (i.e., statistical pro-
cedures to examine and average associations between exposure and
outcome in the presence of other variables). The selection of variables for
examination as confounders is based on those found to be plausible from
the literature as well as those identified empirically in the population
being studied.

Exposures that remain associated with the outcome of interest are
then termed “risk factors.” Because of the variability in biological diver-
sity, it is infrequent that the association of an outcome is limited to a
single risk factor. Instead, there may be a combination of risk factors that
are implicated for an outcome of interest; this is referred to as the multi-
factorial nature of causation. Thus, it is often observed that examination
of a third (putatively confounding) variable does not eliminate the funda-
mental association of the exposure and outcome; rather it reduces the
primary association, leaving it intact. In this circumstance, the investiga-
tion could then identify a combination of risk factors that contribute to the
outcome, each of which is important both alone and additively. Recogniz-
ing that the etiologic nature of many diseases, including musculoskeletal
disorders, is likely to be multifactorial, scientists search for a “web of
causation” (Susser, 1973).

The fourth consideration for establishing causality is temporal contigu-
ity. This addresses the time interval between exposure and outcome. It
may be more compelling if the exposure immediately precedes the out-
come (as is the case with an acute injury) than if the exposure preceded
the outcome in the remote past. The assumption is that the more tempo-
rally remote an exposure is, the more likely it is that some other (possibly
unmeasured) factor may be the true explanation for the etiology of the
outcome. This could mean that the observed association is, in fact, spuri-
ous. However, there may also be a “chain of causation” within a multifac-
torial model, whereby a series of different conditions must be met in
order for the outcome to be observed. In this reasoning, there are factors
that are proximal to (immediately preceding) the outcome, and factors
that are more distal from (further removed in time preceding) the out-
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come. In occupational epidemiologic studies, there is frequently a consid-
eration of cumulative proximal and distal exposures, so that the distinc-
tion made here is at times less relevant to generating causal inferences
than for some other fields. Therefore, temporal contiguity is satisfactory
as a condition to isolate only in analyses for the proximal risk factors.
Slavish reliance on a requirement for temporal contiguity can be limiting
in developing a full understanding of the relationships (such as cumula-
tive exposures) that lead to an outcome of interest.

Congruity of exposure and outcome involves the finding that if the expo-
sure is increased, then the outcome is expressed more frequently. This
could be expressed as a dose-response effect, whereby an increase in expo-
sure should lead invariably to an increase in outcome (or an increase in
stimulus leads to an increase in response). This assumes a continuous and
linear relationship of the stimulus and response. However, there are cir-
cumstances in which the relationship may be expressed more as a thresh-
old (no response is observed until the stimulus rises to a minimum level,
after which there is an increase until some maximum threshold is achieved
and response no longer increases or, with fatigue, actually decreases).
When the dose-response relationship is not linear, investigators search for
the circumstances that can account for these findings. This deviation from
a linear relationship could be due to operational characteristics of a study
(e.g., delays in implementation of job redesign). There may also be factors
other than the exposure and outcome that modify the basic exposure-
outcome association; an interaction occurs when the joint effect of two
exposures exceeds (or offsets) the independent effect of each variable
alone.

Put another way, the scientist looks for interaction. This refers to the
relationship of exposure and outcome in the presence of a third variable,
whereby the primary association differs significantly across different lev-
els of the third variable. While the association of the exposure and out-
come may be impressive when viewed alone or when summarized across
the levels of the third variable, closer examination reveals that the pri-
mary association is vastly larger at the first than at the second level of the
third variable. This definition distinguishes confounding from interac-
tion, in that confounding represents the effect of a third variable that is
related to both primary variables (exposure and outcome) that accounts
for the primary relationship. By contrast, interaction represents the effect
of the third variable in synergizing (or offsetting) the exposure’s effect on
the outcome. A classic example is the relationship between alcohol con-
sumption and esophageal cancer. While this relationship is strong, it is
also true that cigarette smoking is associated with both alcohol use and
cancer. Therefore, cigarette smoking could be a confounder in this asso-
ciation. However, when examined more closely, the association of alcohol
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and esophageal cancer is many times greater among smokers than non-
smokers, showing that there is combination or a joint effect of alcohol and
cigarettes that is greater than the significant effects of each factor alone.
The potency of identifying interactions is important for targeting public
health interventions, and the extent to which these interactions can be
deciphered for musculoskeletal disorders in the workplace is discussed in
later chapters.

Thus far, the discussion has covered basic characteristics of an asso-
ciation between a putative exposure and outcome in a study in order to
consider it a causal relationship. There are other important methodologi-
cal issues as well. In generating causal inferences, there must be consider-
able attention to errors in measurement. Random error can occur through
imprecise measurement that allows a broader array of responses than
would be necessary, whether through questionnaires or with an appara-
tus that captures information within a range of the true values. An ex-
ample is the measurement of blood pressure, which depends on the skill
and experience of the reader as well as the setting of the sphygmomanom-
eter and other circumstances. If important variables are not measured,
this contributes to random error. Random error results in attenuation of
an observed association (when one existed in reality) and does not under-
mine confidence in a study that yields positive findings. In fact, random
error can increase confidence in a positive study, since the strength of the
effect was sufficient to permit its observation despite the null basis cre-
ated by random error. Efforts can be made to consider research questions
comprehensively and to sharpen measurements for greater precision, but
while random error can be reduced, it can never be eliminated. Despite
residual random error, studies can still contribute well to assessment of
causality.

Another general area of concern is error that is systematic. Systematic
error is also called bias, which can relate to the sampling of people for a
study, the collection of information that is used to generate associations,
and analyses. An example involves case-control studies in which cases
are selected from clinical practice and controls are selected from the gen-
eral population. If cases identified in the hospital do not represent all
cases in the community, this could lead to a bias (especially if the cases in
the hospital are more severe). The bias can be exaggerated further if the
controls are selected not from the community, but from hospital services
that systematically exclude musculoskeletal diseases or happen to ex-
clude the possibility of work (e.g., a chronic care psychiatric ward). The
result would provide an artificial association of work-related activities
and musculoskeletal disorder. Another example of bias involves the type
of information collected. For example, in a case control study, musculo-
skeletal cases, especially those identified in a hospital, might be
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questioned more thoroughly about their exposures and ruminate about
possible risk factors more than controls (free of disorders) who are ques-
tioned in a community setting. Clearly, it is important to design studies in
which the same information is obtained in the same way from individuals
who are comparable. Rather than review here the extensive array of
potential biases that are possible, the reader is referred to a more detailed
discussion elsewhere (Sackett, 1979).

CRITERIA FOR CAUSALITY ACROSS STUDIES

Thus far the discussion has considered characteristics of causal infer-
ence that can be examined within studies. These serve as a means to sort
through individual studies and identify those that can contribute to gen-
erating causal inferences. The emphasis in this discussion has not been on
study design, but rather generic considerations that could apply to basic
science, observational epidemiologic, and intervention studies. There is,
however, an approach for considering a body of literature to generate
causal inferences across a variety of studies. The approach used in epide-
miology has been attributed to Sir A.B. Hill (Lilienfeld and Lilienfeld,
1980). The Bradford Hill criteria for causality address strength, temporal-
ity, consistency, and specificity of association; dose-response association;
and biological plausibility.

The strength of association refers to the magnitude of the measure of
the association; the larger the summary measure, the more confident one
can be that the putative association may be causal. The type of measure
used includes the relative risk or odds ratio. In our example, the ratio
could be higher rates of back disorders in persons engaged in repetitive
lifting than in those not engaged in this activity. The larger the ratio of
incidence rates (especially across studies), the greater confidence one can
have that the observed association is meaningful. There are no hard and
fast rules for the minimum size of the association, although Lilienfeld and
Lilienfeld (1980) have suggested that associations (e.g., relative risks)
greater than 3 were probably less likely to be due to selection bias.

Temporality of association refers to the need, in establishing causality,
that the exposure must precede the outcome in time. This point has been
addressed earlier.

Consistency of association refers to similarity of findings within sub-
groups of a study or similarity of findings in other populations studied at
different times, even by different study designs (e.g., retrospective versus
prospective studies). The greater the degree of consistency across sub-
groups or across studies, the more confidence the reviewer can have that
the association under study is likely to be considered causal. Failure to
find consistency of association across studies is not necessarily evidence
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for the lack of association; rather, it is possible that factors associated with
the outcome of interest could respond differently in the presence of other
factors. This circumstance is referred to as “interaction” and should be
considered before discarding associations as inconsistent.

Specificity of association refers to the concept that if a factor is associ-
ated with one outcome but not others, then a causal inference is more
likely to be entertained. Many epidemiologists who note that some expo-
sures can in fact be related to numerous disease outcomes (e.g., tobacco
exposure) have concluded that specificity of association, as a criterion for
causality, needs to be considered with caution.

The dose-response relationship is a direct association between levels of
the exposure and levels of the outcome, for example, when reduction in
levels of exposure, through intervention, is associated with reduction in
levels of the outcome (e.g., rates of disease within subgroups). In epide-
miologic studies in which exposure levels are difficult to measure at the
individual level, studies can classify individuals by ambient exposures; in
other settings, special population groups characterized as having extremes
of the putative exposure (i.e., none, considerable) might be used to assist
in contributing to the understanding of the response to the dose.

Biological plausibility refers to the likelihood that an association is com-
patible with existing knowledge of biological mechanisms. This point is
an explicit statement of the concordance of the basic science and the epi-
demiologic literature. However, failure to have an established mecha-
nism does not necessarily negate the observed association; rather, if other
criteria of causality are observed for the association, we might consider
the observed association for hypothesis generation. Indeed, there are nu-
merous examples in the history of epidemiology in which associations
observed in the field led to important public health practice and policy
change, even though the association initially preceded biological theory
development, which was established later. Historically, Snow’s (1936)
work in London on the cholera epidemic and Goldberger and colleagues’
(Goldberger, Waring, and Tanner, 1923) work on pellagra are classic ex-
amples in which epidemiologists made important observations and inter-
ventions based on epidemiologic observations prior to the development
of basic science observations or understanding.

These criteria have been used in numerous other reports for the past
40 years and have represented important guidance for drawing etiologic
causal inferences in studies of human disease that were characterized by
the use of observational epidemiologic studies.
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STUDY DESIGNS

As noted above, the Bradford Hill criteria have been used primarily
with observational epidemiologic studies. The principal designs used in
such studies include surveillance, the cross-sectional survey, the case-
control design, the prospective study, the randomized controlled trial,
and the community trial. Surveillance involves a systematic collection of
data on cases of disease (or exposures of interest, such as the National
Occupational Exposure Survey project of the National Institute for Occu-
pational Safety and Health). The data collection is usually passive, as
when doctors complete forms to report diseases or conditions to the gov-
ernment or to insurance companies, or it can be active, with trained sur-
veillance technicians conducting systematic surveys in selected settings
using established protocols. In either case, the purpose of surveillance is
to monitor a population for departures in the typical number of cases
observed over time or across jurisdictions. Surveillance data can be ana-
lyzed for trends, and it has been used for analyses to generate and to test
hypotheses. However, the level of information obtained in surveillance
projects is typically limited, as is the sampling scheme, in order to provide
a cost-efficient means of monitoring a population to identify periods when
more focused studies are warranted.

The cross-sectional study is typically a single survey in which ascertain-
ment of the exposures and the outcome of interest are conducted at the
same time. The survey is done with an interest in determining whether
the outcome is present at the time of the survey and whether the exposure
has been present at some point. Although the cross-sectional study is
more efficient than designs described below, its general limitation is that
such surveys obtain information on prevalence of conditions (and expo-
sures), so the temporal association between exposure and outcome may
be more difficult to document. However, often the temporal association
in cross-sectional studies is sufficiently clear that such an association can
be inferred (e.g., to address such questions as whether workers with car-
pal tunnel syndrome have jobs that require forceful and repetitive use of
the hand more often than those without carpal tunnel syndrome).

To address the difficulty of establishing temporal ordering, some
cross-sectional studies can provide proper temporal information by using
a careful history of exposure and onset of disease or historical data. How-
ever, depending on the accrual of the sample (and departures of those
disabled before the study begins), the association determined from a cross-
sectional study might reflect information on those who have survived up
to that point. As was noted earlier in this chapter, the effect of selective
survival on the observed association between exposure and outcome is an
important limitation of cross-sectional studies. Estimates of risk may be
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erroneously low as a result of such sample distortion. The cohort study is
not prone to this effect. Thus, the cross-sectional survey needs to be re-
viewed to determine whether the correlates identified represent sugges-
tions for risk factors for the disease outcome, or represent correlates for
survival in the population up to the point at which the study is done.

The prospective study is a longitudinal design that starts with measur-
ing exposure and then follows individuals over time to identify incidence
of disease (or other outcome). This design can be concurrent (starting
with exposure currently and then following individuals over time) or
nonconcurrent (have a record of exposures that were recorded in the past
and then identify incidence of outcomes subsequent to those measure-
ments). One of the greatest strengths of the prospective study is the ability
to have information on temporal association. These studies can be used to
examine the incidence of disease given exposure, the spectrum of disease,
the incubation period (given a discrete date of exposure and onset of
outcome), prognostic indicators for disease given exposure, and survival.
These studies are also used for nested case-control studies and evaluation
of interventions in practice settings. However, evaluation of interventions
is limited by the fact that exposure for individuals is based on some
selection process that is usually nonrandom; therefore, differences attrib-
uted to intervention could be also due to factors related to selection. As
noted earlier, although prospective studies are difficult to carry out, it is
important to emphasize their value.

The randomized controlled trial is the design used to formally test an
intervention. Essentially, the randomized controlled trial is a prospective
study that has the added feature of random allocation of the exposure of
interest. The advantages of the randomized controlled study and the pro-
spective study are similar; both are able to demonstrate temporal order-
ing between exposure and outcome. The trial has the key feature of having
random allocation of treatment, whereby the investigator controls assign-
ment of an intervention to a portion of the participants. Selection of par-
ticipants is not controlled by the investigator, so bias in assignment is less
likely. Similarly, because the process of assignment is random, on average
the groups assigned to treatment and control conditions are, in theory,
similar. This similarity does not always occur in fact, because the random
procedure for assignment by chance can produce unequal groups as well.
If the groups are unequal, the investigators make statistical adjustments.
If the groups are equivalent (based on characteristics the investigators
had available to measure), then the investigators can extrapolate that the
groups being compared are likely to be comparable on unmeasured fac-
tors. This assumption may or may not be true. However, this equivalence
of groups is the unique feature of randomized controlled trials that can
make them potentially so powerful in generating inferences. As noted
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earlier, the strengths of the randomized controlled trial are contrasted by
a number of considerations (feasibility, practicality, ethics), so this design
involves a number of decisions that frequently limit its use.

PATTERN OF EVIDENCE COMPARISONS

Results across the variety of datasets are also summarized in this
report using the “pattern of evidence” approach. This is an alternative
approach to analyzing a collection of datasets, contrasted with the tradi-
tional approach of “preponderance of evidence,” which by strict defini-
tion is reserved for summarizing a larger body of studies with more
uniform research designs. Rather than summarizing the results of studies
to determine whether the direction and magnitude of association is simi-
lar across studies to develop a preponderance of evidence, the pattern of
evidence approach looks at the extent to which results from one class of stud-
ies help to compensate for the limitations from another class of studies. The goal
is to establish a pattern of evidence that can be discerned from multiple
data sources that are based on different sampling frames and methods.

This approach considers interrelated conditions, such as intermediate
outcomes (e.g., if there is a reduction in back disorders after the imple-
mentation of job redesign), and can be used to decide whether there are
other pieces of evidence available to rule in its plausibility (Cordray, 1986).
For example, such evidence could include: epidemiologic evidence that
shows an association of repetitive lifting and back disorder among differ-
ent occupational groups, independent of organizational, psychological,
and recreational factors; biomechanical literature showing precise load
location, load moment, spinal load, three-dimensional trunk position, fre-
quency, and kinematics that points to a well-defined pathway for expo-
sure and risk of spine structure loading; and basic biological studies
showing that a greater magnitude of spinal loading can explain deteriora-
tion of spinal tissue and can cause damage. Thus, the more supportive the
pattern of evidence, the more plausible the perceived effect. The strength
of this method is that, alone, self-reports of work practices in epidemio-
logic studies might be important but could be questioned as being subject
to socially desirable responding; having data from other sources helps to
strengthen inferences that this behavior occurred. Similarly, having a re-
duction in back disorders after implementing job redesign could be due to
any number of factors, but having data to show that there was a decrease
in specified biomechanical actions at the level of the individual bolsters
confidence that the observed results might be due to the intervention. Of
course, there can be inconsistencies, such as no change in the frequency of
back disorder in a workplace where a program was implemented. How-
ever, further investigation might show that the program, while well in-
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tended, had elements that did not target behaviors properly. This pattern
of evidence, with the contribution of different studies with different forms
of measurement, may suggest that while the program was utilized, the
intended effect was not observed. Ideally, these results can be obtained
early enough to focus data collection toward the factors that might be
related to such a finding.

In other words, if certain conditions are met, then it is possible to
probe the plausibility that the intervention was responsible, at least in
part, for the observed outcomes. As empirical evidence or assessments
are repeated, the plausibility increases. Through multiple assessments,
involving a logical network of evidence, it may be possible to derive a
portrait of the plausibility. While there is a pool of studies of varying
quality, the pattern of evidence approach requires at least some higher-
quality studies (i.e., prospectively collected data) within the total pool of
studies to be available to assess whether the evidence from the lower-
quality studies is meaningful. This approach is particularly appropriate
as an inferential strategy in the situation in which the number of any
single type of studies (e.g., behavioral surveys, incidence data, surveil-
lance data) is limited, precluding a preponderance of evidence approach.
This pattern of evidence approach is not novel; it was described and used
in a recent report that investigated the role of sterile syringes and bleach
disinfection in HIV prevention (National Research Council, 1995).

This report reviews the literature on musculoskeletal disorders in the
workplace, drawing on studies from basic sciences, epidemiology, and
intervention research. Each of these types of research is reviewed sepa-
rately in different chapters. However, there is also cross-referencing be-
tween chapters, and an integration chapter, to assemble inferences that
are based on patterns of evidence about the associations that lead to the
conclusions and recommendations in this report.
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Epidemioloyic Evidence

he panel’s effort to evaluate the scientific basis for a relationship

between work factors and musculoskeletal disorders of the back and

upper extremities required comprehensive reviews of the epidemio-
logic literature. For each of the two anatomical regions, reviews of the
physical and the psychosocial factors were undertaken. Referring back to
Figure 1.2, the review of the epidemiologic evidence addresses several
components. The workplace factors considered include all three main
elements and their relationship to the person. The person is considered in
terms of the several outcomes reported in these studies, while adjusting
or stratifying for the individual factors that are relevant.

METHODS

Criteria for Selection and Review of Articles

In planning for this process, the panel set a number of criteria specific
to the task of selecting articles for the epidemiology review:

* Both the exposed and the nonexposed (or comparison) popula-
tions are clearly defined with explicit inclusion and exclusion criteria. It is
evident why subjects who were studied were eligible and why those not
studied were ineligible.

® The participation rate was 70 percent or more.

® Health outcomes relate to musculoskeletal disorders of the low
back, neck, and upper extremities and were measured by well-defined
criteria determined before the study. The health outcomes studied are
carefully defined so that it is evident how an independent investigator
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could identify the same outcome in a different study population. Out-
comes are measured either by objective means or by self-report. For self-
reported outcomes, however, there are explicit criteria for how the data
were collected and evidence that the collection method would permit
another investigator to repeat the study in another population.

* The exposure measures are well defined. Self-report of exposure is
acceptable so long as the method of collecting self-reports was well speci-
fied and there was evidence that the self-reports were reliable reflections
of exposures. Job titles as surrogates for exposure were acceptable when
the exposure of interest was inherent in the job (e.g., vibration exposure
for those operating pneumatic chipping hammers).

¢ The article was published in English.

* The article was peer reviewed.

* The study was done within the last 20 years (preferably).

No specific limitations were placed on study designs acceptable for
consideration. The advantages of prospective studies, however, were rec-
ognized. For example, there were sufficient prospective studies of low
back pain to examine these separately among the studies of physical fac-
tors and exclusively among the studies of psychosocial factors.

Literature Search Methods

The literature reviews were conducted using computer-based biblio-
graphic databases, with MEDLINE (National Library of Medicine, United
States of America) a component of all searches. Additional databases in-
cluded: NIOSHTIC (National Institute for Occupational Safety and
Health, United States of America), HSELINE (Health and Safety Execu-
tive, United Kingdom), CISDOC (International Labour Organization,
Switzerland), Ergoweb (Internet site of the University of Utah), Psychinfo,
Oshrom, Ergonomics Abstracts, and ArbLine (National Institute for Work-
ing Life, Sweden).

The bibliographies of articles (particularly review articles) and the
NIOSH comprehensive review (Bernard, 1997b) were examined to iden-
tify additional relevant articles.

Using these sources, a candidate list of articles was established and
then systematically screened to determine which ones met the strict crite-
ria, described above, for inclusion in the review. Each process reduced the
list substantially. For physical work factors studied in association with
back disorders, 255 studies were initially identified as relevant and 41 met
the selection criteria and were reviewed. For psychophysical factors and
back disorders, the search resulted in 975 references, which were then
reduced to 21 work-related risk factor studies and 29 individual risk fac-
tor studies. For work-related physical factors and upper extremity disor-
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ders, the initial list of 265 references was reduced to 13 that provided
direct and 29 that provided indirect measures of exposure. For psycho-
physical factors and upper extremity disorders, the initial 120 references
were reduced to 28.

Analysis of Study Results

Definition of Measures: Relative Risks

In epidemiology, the relative risk is a measure of the strength of an
association, here meaning the relationship between the frequency of an
exposure and the occurrence of an outcome (e.g., amount of vibration and
incidence of back pain). Because human populations typically have a va-
riety of exposures occurring in near proximity, relative risk is typically
measured as the incidence of disease in the exposed (e.g., helicopter pilots
who experience vibration) and the incidence of disease in the unexposed
(similar people, like ground crews, who are considered to share nearly
the same other exposures as the exposed, such as recreational activities,
diet, and living conditions). The ratio of incidence provides a measure of
association, and the higher this ratio of incidences (the relative risk), the
stronger the association, the more confidence we can place in a conclusion
that the association is meaningful.

Because incidence is a rate calculated by following people over time,
and many studies are cross-sectional or retrospective (case-control), other
measures, such as the prevalence ratio and the odds ratio, have been devel-
oped to summarize the association between exposure and outcomes for
these other study designs. Our analysis focused on associations expressed
by such risk estimates as the odds ratio and the relative risk. These esti-
mates were retrieved from the original article or calculated when suffi-
cient raw data were presented.

Definition of Measure: Attributable Risk

The attributable risk is another measure used to help generate infer-
ences. In its simplest form, it is the difference between the incidence in
those exposed and those unexposed—a risk difference. This risk differ-
ence is thought of as the attributable risk in that, in theory, removing this
exposure entirely would reduce the frequency of the outcome to the level
of those who are unexposed. Rotham and Greenland (1998a, 1998b) dis-
cuss some of the limitations of this simple assumption. Attributable risk is
often calculated as a ratio rather than a difference: risk in the exposed is
divided by risk in the unexposed, producing an attributable fraction. The
attributable fraction is the proportion by which the rate of the outcome
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among the exposed would be reduced if the exposure were eliminated. This
fraction is calculated as the ratio of (RR—1)/RR, where RR is the relative risk
or the prevalence ratio of risk in the exposed compared with the unexposed:

AF, = (RR -1)/RR

The attributable fraction helps scientists and policy makers recognize
that in many cases a variety of factors contribute to the total incidence of
a disease or other outcome, so that removal of an exposure typically does
not reduce the outcome rate to zero. However, in its simplest form, the
attributable risk is a measure that suggests that if the offending exposure
were removed (by intervention or regulation), then the amount of disease
outcomes would be estimated to be reduced by the calculated amount. As
is noted below, this simple summary is enmeshed in caveats.

It is important to recognize in this calculation that the result depends
on what is included. That is, if one considers a calculation of one factor as
it relates to an outcome and then performs a separate calculation for
another factor for the same outcome, there is overlapping (correlation)
between factors that could make the sum of the two separate factors sum
to more than 100 percent. Attributable fraction, then, represents a crude
but important estimation of the impact of control of risk factors. An esti-
mate of the attributable fraction for a multifactorial disease such as a
musculoskeletal disorder provides only an estimate of the relative impor-
tance of the various factors studied. It is not, and cannot be, considered a
direct estimate of the proportion of the disease in the population that
would be eliminated if only this single factor were removed (Rotham and
Greenland, 1998a). Rather it provides guidance to the relative importance
of exposure reduction in those settings in which the exposure under study
is prevalent. Consequently, we have not attempted to rank or further
interpret the findings for attributable fractions and have chosen only to
report them as a rough guide to the relative importance of the factors in
the study settings in which they have been examined.

In this review, the relative risk in longitudinal studies and the preva-
lence or odds ratio in cross-sectional surveys were used to calculate the
attributable fraction for the risk factors studied. For example, if workers
exposed to frequent bending and twisting have a prevalence of low back
pain that is 3 times that of those not exposed, then among the exposed the
attributable fraction will be:

AF,=(3-1)/3=0.67

By this hypothetical calculation, 67 percent of low back pain in the ex-
posed group could be prevented by eliminating work that requires bend-
ing and twisting.
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Confounding

None of the musculoskeletal disorders examined in this report is
uniquely caused by work exposures. They are what the World Health
Organization calls work-related conditions. “Work-related diseases may
be partially caused by adverse working conditions. They may be aggra-
vated, accelerated, or exacerbated by workplace exposures, and they may
impair working capacity. Personal characteristics and other environmen-
tal and socio-cultural factors usually play a role as risk factors in
work-related diseases, which are often more common than occupational
diseases” (World Health Organization, 1985).

In Chapter 3 we note that the epidemiologic study of causes related to
health outcomes such as musculoskeletal disorders requires careful atten-
tion to the several factors associated with the outcome. The objective of a
study will determine which factor or factors are the focus and which
factors might “confound” the association. In the case of musculoskeletal
disorders, a study may have as its objective the investigation of indi-
vidual risk factors. Such a study, however, cannot evaluate individual
risk factors effectively if it does not also consider relevant work expo-
sures; the work exposures are potential confounders of the association
with individual risk factors. Conversely, a study that evaluates work ex-
posures cannot effectively evaluate these factors if it does not also con-
sider relevant individual risk factors; the individual risk factors are
potential confounders of the association with work exposures.

Therefore, when studying the relationship of musculoskeletal disor-
ders to work, it is necessary to consider the other known factors that cause
or modify the likelihood that the disorder will occur, such as individual
factors and nonwork exposures. For example, the frequency of many
musculoskeletal disorders is a function of age, so age has to be taken into
account before attributing a musculoskeletal disorder to a work exposure.
Another common concern is whether a recreational exposure accounts for
an outcome that otherwise might be attributed to work.

In every epidemiologic study, confounders need to be measured and,
when relevant, included in the data analysis. The confounders selected
for consideration in the analysis of data from a specific study depend on
the types of exposures studied, the types of outcomes measured, and the
detail on potential confounders that can be accurately collected on a suffi-
cient number of the study subjects. As a consequence, our approach to
reviewing epidemiologic studies of work and musculoskeletal disorders
documented the attention given to a wide range of potential confounders
(see the panel’s abstract form in Box 4.1). No study can measure every
possible confounder; however, the papers included by the panel were
judged to have given adequate attention to the primary individual factors
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BOX 4.1 Individual Factors Considered in Analyses
Form Used in Describing Studies Included in the Review

Used in Does
Described Analysis Not Vary
Q Age Q Q Qa
Q Gender a a a
0 Body mass index a a a
a Weight Q Q Qa
0 Height Q Q Qa
0 Smoking a a a
O Marital status Q Q Qa
4 Income Q Q Q
0 Educational status a a a
0 Comorbid states a a a
4 Hormone-related conditions Q Q Q
(e.g., pregnancy)
0 Strength or capacity a a a
4 Race Q Q Q
1 Workers’ compensation policies a a Qa
0 Nonoccupational exposure factors Q Q Qa

Methods used to control confounding:
4 Matching
0 Stratification
0 Standardization
Q None
0 Regression
Q Other:

Consideration of interactions:
Q Interaction between different types of work exposures
0 Interaction between work exposures and nonwork exposures/cofactors

that might have confounded the work exposures under study. These in-
clude in particular age and gender, as well as, when necessary and pos-
sible, such factors as obesity, cigarette smoking, and comorbid states.
The role of potential confounders in epidemiologic studies and their
proper management is often confusing to the nonepidemiologist. The dif-
ficulty stems from the fact that the potential confounder is often known to
be associated with the disease, in this case musculoskeletal disorders. The
association of a risk factor such as age with the disease, however, does not
make it a true confounder of the study’s examination of a separate risk

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

EPIDEMIOLOGIC EVIDENCE 91

factor such as work exposures. True confounding occurs only when, for
example, both the risk factors being studied (age and work exposures) are
associated with the outcome (musculoskeletal disorders) and the two risk
factors are also correlated (for example, those with more work exposure
are also older). Fortunately, as noted in Chapter 3, there are statistical
methods available to manage confounding that provide a way to “sepa-
rate,” in this example, the effects of the work exposure from the effects of
age.

The panel recognizes that a number of nonwork factors are associated
with or also cause the musculoskeletal disorders under study. These were
not separately studied, but they were considered, as necessary, to evalu-
ate the significance of the work factors that were studied. In our judg-
ment, it is evident that confounding alone is highly unlikely to explain the
associations of musculoskeletal disorders with work that are noted. More
detailed consideration of confounding in future studies, however, should
further improve the precision and accuracy of risk estimates.

Measures of Workplace Exposures

Physical Exposures

The measures of physical exposures investigated include force, rep-
etition, posture, vibration, and temperature. Available approaches to esti-
mating exposure to these physical stressors include worker self-report,
bioinstrumentation, and direct observation. The optimal choice among
methods depends on characteristics of the methods as well as of the jobs
under study. Job exposure can be considered a weighted sum of the dif-
ferent task-specific exposures that make up the job, with weights coming
from task distributions (Winkel and Mathiassen, 1994). Each of two com-
ponents—exposures in each task and the relative frequency of each task—
must be estimated. Workers with the same job title may have different
exposure levels because of between-worker variability in either the dura-
tion and distribution of tasks within jobs or the exposures within tasks.
Furthermore, job title may indicate homogenous exposure groups for
some stressors, such as repetitiveness and force demands, while other
features such as posture may vary widely among workers in the same job
(e.g., Punnett and Keyserling, 1987; Silverstein, Fine, and Armstrong,
1987). In highly routinized or cyclical work, such as that at a machine-
paced assembly line, without job rotation there is only one task, the short
duration and regularity of which make the exposure determination a rela-
tively simple problem. In contrast, in nonroutinized work, such as con-
struction and maintenance, determination of task distributions over an
extended period of time may be a more difficult undertaking. As jobs
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become less routinized, i.e., less predictably structured, valid estimation
of both task distributions and task-specific exposures becomes increas-
ingly challenging.

Typically, both observational and direct measurement techniques
generate highly detailed, accurate exposure analyses for a relatively short
period of elapsed time in each job. Most protocols for these methods
assume that the work is cyclical, with little variability over time, so that it
is reasonable to measure exposures for a short period and extrapolate
them to the long term. But many jobs do not fit this model: they are not
comprised of work cycles, or the cycles are highly variable in their total
duration or content (the number or sequence of steps that comprise each
cycle) and do not account for all of the work performed by an individual
with any given job title. For these jobs, it would be infeasible to undertake
continuous measurements for entire cycles as an exposure assessment
strategy, because either there are no cycles, or a very large number of
(long) cycles would have to be recorded in order to quantify accurately
the total and average duration of exposures. With short measuring times,
the data collected are of uncertain representativeness because these time
periods do not match the duration of exposures that are thought to be
relevant to musculoskeletal disorder development.

A versatile alternative for estimating physical exposures is the use of
data collected directly from workers. Such reports may address both task-
specific exposures within jobs and the distributions of tasks performed by
each worker. In addition to being time-efficient, self-reports permit as-
sessment of exposures in the past as well as the present and may be
structured with task-specific questions or organized to cover the job as a
whole. Some researchers have explicitly recommended a composite ap-
proach to the analysis of nonroutine jobs, in which task-specific expo-
sures are measured directly and the temporal distribution (frequency and
duration) of each task is obtained from self-report. Self-reported data can
take various forms, including duration, frequency, and intensity of expo-
sure. In some studies, absolute ratings have agreed well with observa-
tions or direct measurements of the corresponding exposures, while others
have diverged significantly, especially with use of continuous estimates
or responses that required choices among a large number of categories
(e.g., Burdorf and Laan, 1991; Faucett and Rempel, 1996; Lindstrom,
Ohlund, and Nachemson, 1994; Rossignol and Baetz, 1987; Torgén et al,,
1999; Viikari-Juntura, 1996; Wiktorin et al., 1993).

Retrospective recall of occupational exposures has been frequently
employed in studies of musculoskeletal disorders, but there are few data
on the reproducibility of such information. Three studies have examined
the potential for differential error (i.e., information bias) in self-reported
exposure with respect to musculoskeletal disorders with mixed results;
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some risk estimates were biased away from the null value, some toward
it, and others not at all (Torgén et al., 1999; Viikari-Juntura, 1996; Wiktorin
et al., 1993). In the REBUS! study follow-up population, Toomingas et al.
(1997a) found no evidence that individual subjects systematically over-
rated or underrated either exposures or symptoms in the same direction.
Self-reported exposures have promise, but their validity depends on the
specific design of the questions and response categories.

A variety of instrumentation methods exist for direct measurement of
such dimensions as muscle force exertion (electromyography), joint angles
and motion frequency (e.g., electrogoniometry), and vibration (acceler-
ometers). For example, the goniometer has been used in a variety of stud-
ies of wrist posture, including field assessments of ergonomic risk factors
(Moore, Wells, and Ranney, 1991; Wells et al., 1994), comparisons of key-
board designs (Smutz, Serina, and Rempel, 1994), and clinical trials (Ojima
et al., 1991). Hansson et al. (1996) evaluated the goniometer for use in
epidemiologic studies, and Marras developed a device for measuring the
complex motion of the spine (Marras, 1992). While many consider these
methods to represent collectively the standard for specific exposures, each
instrument measures only one exposure, and usually only at one body
part. When multiple exposures are present simultaneously and must be
assessed at multiple body parts, the time required to perform instru-
mented analyses on each subject may limit their applicability to epide-
miologic research (Kilbom, 1994). Another practical concern is the
potential invasiveness that may interfere with job performance, alter work
practices, or reduce worker cooperation. Thus, there is a trade-off be-
tween the precision of bioinstrumentation and the time efficiency and
flexibility of visual observation and worker self-report. As discussed in
Chapter 6, gross categorical exposure measures (e.g., >10 kg versus < 10
kg) used in epidemiologic studies may limit the possibility of observing
an exposure-risk relationship; a continuous measure based on bioinstru-
mentation might make such a relationship more apparent. Thus, their
high accuracy (for the period of measurement) gives these methods utility
for validating other methods on population subsets and added value
when they can be applied in epidemiologic studies.

A large number of observational methods for ergonomic job analysis
have been proposed in the last two decades (see Kilbom, 1994). These

Un the original REBUS study conducted in 1969, participants were asked to complete a
questionnaire regarding health status—all selected were given a medical examination. A
diagnosis of musculoskeletal disorder required signs and symptoms. The follow-up study,
conducted in 1993, asked the younger participants in the original REBUS study to partici-
pate in a reexamination.
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include checklists and similar qualitative approaches to identify peak
stressors (e.g., Keyserling et al., 1993; Stetson et al., 1991). The limitation
with checklists is that they provide little information beyond the presence
or absence of an exposure, with a possibly crude estimate of the exposure
duration. The qualitative approaches are not likely to provide sufficient
detail to effectively assess exposure for epidemiologic studies.

The most common observational techniques used to characterize er-
gonomic exposures are based on either time study or work sampling.
Both of these techniques require a trained observer to characterize the
ergonomic stressors. Methods based on time study (e.g., Armstrong et al.,
1982; Keyserling, 1986) are usually used to create a continuous or semi-
continuous description of posture and, occasionally, force level. There-
fore, changes in the exposure level, as well as the proportion of time a
worker is at a given level, may be estimated. Because methods based on
time study tend to be very time intensive, they are better suited to work
with fairly short and easily definable work cycles. A different approach,
work sampling, involves observation of worker(s) at either random or
fixed, usually infrequent, time intervals and is more appropriate for
nonrepetitive work (e.g., Karhu, Hansi, and Kuorinka, 1977; Buchholz et
al., 1996). Observations during work sampling provide estimates of the
proportion of time that workers are exposed to various stressors, although
the sequence of events is lost. Though less time intensive than time study,
work sampling still requires too much time for use in an epidemiologic
study, especially one that employs individual measures of exposure.

There are also a few highly detailed, easily used observational analy-
ses for use as an exposure assessment tool in an epidemiologic study.
These methods employ subjective ratings made by expert observers. For
example, Rodgers (1988, 1992) has developed methods based on physi-
ological limits of exposure that rate effort level, duration, and frequency.
The method developed by Moore and Garg (1995) employs ratings simi-
lar to those of Rodgers and adds posture and speed of work ratings.
Moore and Garg’s strain index is designed to estimate strain for the distal
upper extremity. It is the weighted product of six factors placed on a
common five-point scale (subjective ratings of force, hand/wrist posture,
and speed of work and measurement of duration of exertion, frequency of
exertion, and duration of task per day). The strain index is a single prior-
ity score designed to represent risk for upper extremity musculoskeletal
disorders and is conceptually similar to the lift index for low back disor-
ders. The lift index was developed as part of the revised NIOSH lifting
equation (Waters et al., 1993) and is the ratio of the load lifted and the
recommended weight limit.

Recently, Latko et al. (1997) developed a method employing visual
analog scales for expert rating of hand activity level (called HAL). The
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method has also been generalized to assessment of other physical stres-
sors, including force, posture, and contact stress (Latko et al., 1997, 1999).
The HAL employs five verbal anchors, so that observers can rate the
stressors reliably. In an evaluation, a team of expert observers comes to a
consensus on ratings for individual jobs. These ratings correlated well
with two quantitative measures, recovery time/cycle and exertions/sec-
ond, and are found to be reliable when compared with ratings of the same
jobs 1.5 to 2 years later (Latko et al., 1997).

In sum, there are many methods for assessment of ergonomic expo-
sures. The challenge for ergonomists and epidemiologists is to determine
a method of characterizing level of exposure that is efficient enough to
permit analysis of intersubject and intrasubject variability across hun-
dreds of subjects and that can also produce exposure data at the level of
detail needed to examine etiologic relationships with musculoskeletal dis-
ease. The HAL, as developed by Latko, is easy to apply and has proven to
be predictive of the prevalence of upper extremity musculoskeletal disor-
ders in cross-sectional studies.

Psychosocial Exposures

Measures of psychosocial exposures reported in the literature are ob-
tained through the use of various self-report surveys. These surveys are
typically presented to subjects in a paper format in which the subject is
requested to complete a series of questions. These survey tools typically
comprise multiple scales used to assess psychosocial risk factors. Many of
these measures assess the construct of interest using a continuous scale of
measurement, by which it is possible to provide a measure of exposure in
terms of degree, and not simply whether it was present or absent. Re-
sponse items vary depending on the scale and typically range from 0-5, 0-
7, or 0-10, with options anchored so that the respondent has a frame of
reference for various responses.

Some measures are standardized, well-developed, self-report tools
whose psychometric properties (reliability and validity) have been estab-
lished based on past research, while other items or scales were developed
for the purposes of a single study. Currently, all scales used are self-
report. Depending on the length of the survey, the time to completion can
range from 10 minutes to several hours. It is rare that the perceptions
reported by the respondent are corroborated by an independent assess-
ment tool or process (e.g., supervisor or coworker evaluations or direct
observation of a workplace). Although it can be helpful to assess such
independently collected information to support workers’ reports of their
sense or opinions of their environments, perceptions are, by their nature,
best collected through self-report.
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The most common work-related psychosocial constructs measured in
the epidemiologic literature include: job satisfaction, mentally demand-
ing work, monotony, relationships at work that include coworker and
supervisor support, daily problems at work, job pressure, hours under
deadline per week, limited control over work, job insecurity, and psycho-
logical workload (a composite of a number of subitems that include stress
at work, workload, extent of feeling tired, feeling exhausted after work,
rest break opportunities, and mental strain).

The Job Content Questionnaire (JCQ) is an example of a workplace
psychosocial measure whose measurement properties are well defined; it
has been used frequently in the psychosocial epidemiology literature. The
JCQ comprises three key measures of job characteristics: mental workload
(psychological job demands), decision latitude, and social support
(Karasek, 1985). Decision latitude is based on the worker’s decision au-
thority and the worker’s discretion over skill use—that is, the worker’s
ability to control the work process and to decide which skills to utilize to
accomplish the job. Psychological job demands reflect both physical pace
of work and time pressure in processing or responding to information. In
the Karasek and Theorell model (1990), high psychological job demands
in combination with low decision latitude result in residual job strain and,
over time, chronic adverse health effects. The JCQ, as an instrument for
measuring such strain, has been shown to be highly reliable and has been
validated as a predictor, in numerous countries and industrial sectors, of
increased risk of cardiovascular morbidity (Karasek and Theorell, 1990;
Karasek et al., 1998; Kawakami et al., 1995; Kawakami and Fujigaki, 1996;
Kristensen, 1996; Schwartz, Pickering, and Landsbergis, 1996; Theorell,
1996).

Measures of Musculoskeletal Disorder Outcomes

The epidemiologic literature on the relationship between exposure to
physical and psychosocial risk factors and the development of musculo-
skeletal disorders in the workplace focuses on four major types of out-
come. Two outcomes rely on patient self-report (symptoms and work
status), and two rely on sources independent of the patient (evaluation by
a clinician and review of workplace or insurance records). Table 4.1 sum-
marizes the outcomes assessed in 132 epidemiologic studies. These do not
include the 29 upper extremity studies that provided indirect measures of
exposure.

Self-report symptom measures were the most common outcome, with
61 studies assessing presence of symptoms (usually nonstandardized
questionnaires asking about prevalence or incidence), 19 studies assess-
ing symptom severity (often with standardized pain and symptom ques-
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tionnaires), and 9 studies assessing symptom-related disability. A total of
14 studies assessed the self-reported effect of the musculoskeletal disor-
der on work status, either as number of sick days (n = 4) or return (or
nonreturn) to work (1 = 14). Formal clinical evaluation constituted an
outcome in 29 studies, most of which relied on a physical examination by
a physician or other health care professional (e.g., physical therapist).
Diagnostic tests such as X-rays or nerve conduction studies were a stan-
dard outcome in only a few studies. Information obtained from records
constituted an outcome in 16 studies, including claims data, sick days, or
return to work. The predominance of symptoms as an outcome is inher-
ent in the nature of musculoskeletal disorders, which are primarily de-
fined by pain or other symptoms. Indeed, the results of physical
examination and diagnostic tests may be normal in a large proportion of
individuals with musculoskeletal disorders.

There were a greater number of high-quality studies related to back
pain than to upper extremity musculoskeletal disorders. More of the back
pain studies were longitudinal rather than cross-sectional, providing
stronger evidence for a potentially causal relationship between particular
risk factors and back disorders. A greater proportion of upper extremity
musculoskeletal disorder studies used clinical evaluation as an outcome.

RESULTS
Work-Related Physical Factors

Back Disorders

The scientific literature on work-related back disorders was reviewed
to identify those risk factors of physical load that are consistently shown
to be associated with back disorders and to determine the strength of their
associations. A total of 43 publications were selected that provided quan-
titative information on associations between physical load at work and
the occurrence of back disorders. These risk factors were found signifi-
cant in almost all of the studies: lifting and/or carrying of loads in 24 of
the 28 in which it was studied, whole-body vibration in 16 of the 17,
frequent bending and twisting in 15 of the 17, and heavy physical work in
all 8 in which this factor was studied. The following significant findings
are summarized from these studies: for lifting and/or carrying of loads,
risk estimates varied from 1.1 to 3.5, and attributable fractions were be-
tween 11 and 66 percent; for whole-body vibration, risk estimates varied
from 1.3 to 9.0, with attributable fractions between 18 and 80 percent; for
frequent bending and twisting, risk estimates ranged from 1.3 to 8.1, with
attributable fractions between 19 and 57 percent; and for heavy physical
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work, risk estimates varied from 1.5 to 3.7, with attributable fractions
between 31 and 58 percent. Appendix Tables 4.1 to 4.4 provide the de-
tailed findings in the 43 publications selected in this review. Three publi-
cations are not included in these tables because they did not present any
significant association (Hansen, 1982; Lau et al., 1995; Riihiméki et al.,
1994).

The evidence on static work postures and repetitive movements is
not consistent. The characteristics of the studies have some impact on the
magnitude of the risk estimate, but these characteristics do not explain
the presence or absence of an association. Table 4.2 provides a compila-
tion of results from all studies in terms of the importance of each general
type of exposure.

Study designs affect these findings. Studies with small samples tend
to have higher risk estimates, which may be an indication of publication
bias. Due to power considerations, in smaller studies the effect of a risk
factor needs to be larger in order to reach the level of statistical signifi-
cance. Hence, the evaluation of the magnitude of a particular risk factor
should take into account the sample size.

Case-control studies (Appendix Table 4.4) reported higher risk esti-
mates than cross-sectional studies (Appendix Tables 4.1 and 4.2) for
manual material handling and frequent bending and twisting. An expla-

TABLE 4.2 Summary of Epidemiologic Studies with Risk Estimates of
Null and Positive Associations of Work-Related Risk Factors and the
Occurrence of Back Disorders

Risk Estimate

Null Positive Attributable

Association” Association Fraction (%)
Work-Related Risk Factor n Range n Range n Range
Manual material handling 4 0.90-1.45 24 1.12-3.54 17 11-66
Frequent bending and twisting 2 1.08-1.30 15 1.29-8.09 8  19-57
Heavy physical load 0 8 1.54-3.71 5 31-58
Static work posture 3 0.80-0.97 3 1.30-3.29 3 14-32
Repetitive movements 2 0.98-1.20 1 1.97 1 41
Whole-body vibration 1 1.10 16 1.26-9.00 11 18-80

2Confidence intervals of the risk estimates included the null estimate (1.0). In only 12 of
16 null associations was the magnitude of the risk estimate presented.

NOTES: n = number of associations presented in epidemiologic studies. Details on studies
are presented in Appendix Tables 4.1 through 4.4.
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nation may be that in case-control study design, recall bias (by subjects of
exposure) is stronger than in cross-sectional studies, since there was usu-
ally a long period between exposure and recall. However, the case-con-
trol study with the highest risk estimate was based on observations at the
workplace.

In general, risk estimates in community-based surveys (Appendix
Table 4.2) were smaller than those in cross-sectional studies in occupa-
tional populations (Appendix Table 4.1). A reasonable explanation is that
contrast in exposure is less in community-based studies that survey a
large variety of jobs. In various cross-sectional studies, contrast in expo-
sure has played a role in the selection of subjects.

Multivariate analyses with more than two confounders showed
smaller risk estimates (see, for example, the longitudinal study by
Smedley et al., 1997) than statistical analyses with just one or two con-
founders (see, for example, the longitudinal studies by Gardner,
Landsittel, and Nelson, 1999; Kraus et al., 1997; Strobbe et al., 1988; and
Venning, Walter, and Stitt, 1987). For lifting as a risk factor, this differ-
ence was statistically significant, with average risks of 1.42 and 2.14.
Most studies have adjusted only for a limited number of potential con-
founders.

In addition to study design issues, some of the differences in findings
appear related to the different ways exposure was measured. For manual
material handling, the 7 studies with observations and direct measure-
ments showed a significantly higher risk estimate than the 21 studies
based on questionnaires, with average risk estimates of 2.42 and 1.86,
respectively. This finding may be explained by larger misclassification of
exposure in questionnaire studies, or by larger contrast in exposure in
studies that used actual workplace surveys to determine exposure levels.
In general, questionnaire studies showed associations between physical
load and back disorders similar to those shown in studies that repre-
sented much more detailed exposure characterization. Therefore, the
information from these questionnaire studies provides useful corroborat-
ing evidence.

The magnitude of the risk estimate could not be evaluated in relation
to the contrast in exposure, since exposure parameters were not very
comparable. Some studies have used reference groups (low exposure)
that may nonetheless have had measurable exposures to physical load in
other studies.

This review concludes that there is a clear relationship between back
disorders and physical load imposed by manual material handling, fre-
quent bending and twisting, physically heavy work, and whole-body vi-
bration. Although much remains to be learned about exposure-outcome
relationships (see Chapter 3), the epidemiologic evidence presented sug-
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gests that preventive measures may reduce the exposure to these risk
factors and decrease the occurrence of back disorders (see Chapter 6).
However, the epidemiologic evidence itself is not specific enough to pro-
vide detailed, quantitative guidelines for design of the workplace, job, or
task. This lack of specificity results from the absence of exposure mea-
surements on a continuous scale, as opposed to the more commonly used
dichotomous (yes/no) approach. Without continuous measures, it is not
possible to state the “levels” of exposure associated with increased risk of
low back pain.

Upper Extremity Disorders

A variety of disorders of the upper extremity were studied in the
selected literature. Primary among these was carpal tunnel syndrome,
identified by symptoms and physical examination alone or in combina-
tion with nerve conduction testing. A second important outcome was
hand-arm vibration syndrome (Raynaud’s disease or other vibration-re-
lated conditions of the hand). There were also a number of operationally
defined but less well-specified outcomes (defined for epidemiologic, not
clinical, purposes) such as musculoskeletal disorders of the wrist, tendini-
tis, and bone- or joint-related abnormalities. Studies that met the most
stringent criteria were not based on self-report alone. The anatomical
areas with the greatest number of studies were the hand and the wrist,
although a number of studies focused more generally on the upper ex-
tremities. Although a number of studies of the neck/shoulder region were
considered, only two were included. The neck, shoulders, and upper arms
operate as a functional unit, which makes it difficult to estimate specific
exposure factors for the neck/shoulder region at a level beyond that of job
or job tasks. Further complicating study of the region is the fact that most
of the reported musculoskeletal problems of this region are nonspecific,
without well-defined clinical diagnoses.

Table 4.3 provides a compilation of point estimates of risk from all
studies across the major types of work-related physical exposure that
were studied. Appendix Table 4.5 presents the risk ratios for various
exposures; these ratios cover a very wide range (2 to 84), depending on
how specifically the exposure and the outcome were defined. With the
exception of the few studies of bone- and joint-related abnormalities, most
of the results demonstrate a significant positive association between up-
per extremity musculoskeletal disorders and exposure to repetitive tasks,
forceful tasks, the combination of repetition and force, and the combina-
tion of repetition and cold. A number of good studies demonstrated that
there is also an important role for vibration.

There were 9 studies in which carpal tunnel syndrome was defined
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TABLE 4.3 Summary of Epidemiologic Studies with Risk Estimates of
Null and Positive Associations of Specific Work-Related Physical
Exposures and the Occurrence of Upper Extremity Disorders

Risk Estimate

Null Positive Attributable

Association” Association Fraction (%)
Work-Related Risk Factor n Range n Range n Range
Manual material handling 4 0.90-1.45 24 1.12-3.54 17 11-66
Repetition 4 2.7-33 4 2.3-8.8 3 5371
Force 1 1.8 2 5.2-9.0 1 78
Repetition and force 0 - 2 15.5-29.1 2 8893
Repetition and cold 0 - 1 9.4 1 89
Vibration 6 0.4-2.7 26 2.6-84.5 15 44-95

aConfidence intervals of the risk estimates included the null estimate (1.0).

NOTES: n = number of associations presented in epidemiologic studies. Details on studies
are presented in Appendix Table 4.5.

by a combination of a history of symptoms and physical examination or
nerve conduction testing (Appendix Tables 4.5 and 4.6). In these studies,
there were 18 estimates of risk based on various specificities of carpal
tunnel syndrome diagnosis and varying degrees of work exposure. Of
these, 12 showed significant odds ratios greater than 2.0 (range 2.3 to
39.8), 4 showed non-significant odds ratios of greater than 2.0 and 2
showed non-significant odds ratios between 1.7 and 2.0. These findings
were supported when less specific outcomes were examined. In most
instances (8 out of 10), conditions classified as “wrist cumulative trauma
disorders” or “nonspecific upper extremity musculoskeletal disorders”
were found to be significantly associated with work-related physical risk
factors with a similar range of elevated risk. Hand-arm vibration syn-
drome and other vibration disorders were significantly associated with
vibration exposures in 12 of 13 studies, with risk elevated 2.6 to 84.5 times
that of nonexposed or low-exposed comparison workers.

It should be noted that the majority of studies were cross-sectional.
Therefore, it is important to consider the temporal direction of the find-
ings. It is likely that the occurrence of upper extremity symptoms or dis-
orders contributes to increased work-related and nonwork-related stress.
If this is the case and a reciprocal relationship exists, it does not preclude
the need to reduce the impact of stress (as either cause or consequence) on
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these disorders, given the potential health effects of repeated or prolonged
stress. A second limitation in cross-sectional studies is the healthy-worker
effect. This effect refers to the observation that healthy workers tend to
stay in the workforce, and unhealthy workers tend to leave it. Those who
may have left the workforce due to the health condition being studied
will be absent from the study group, resulting in an underestimation of an
effect if one is present.

The findings from the studies reviewed indicate that repetition, force,
and vibration are particularly important work-related factors associated
with the occurrence of symptoms and disorders in the upper extremities.
Although these findings are limited by the cross-sectional nature of the
research designs, the role of these physical factors is well supported by a
number of other studies in which exposure assessment was less specific
(Appendix Table 4.6). Despite indirect objective exposure information,
the jobs studied appeared to represent conspicuously contrasting ergo-
nomic exposures. These articles were not used to estimate exposure-re-
sponse relationships for specific physical hazards (e.g., repetition, force,
and posture), but they do provide a foundation for demonstrating a haz-
ard (Appendix Table 4.6). Only three studies included in the review ex-
amined the effects of computer keyboard work (Bernard et al., 1994;
Murata et al., 1996; Sauter, Schleiffer, and Knutson, 1991). In two, signifi-
cant associations were found with pain or discomfort in the upper ex-
tremity, and the third found association with slowed median nerve
velocity in subclinical carpal tunnel syndrome.

The attributable fractions related to the physical risk factors that were
found to be important provide additional useful information. They sug-
gest that, when present, each of the physical factors listed in Table 4.3 is
an important contributor to upper extremity disorders. The studies for
which attributable fractions are reported explored associations primarily
with hand/wrist disorders such as carpal tunnel syndrome and hand-
arm vibration syndrome. Study of these physical factors in each of the
other upper extremity disorders is indicated to further explore how strong
an influence these same factors might have specifically on the other disor-
ders. Even given the limitations on generalizing from specific studies, the
estimates suggest that substantial benefit could result from reducing the
most severe of these physical risk factors (Table 4.3 and Appendix Table
4.5).

As with other epidemiology study reviews, there are limitations in
the available literature. Characterization of exposure with sufficient speci-
fication to segregate and adequately describe exposure to the different
physical factors for such regions as the neck/shoulder area provides an
important example. Literature reviews by Anderson (1984), Hagberg and
Wegman (1987), Sommerich, McGlothlin, and Marras (1993), Bernard
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(1997a), and Ariens et al. (2000) provide support for the view that physical
work factors are associated with neck and shoulder musculoskeletal dis-
orders. Had the review of the literature presented in this chapter been less
restrictive regarding study specifications of exposure, it is likely that much
stronger conclusions would have been drawn for each of the upper ex-
tremity musculoskeletal disorders. Our review, along with the substantial
literature that has used less well-specified exposures, demonstrates the
high priority to be placed on developing better exposure measures for
study of the neck/shoulder as well as the other upper extremity disorders.

An equally important need is for more prospective studies to address
individual physical risk factors and their combination as these relate to
each of the upper extremity musculoskeletal disorders. The cross-sec-
tional findings demonstrating a strong interaction between repetition and
force and between repetition and cold indicate combinations that should
be priorities for future study. Given the findings on work-related psycho-
social risk factors and upper extremity disorders (see below), it will be
particularly important to carry out studies that examine the combined
effects of physical and psychosocial factors.

Psychosocial Factors

Psychosocial risk factors for work-related musculoskeletal disorders
can be separated into two major categories: those that are truly specific to
the workplace (job satisfaction, poor social support at work, work pace,
etc.) and those that are individual psychosocial factors (such as depres-
sion). Both types of factors are important to review for several reasons.
First, there is an abundance of literature regarding the relationship be-
tween both types, particularly for back pain. Second, individual psycho-
social factors such as depression are typically present both at work and
outside it, making it nearly impossible to distinguish which aspects of
depression are work-related and which nonwork-related. As a result, we
summarize the literature on both types of risk factors, describing each
separately. For research on back pain, separate tables are provided. For
upper extremity disorders, fewer studies examining individual psychoso-
cial factors were identified. Therefore, the two types of risk factors are
distinguished but included in the same table.

Back Disorders

Work-Related Psychosocial Factors

A relatively large number of work-related psychosocial factors have
been suggested as related to back pain and the resultant disability. These
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range from general conceptualizations, such as “job satisfaction,” to more
specific variables, such as “decision latitude” or “work pace.” A great
many measurement techniques and research designs have been em-
ployed, making direct comparison among studies difficult.

The robustness of the association between work-related psychosocial
factors and back pain is suggested by two facts. First, the findings are
relatively consistent in this literature despite vastly different methodolo-
gies. Second, the relationship remains and sometimes becomes stronger
when possible biasing factors are controlled.

When discrepancies are found, it may be necessary to call on several
factors to help explain them. These include the sample composition and
size, severity of the injury/disease, measures of predictors, time of out-
come, outcome criteria, study design, and possible treatment received
between initial assessment and outcome. It is difficult to calculate the
exact size of the effects observed, even though many of the psychosocial
variables prove to be better predictors than biomedical or biomechanical
factors.

Taken as a whole, the body of research provides solid evidence that
work-related psychosocial factors are important determinants of subse-
quent back pain problems (Table 4.4 and Appendix Table 4.7). The studies
produced strong evidence (i.e., at least three studies showing a positive
association) for six factors, including low job satisfaction, monotonous
work, poor social support at work, high perceived stress, high perceived
job demands (work pace), and perceived ability to return to work. In

TABLE 4.4 Summary of Work-Related Psychosocial Factors and Back
Pain: 21 Prospective Studies

Null Positive Attributable
Association  Association Fraction (%)

Work-Related Psychosocial Factor n n n Range
High job demands 1 5 2 21-48
Low decision latitude/control 0 2

Low stimulus from work (monotony) 2 4 1 23
Low social support at work 0 7 3 28-48
Low job satisfaction 1 13 6 17-69
High perceived stress 0 3 1 17
High perceived emotional effort 0 3

Perceived ability to return to work 0 3

Perceived work dangerous to back 0 2

NOTE: Details on studies are presented in Appendix Table 4.7.
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addition, moderate evidence was found for linking low back pain to low
job control, an emotionally demanding job, and the perception that the
work could be dangerous for the back. General measures, such as job
satisfaction and stress, showed a very distinct relationship. However, such
general measures may reflect other aspects of the psychological work
environment, such as relationships at work or job demands. Therefore,
the studies provide relatively little information about the mechanisms or
processes involved. Despite huge differences in study design and some
problems outlined below, the general methodological quality of these
studies is relatively high, and participation rates are good. Few studies
employed a theoretical framework, and a consequence has been difficulty
in specifying which predictor variables should be measured.

The relationships examined involve a large number of parameters
that may influence the strength of the association. A given risk factor
may, for instance, interact with the outcome variable employed. The be-
lief that work is dangerous would seem to be relevant for the outcome
variable of return to work, but possibly not for the onset of back pain.
Similarly, some risk factors may be relevant only for certain types of
work. As an illustration, for assembly line employment, work pace may
be strongly related to future back pain complaints, but for professionals,
such as nurses, it may have a weaker relationship.

The general quality of the studies was high. By selecting prospective
investigations, a minimum standard was set. Nevertheless, there is great
diversity in the methodology and this causes several prominent prob-
lems. One concern is that the same concept has been measured in many
different ways. Since reliability and validity are generally not specified, it
is possible that two studies claiming to measure the same entity may in
fact be measuring quite different ones. There was also substantial varia-
tion from study to study in the definition and measurement of the out-
come variable, and this may have had considerable consequences on the
results obtained. There is, for example, a difference between a simple
report of having had back pain during the past year with dysfunction,
with health care visits, or with sick leave.

Individual Psychosocial Factors

The results demonstrate that individual psychosocial factors are re-
lated to back pain from its inception to the chronic stage (Table 4.5 and
Appendix Table 4.8). Indeed, these variables were shown to be important
in the development of pain and disability. Nonetheless, since psychoso-
cial factors account for only a portion of the variance, and since other
factors are known to be of importance, the present findings may under-
score the necessity of a multidimensional view in which psychological
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TABLE 4.5 Summary of Individual Psychosocial Factors and Back Pain:
38 Prospective Studies

Null Positive Attributable
Association  Association Fraction (%)

Individual Psychosocial Factor n n n Range
Depression or anxiety” 5 17 6 14-53
Psychological distress? 0 11 4 23-63
Personality factors 3 4 4 33-49
Fear-avoidance-coping 1 8 1 35
Pain behavior/function® 1 6 1 38

217 studies assessed depression only, 2 studies anxiety only, and 3 studies both depres-
sion and anxiety.

b9 studies assessed psychological distress, and 2 assessed stress.

4 studies assessed pain behavior, and 3 assessed pain-related functioning.

NOTE: Details on studies are presented in Appendix Table 4.8.

factors interact with other variables. Although psychological factors are
considered to be of particular importance in chronic pain, the data re-
viewed show distinctly that psychosocial factors are also pivotal in the
transition from acute to chronic pain as well as being influential at onset.
Moreover, the results suggest that psychosocial factors are not simply an
overlay, but rather an integral part of a developmental process that in-
cludes emotional, cognitive, and behavioral aspects.

Considerable research has examined the relationship between psy-
chosocial variables and back pain, but few have penetrated the reasons
why these variables may be important. A challenge for future research is
therefore to devise studies that include a theoretical perspective. Too of-
ten, studies have simply employed a convenience measure of a “psycho-
logical” variable, without considering why or how the variable might
work. With a theoretical model, stronger designs could be used that would
provide answers to specific questions.

Few investigations have amply treated the temporal aspects of the
problem. The data reviewed suggest that certain factors are important
very early, while others may be important at first consultation or a recur-
rence. Moreover, the reciprocal nature of pain and psychological vari-
ables was almost always treated as unidirectional, such as depression
causing pain rather than pain affecting depression.

Even though all studies were prospective, methodological shortcom-
ings ranged from selection bias and inappropriate use of statistical tests to
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failure to account for the intercorrelation of measures. The use of self-
ratings as both the dependent and independent variable is a particular
problem that may inflate risk estimates. It is difficult to summarize some
results, because different terminology and measurement methods have
been used to assess similar concepts (e.g., reluctance to participate in
activities being “fear-avoidance,” “disability,” or “somatic anxiety”).
There is a need to improve the quality of prospective studies in this area
and to foster the use of a more structured terminology.

Some prominent psychological factors do emerge, however. First, a
cognitive component represented by attitudes, beliefs, and thoughts con-
cerning pain, disability, and perceived health seems to be a central theme.
A second theme is an emotional dimension in which distress, anxiety, and
depression are central. Third, a social aspect appears, in which family and
work issues seem to be relevant, even if the data are less convincing.
Finally, a behavioral domain emerges, in which coping, pain behaviors,
and activity patterns are consequential elements.

It is tempting to conclude that since the studies included in Appendix
Tables 4.7 and 4.8 have prospective designs, the observed relationships
are causal; however, this may be incorrect. Although the relationships
may be temporal, they need not be causal in nature. Caution in drawing
conclusions concerning causality does not lessen the value of the reviewed
findings, but points to the need for experimental or other designs to ad-
vance understanding.

An important implication is how this knowledge may be incorpo-
rated into clinical practice. First, considerable psychosocial information
that could be of the utmost importance in conjunction with medical ex-
aminations may be overlooked if proper assessment of these variables is
not conducted. Second, if psychosocial elements play a central role in
back pain, then better interventions could be designed to deal with these
factors to provide better care and prevention.

Summary of Work-Related and Individual Psychosocial Factors

Based on the studies reviewed here, there is ample evidence that both
work-related and individual psychosocial factors are related to subse-
quent episodes of back pain (Tables 4.4 and 4.5; Appendix Tables 4.7 and
4.8). Strong evidence for a risk factor was defined as at least 3 studies
demonstrating a positive association and a distinct majority (i.e., at least
75 percent) of the studies examining that risk factor showing a positive
association. Moderate evidence for a risk factor was defined as two studies
showing a positive association and none showing a negative association.
Inconclusive evidence for a risk factor meant neither strong nor moderate
evidence was demonstrated. Of the nine types of work-related psychoso-
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cial risk factors, six had strong evidence for an association with back pain
(low job satisfaction, monotonous work, poor social support at work,
high perceived stress, high perceived job demands, and perceived ability
to return to work), and 3 had moderate evidence (low job control, emo-
tionally demanding job, and perception that work could be dangerous).
Of the 5 types of individual psychosocial risk factors, 4 had strong evi-
dence, while 1 was inconclusive. Conclusions regarding psychosocial risk
factors are further strengthened by the fact that a main criterion for selec-
tion of back pain studies for review was a prospective design, thus ensur-
ing that the psychosocial factor was measured before the outcome.
Nonetheless, the studies do not elucidate the mechanisms or the develop-
mental process whereby “normal” acute back pain becomes chronic.

The attributable fractions related to work-related psychosocial risk
factors suggest that improvement in job satisfaction may reduce risk for
back disorders by 17 to 69 percent, while improved social support at work
might reduce risk by 28 to 48 percent. Acknowledging the limitations
associated with the interpretation of attributable fractions (as discussed
earlier in the chapter) we conclude that these results point to the potential
for structural changes in job supervision, teamwork structures, and the
ways in which work may be organized to reduce risk. The most consistent
evidence related to individual psychosocial risk factors suggests that re-
duction in depression and anxiety symptoms could reduce the risk for
back disorders by 14 to 53 percent, and reduction in psychological dis-
tress could reduce risk by 23 to 63 percent. This is important because a
number of effective treatments are available for depression, anxiety, and
psychological distress. In a number of studies, the attributable risk associ-
ated with a particular psychosocial factor could not be estimated, because
although the factor was significantly associated with back disorders in
multivariate models, the exact data sufficient to calculate relative risk
were not provided.

Upper Extremity Disorders

Exposure measures investigated among the 28 reviewed studies of
the impact of psychosocial factors on upper extremity disorders included
specific work demands (e.g., number of hours on deadline), perceptions
of the degree of support from supervisors and coworkers; perceived con-
trol over high work demands; and reports of symptoms that may be
stress-related (e.g., stress-related abdominal distress), which is a measure
of response to stressors rather than a stressor itself. Such a measure is
used as a proxy to stress exposure (assuming the response is indicative of
exposure to stress) and is not therefore a direct measure of exposure to a
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stressor. This type of measure was found only in studies of nonwork-
related psychosocial exposures. Table 4.6 provides a compilation of re-
sults from all studies across all anatomic areas, as well as for each specific
anatomic location. Detailed summaries can be found in Appendix Tables
4.9 and 4.10.

The most frequently studied outcome was the report of symptoms
(pain, numbness, tingling, aching, stiffness, or burning) in a specific ana-
tomical area over the past week, month, or year, measured by self-report
survey. Of 28 studies, 7 included confirmation of symptoms by physical
examination. The anatomical areas with the greatest number of studies
were the shoulder and the neck, although a number of studies focused on
the hand and the elbow.

The tables indicate that the risk ratios for work-related exposures
ranged from 1.4 to 4.4. The majority of the findings were below 2.0. Con-
sidering all upper extremity sites, this table indicates that the number of
studies reporting a positive association for high job demands, high per-
ceived stress, and nonwork-related worry and distress was greater than
those reporting no significant effect for these exposures. This table also
indicates that a number of potential psychosocial risk factors were not
shown to be associated with the onset of work-related upper extremity
symptoms or disorders. Specifically, the majority of studies that met the
methodological criteria for inclusion did not report a significant effect for
low decision latitude, work-related and nonwork-related (friends and
family) social support, or few rest break opportunities. A similar pattern
of results was observed for each of the specific anatomical locations. It
should be noted that the majority of studies were cross-sectional; there-
fore, it is difficult to determine the direction of the findings.

The findings from the review of psychosocial work factors indicate
that high job stress and high job demands are work-related factors that
are consistently associated with the occurrence of symptoms and disor-
ders in the upper extremities. The review also indicated that nonwork-
related worry, tension, and psychological distress were consistently
associated with work-related upper extremity symptoms and disorders.
Although these findings are limited by the cross-sectional nature of the
research designs, the role of job stress as a risk for upper extremity disor-
ders was also supported by one large-scale prospective study (Bergqvist,
1995). These findings are also consistent with a prospective study in a
community sample of recently diagnosed workers with a number of work-
related upper extremity diagnoses (Feuerstein et al., 2000). This study
indicated that level of perceived job stress predicted a composite index of
outcomes (symptoms, function, lost time from work, mental health) at 3
months after diagnosis.
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TABLE 4.6 Summary of Epidemiologic Studies: Psychosocial Risk
Factors and Work-Related Upper Extremity Disorders
Risk Estimate
Null Positive Attributable
Association” Association Fraction (%)
Work-Related Risk Factor n Range n Range n Range
A. Wrist/Forearm
High job demands 4 1.2-1.4 5 1.6-2.3 4 37-56
Low decision latitude; low 8 1.0-1.7 3 1.6-6.3 3 37-84
control and low stimulus
from work
Low social support 4 - 3 1.4-2.1 3 28-52
Low job satisfaction 4 1.4 0 - - -
High perceived stress 1 1.5 3 - - -
Few rest break opportunities 5 2.7 2 1.5 1 33
Low support nonwork-related 4 - 0 - - -
Worry, tension, psychological 0 - 2 2.3-3.4 2 56-71
distress, nonwork-related
B. Shoulder/Upper Arm
High job demands 6 1.1 6 1.5-1.9 3 33-47
Low decision latitude; low 8 1.1 6 1.6-1.9 3 37-47
control and low stimulus
from work
Low social support 7 1.2 5 - - -
Low job satisfaction 2 - 0 - - -
High perceived job stress 3 1.5 3 - - -
Few rest break opportunities 3 - 1 3.3 1 70
Low support nonwork-related 3 - 0 - - -
Worry, tension, psychological 1 - 1 4.8 - 79
distress, nonwork-related
C. Elbow/Arm
High job demands 3 1.1 6 20-24 2 50-58
Low decision latitude; low 5 1.0-3.0 1 2.8 1 64
control and low stimulus
from work
Low social support 5 1.2-1.7 0 - - -
Low job satisfaction 2 - 0 - - -
High perceived job stress 1 1.4 2 2.0 1 50
Few rest break opportunities 1 - 1 3.1 1 67
Low support nonwork-related 1 - 0 - -
Worry, tension, psychological 0 - 1 1.4-1.8 1 28-44
distress, nonwork-related
continues
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TABLE 4.6 Continued

Risk Estimate

Null Positive Attributable
Association” Association Fraction (%)
Work-Related Risk Factor n Range n Range n Range
D. All Upper Extremity
High job demands 6 11-14 10 1.5-2.4 6 33-58
Low decision latitude; low 10 1.1-1.7 6 1.6-2.8 4 37-64
control and low stimulus
from work
Low social support 7 12 7 1.4-2.1 3 28-52
Low job satisfaction 4 11-14 0 - - -
High perceived job stress 2 14 5 2.0 1 50
Few rest break opportunities 3 1415 3 1.5-3.3 2 33-70
Low support nonwork-related 3 - 0 - - -
Worry, tension, psychological 1 - 3 1.4-4.8 3 28-79

distress, nonwork-related

2Confidence intervals of the risk estimates included the null estimate (1.0). The magni-
tude of the risk estimate often was not presented.

NOTES: n = number of associations presented in epidemiologic studies. Details on studies
are found in Appendix Table 4.9.

The attributable fractions related to these risk factors suggest that
modification of the high job demands could potentially reduce the risk for
upper extremity disorders and symptoms by 33 to 58 percent. Reduction
in perceived levels of job stress could reduce the risk for upper extremity
disorders and symptoms by 50 percent, and reduction in nonwork-related
worry, tension, and distress has the potential to reduce risk by 28 to 79
percent. These findings highlight the potential impact of modifying both
work-related and nonwork-related sources of stress; however, they must
be considered within the limitations presented earlier in this chapter on
the interpretation of attributable fractions. The observation that no study
that considered both psychosocial and physical risk factors met review
inclusion criteria is important, since many models assume a complex inter-
action among medical, physical/ergonomic, and workplace and indi-
vidual psychosocial factors (e.g., Armstrong et al., 1994).

There is a need for more prospective studies. Unlike the area of back
pain, there are very few prospective studies of psychosocial risk factors in
work-related upper extremity disorders. There is also a need for more
consistent use of measures that assess specific psychosocial exposures.
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These measures should have sound psychometric properties (e.g., reli-
ability and validity) that justify their use. The inclusion of various mea-
sures should also be based on well-conceived hypotheses based on
working models of how these factors may affect the occurrence of these
symptoms and disorders (Chapter 7 discusses such models). The case
definitions used in studies should be carefully delineated, and a more
consistent use of outcome measures of symptoms, disorders, and/or func-
tional limitations should be implemented. The criteria used to select stud-
ies for review may have been too restrictive, given the relative level of
sophistication of the psychosocial literature in this area. Nevertheless,
despite this rigor, an association among perceived job stress, high job
demands, nonwork-related distress, and upper extremity disorders was
noted. These findings highlight the importance of conducting additional
studies to identify specific factors that contribute to the identified risk
factors and to explain how these interact to influence the development,
exacerbation, or maintenance of work-related upper extremity disorders.
It is also important to determine how these psychosocial factors interact
with medical and ergonomic risk factors to modify risk. It is possible that
the psychosocial factors that were not found to be consistently associated
with the occurrence of work-related upper extremity symptoms and dis-
orders may influence the recovery process following onset. It is also pos-
sible that these factors may impact other outcomes, such as functional
limitation or the ability to sustain a full day’s work. The role of psychoso-
cial factors in the exacerbation and maintenance of these disorders re-
quires further investigation.

This review highlights the potential utility of increased efforts di-
rected at understanding the mechanisms by which job stress may impact
work-related upper extremity disorders and the biological basis for such
an association. The review also supports the need to investigate ap-
proaches that eliminate or reduce work- and nonwork-related sources of
stress in prevention efforts.

CONCLUSION

A number of general and specific reviews were identified in which
physical and psychosocial factors were examined in relation to muscu-
loskeletal disorders of the upper extremities and back [see review refer-
ences]. These reviews served as a resource to supplement the panel’s
efforts to identify relevant epidemiologic studies. They also were exam-
ined to determine whether conclusions drawn from the panel’s review
were consistent with previous review efforts. The objectives of the re-
views differed; some focused on specific industries, jobs, or exposures,
but others were more general. As a whole, the findings from these other
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reviews are consistent with those arrived at in the panel’s review and
provide additional support for the conclusions.

The approach for considering causal inferences described in Chapter
3 is useful for summarizing our review of the data from epidemiologic
studies. As the tables in this chapter show, a number of studies were
judged to be of sufficient quality for inclusion in this review, and these
vary in terms of the types of designs and measurement approaches. While
this variety complicates the generalization of causal inferences, the sum-
mary tables indicate meaningful associations between work-related physi-
cal and psychosocial exposures and musculoskeletal disorders. The tables
show not only a preponderance of evidence for some exposures (e.g., 26
of 32 studies found a significant association between vibration and upper
extremity musculoskeletal disorders), but also a consistency of associa-
tion for many of the exposures and outcomes. Although the literature
contains mostly cross-sectional surveys, some work to establish temporal-
ity; combined with the available prospective studies, evidence for tempo-
ral association has been included in this chapter.

Most studies reviewed here also show a meaningful strength of asso-
ciation measured by both estimates of the relative risk and calculation of
attributable risk. The attributable risk provides an estimate of the propor-
tion of musculoskeletal disorders that might be prevented if effective
interventions were implemented; the calculations are appreciable for most
for the exposures summarized here.

While the measure of attributable risk is meaningful for conceptualiz-
ing public health impact, the calculations are presented for one factor at a
time and do not account for other factors. As noted in this chapter, many
studies did account for potential confounders that could provide alterna-
tive explanations for the observed findings, but the number of confound-
ers examined in each study tends to be limited. While this is due to
multiple factors (including expense associated with satisfying sample size
requirements), the fact that the associations persist after accounting for
the confounders measured to date supports the fundamental association,
but it also justifies more detailed investigation.

The joint effect of exposures is another element of the risk estimation
suggested in Chapter 3 and illustrated in this chapter. The attributable
fraction summarizes the impact of a single exposure. However, scant at-
tention has been paid to the joint effect, or interaction, of two (or more)
exposures, increasing risk beyond the level of either alone. As noted in
Chapter 3, some combinations of exposures might work jointly, although
their individual actions may or may not be significant. The studies by
Silverstein (e.g., Silverstein, Fine, and Armstrong, 1987) showed an inter-
action between high force and high repetition for upper extremity disor-
ders among industrial workers. Further investigation for joint effects of

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

EPIDEMIOLOGIC EVIDENCE 115

exposures is indicated from the current review. The effect of joint expo-
sures can be investigated within physical (vibration, force, load, etc.), and
psychosocial (job strain, job demand, etc.) domains. This review indicated
the utter lack of studies that were found to be of sufficient quality and that
examine both physical and psychosocial factors together. Because evalua-
tion of each has shown important effects on the development of muscu-
loskeletal disorders, and some of the current evidence (although modest)
suggests that one does not explain the other, it is unlikely that more
detailed investigation will demonstrate that the association of either with
musculoskeletal disorders is due to confounding with the other. How-
ever, additional studies are needed to understand the degree to which
each contributes to the overall incidence of musculoskeletal disorders,
and the extent to which both work synergistically in selected work set-
tings.

While the results presented in this chapter are consistent with one
another, it is important to examine the degree to which they are consistent
with the results from the basic science and the biomechanics studies
(Chapters 5 and 6). Some of these studies have been mentioned in this
chapter; their results are generally consistent, providing here some sug-
gestion of biological plausibility for the association between physical
forces and musculoskeletal disorders. The degree of consistency across
different levels of study will be discussed in more detail in the integration
chapter.

Most epidemiologic studies have been summarized as having expo-
sure and/or outcome measures dichotomized. The ability to make infer-
ences about dose-response relationship is limited in this context. While
there are step-wise differences in dichotomous measures across studies
(e.g., see Boshuizen, Bongers, and Hulshof, 1992, and Bovenzi and Zadini,
1992) that make cross-comparisons tantalizing, the differences in com-
parison groups and other design features hinder the combining of results
for generating inferences on dose-response relationships. Future studies
can help generate strong inferences by paying greater attention to more
refined levels of measurement. While this is a challenge, the strength of
the current studies justifies this effort.

In conclusion, the epidemiologic evidence provides support for asso-
ciations between workplace physical and psychosocial exposures and both
back and upper extremity musculoskeletal disorders.
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ow Back and Upper Extremities

Tissue Mechanobiology

asic biology studies, such as those that examine microscopic or
biochemical changes in tissues, are a source of our understanding
of details of injury mechanisms at the tissue or cellular level. These
studies are primarily performed using cadaver samples, animal models,
and tissues or cells grown in culture. Direct study of the tissues of concern
in live humans (e.g., nerve, tendon, disc, muscle) is limited due to ethical
and methodological considerations. The purpose of this chapter is to sys-
tematically review basic biology studies in order to determine to what
degree they support an association between loading and tissue injury,
especially at load levels well below those that cause tissue disruption.
Biological plausibility, one of the Bradford Hill criteria for causality (see
Chapter 3), refers in this case to the likelihood that associations between
loading and tissue damage are compatible with existing knowledge of
basic biological mechanisms. These basic biology studies may also ad-
dress other Bradford Hill criteria, such as specificity, temporality (tissue
injury occurs after loading is initiated), and dose-response associations.
In reference to our overall model of the person in the workplace (Fig-
ure 1.2), this chapter explores the “Internal Tolerances” box, that is, the
tolerance of tissues to loading. The focus is primarily on the mechanical
and biological responses of tissues to repeated or continuous loading, not
on damage due to a single, sudden load. However, cyclical loads are
frequently compared to the single load that causes tissue to rupture or
grossly fail. It is well recognized that loading is required to maintain
tissue integrity. Lack of loads or disuse leads to tissue atrophy and im-
paired function (e.g., osteoporosis, muscle atrophy). The implications are
that there may be an optimal range of loading below which atrophy oc-
curs and above which tissue injury may occur. This chapter does not

184
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focus on the effects of disuse. We do, however, investigate a number of
questions: Is there evidence that tissue damage occurs at levels below the
strength of the tissue? Is there evidence for microtrauma or damage accu-
mulation? If so, what is the dose-response relationship? What are the
mechanisms of injury and repair? How are the responses of tissues to load
modified by intrinsic factors (e.g., age, gender)? Do existing studies sup-
port or refute an association between repeated loading and injury?

For the purposes of this chapter, several terms are defined. Elastic
materials are those that regain their original shape after a load is removed.
For such materials, the change in shape (e.g., strain) is proportional to the
applied load (within certain limits). The constant of proportionality is
called the stiffness. The force (e.g., stress) necessary to cause rupture or
fracture is called the strength. In some cases, cyclically applied forces that
are below the tissue strength may cause rupture or fracture via damage
accumulation. This is called fatigue. Tissue fatigue can also lead to changes
in other mechanical properties, such as reduced tissue stiffness.

Since pain is a common and important endpoint for humans with
musculoskeletal disorders, this chapter begins with a review of the pain
pathways from musculoskeletal tissues to the brain. This is followed by
reviews of the biological responses of six tissues—vertebral bone, spinal
disc, tendon and ligament, muscle, peripheral nerve, and spinal nerve
root—to loading. These reviews are based on systematic evaluations of
the scientific literature. The chapter summary integrates the findings
across all tissues and draws conclusions about current knowledge of in-
jury mechanisms. We conclude with suggestions for future research di-
rections.

PAIN PATHWAYS FROM PERIPHERAL TISSUES

Evolution has provided our bodies with many senses by which to
interact with the environment. Each sense (smell, vision, hearing, taste,
and somatic sensibilities) has a highly specialized neural pathway. Pain is
one of the somatic sensibilities (others are touch, temperature sensation,
and proprioception) and itself has its own highly specialized set of neural
pathways.

This specialization begins in the peripheral tissues. “Nociceptor” is
the term given to the specialized receptors that serve as injury (or noxious
stimuli) detectors. Activation of nociceptors evokes pain. Pain arouses us
to protect the injured or threatened body part and hence plays a crucial
role in survival. Nociceptors innervate a variety of tissues in ways that are
appropriate from a teleological perspective. Lightly touching the cornea
can injure the eye, and so the nociceptors that serve the cornea are quite
sensitive to mechanical stimuli. The skin is a more resilient tissue, and
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nociceptors that serve the skin are sensitive to higher intensities of stimuli.
Not all tissues have nociceptors (e.g., fat tissues are relatively insensitive
to noxious stimuli). However, muscle, periosteum, and especially the in-
terface between ligaments or tendons and bone are richly innervated by
nociceptors. Correspondingly, surgical manipulation of fat is relatively
painless, whereas manipulation of muscle or bone at tendon insertion
sites is painful.

Nociceptors can also assist in healing and may even be involved in
neuroimmune mechanisms. When nociceptor innervation to the skin is
blocked, there is delay in wound healing, and the thickness of the epider-
mis is reduced. Neurogenic inflammation is another function of nocicep-
tors; activation of nociceptors prompts a release of potent vasoactive
peptides that leads to redness and increased permeability of the vessels.

Signals from nociceptors are transmitted by the peripheral nerve to
cells in the spinal cord. Damage to the peripheral nerve (e.g., carpal tun-
nel syndrome, spinal root compression) may lead to unusual sensations,
the sensation of pain, or the loss of sensation (e.g., numbness) in the part
of the extremity served by the nerve. The spinal cord is an important
processing center for noxious information. Nociceptive inputs have con-
nections to motor neurons in the dorsal horn; this accounts for pain-
induced muscle contractions (muscle spasms). Specialized cells in the
spinal cord also transmit information from nociceptors to higher brain
centers. These inputs to higher centers arouse descending pathways back
down the spinal column, which in turn regulate the sensitivity of the
nociceptive neurons. Other inputs from peripheral pathways (e.g., touch
systems) may interact with the nociceptive inputs to regulate the sensitiv-
ity of the cells in the spinal cord. Thus, the sensitivity of the pain-signal-
ing pathways is highly plastic.

Nociceptors that serve different deep tissues have convergent inputs
to the spinal cord; these lead to the phenomenon of referred pain. Thus, a
person with a heart attack may feel pain in the left arm; a person with a
herniated cervical disc feels muscle tenderness in the trapezius muscle,
and a person with carpal tunnel syndrome may feel pain in the elbow and
upper arm.

Injury may induce changes in pain sensibility. Tissues may become
hyperalgesic; that is, the same stimulus produces a greater sensation of
pain. Lightly touching the skin may be associated with pain (allodynia).
Hyperalgesia results from two forms of sensitization: peripheral and cen-
tral. Nociceptors (peripheral) themselves become more sensitive to heat
and mechanical stimuli, and the spinal cord cells (central) become sensi-
tized as well. As part of this central sensitization, the nerve fibers con-
cerned with touch sensation acquire the capacity to activate the spinal
cord cells that serve pain. This accounts for the phenomenon of allodynia,
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in which touch stimuli evoke pain in patients with inflammation of the
skin and in patients with nerve injury.

LITERATURE REVIEW

The panel reviewed the scientific literature to evaluate the state of
knowledge of the effects of loading on vertebral bone, spinal disc, tendon
and ligament, muscle, peripheral nerve, and spinal nerve root. Online
databases (e.g., Embase, MEDLINE, Pre-Medline) were searched at least
back to 1980 for articles with relevant keywords (e.g., tissue type, dam-
age, pathology, fatigue, tension, compression, repetitive, loading). Ap-
propriate articles were considered for review only if they were published
in English-language, peer-reviewed scientific journals. For each tissue
type, this process identified between 28 and 190 articles for consideration.
The reviews that follow summarize, for each tissue, the function and
structure of the tissue; the effects of loads on microstructure, mechanical
characteristics, and biological function; and the influence of heterogene-
ity, aging, and other factors on the response of the tissue to load. The
types of load considered, along with the biological and mechanical
responses, are appropriate to the tissue.

VERTEBRAL BONE AND SPINAL DISC

Structural and Functional Properties

The intervertebral disc is a complex structure consisting of four dis-
tinct tissues: the nucleus pulposus, the annulus fibrosus, the cartilaginous
endplates, and the adjacent vertebral bodies (Figure 5.1). The nucleus

Vertebral
Body Annulus

Cartilaginous Fibrosus

Endplates

NI

- ‘

Nucleus
Pulposus

FIGURE 5.1 Schematic representation of the intervertebral disc (from Bass,
1999:2). Reprinted with permission from the author.
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pulposus is a viscous, mucoprotein gel that is approximately centrally
located within the disc. It consists of abundant sulfated glycosaminogly-
cans in a loose network of type II collagen, with a water content that is
highest at birth (approximately 80 percent) and decreases with age. The
annulus fibrosus is a ligamentous tissue that becomes differentiated from
the periphery of the nucleus and forms the outer boundary of the disc.
The transition between the nucleus and the annulus is progressively more
indefinite with age. The annulus is made up of coarse type I collagen
fibers arranged in layers, running obliquely between the adjacent verte-
bral bodies. The fibers run in the same direction within a given layer, but
opposite to those in an adjacent layer. The cartilaginous endplates cover
the end surfaces of the opposed vertebral bodies and serve as the upper
and lower surfaces of the intervertebral disc; they are composed predomi-
nantly of hyaline cartilage. The vertebral bodies consist of a trabecular
(porous) bone core (centrum) surrounded by a thin shell of cortical (dense)
bone. The facet joints are part of the posterior vertebral arch and serve as
additional points of articulation between adjacent vertebra. They guide
vertebral motion by constraining rotation and supporting some axial load.

In the adult, the cells residing within the endplate, nucleus, and inner
annulus resemble chondrocytes (cartilage cells), while the cells populat-
ing the middle and outer annulus are fibroblastic (fibrous tissue cells).
Because the disc is avascular, these cells receive nutrition via diffusion
from adjacent vascularized tissues and convective fluid flow (Maroudas,
1988).

Normal Disc Mechanics

The disc derives its structural properties largely through its ability to
attract and retain water. The proteoglycans (biochemicals that help resist
compressive loading) of the nucleus osmotically pull in water, exerting a
“swelling pressure” that enables it to support spinal compressive loads.
The pressurized nucleus also creates tensile stress within the collagen
fibers of the annulus and ligamentous structures surrounding the disc. In
other words, although the disc principally supports compression, the fi-
bers of the annulus experience significant tension. This annular and liga-
mentous prestress, in turn, functions synergistically with the facet joints
to guide normal spinal motion (Adams et al., 1987).

Under long duration loading, in which the spinal stress exceeds the
nuclear swelling pressure, water is slowly forced from the disc, princi-
pally through the semipermeable cartilaginous endplates, resulting in a
creep response (continual change in height from a constant applied force).
As a result of this mechanism, a significant disc water loss can occur over
the course of hours due to activities of daily living (Tyrell et al., 1985).
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Diurnal loss of disc height can approach 2 mm, leading to increased spi-
nal instability via decreased tissue prestress (Adams et al., 1987). Water
loss and stability can be recovered during periods of bed rest (LeBlanc et
al., 1994).

Effects of Age and Degeneration

After skeletal maturity, the intervertebral disc undergoes numerous
alterations with age. These include a progressive loss of cellularity, disor-
ganization of the extracellular matrix, and, as a result, morphological
changes and alterations in biomechanical properties (Buckwalter, 1995).
These age-related changes represent a form of degeneration, which may
be accelerated by a number of factors and have been implicated in in-
creasing the risk of discogenic back pain. Discogenic pain refers to pain
originating from the intervertebral disc and is distinguished from back
pain of other origins, such as facet joints, spinal ligaments, and muscles.

The most consistent chemical modification observed with aging is
loss of proteoglycans and concomitant loss of water (Pearce et al., 1987).
Secondary changes in the annulus include fibrocartilage production with
disorganization of the annular architecture and increases in type II col-
lagen (Rufai et al., 1995). These alterations precede the morphological
reorganization usually attributed to degeneration: loss of disc height, disc
bulge, sometimes called protrusion, and disc herniation, sometimes re-
ferred to as prolapse (Pearce et al., 1987). Disc bulge can occur when loss
of water causes the disc to flatten, bulge beyond its normal margins, and
may place pressure on a nerve exiting from or traversing along the spinal
column. Disc bulge can also occur when fibrocartilage proliferates within
the substance of the annulus fibrosus (Yasuma, 1990). Disc herniation
occurs when disc material escapes through a fissure in the annulus fi-
brosus, which, like a bulge, can place pressure on nerve roots or the spinal
cord.

Nociceptive nerve fibers are sparsely present in the outer annulus
and vertebral body and extensively present in the facet joint capsule and
posterior longitudinal ligament (Cavanaugh et al., 1997; Antonacci et al.,
1998; Palmgren et al., 1999). With increasing degeneration, nerves can
penetrate to deeper layers within the tissue (Coppes et al., 1997; Freemont
etal., 1997), including the vertebral endplate (Brown et al., 1997). Innerva-
tion is thought to advance deeper into the disc in concert with vascular
granulation tissue (Yoshizawa et al., 1980). These nerves can be stimu-
lated both mechanically and chemically (Yamashita et al., 1993).

There are several mechanisms that purportedly link disc degenera-
tion and low back pain. First, degeneration leads to tissue dehydration
(Pearce et al., 1987). Breakdown of the nuclear polymeric structure results
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in reduction of its osmotic properties— the disc loses its ability to attract
and retain water (Urban and McMullin, 1985). Tissue volume loss from
dehydration, in turn, leads to a decrease in disc height and an increase in
disc bulging (Adams et al., 1987). Both of these geometric changes can
adversely affect patients by accelerating facet joint arthritis and by caus-
ing mechanical impingement on the adjacent spinal cord or nerve roots.
In these cases, alterations in nerve function secondary to chronic com-
pression are thought to be the primary mediators of back pain (Devor,
1995).

Dehydration is also correlated with decreases in disc cellularity, dis-
organization of the annular layers, and alterations in the density and
architecture of adjacent vertebra (Vernon-Roberts, 1988). These changes
can begin early in life and have significant consequences for the disc’s
biomechanical behavior.

Disc degeneration may cause pain indirectly via chemicals secreted
by disc cells. These inflammatory factors can diffuse to and sensitize sur-
rounding innervated tissues (McCarron et al., 1987; Kawakami et al., 1996,
1997; Kayama et al., 1998).

As mentioned previously, degenerated discs may be considered a
normal consequence of aging. Indeed, a large percentage of the adult
population has degenerated discs, with a significant percentage of these
being asymptomatic (Wiesel et al., 1984; Powell et al., 1986). For instance,
in an MRI study of symptomless adults, greater than 50 percent had disc
bulges, protrusions, or vertebral endplate abnormalities (M. C. Jensen et
al., 1994). While these data suggest that the presence of a degenerated disc
is not diagnostic of back pain, the severity of spinal degeneration (extent
and number of levels affected) does correlate with increased risk for symp-
toms (Luoma et al., 2000).

Influences of Loading on the Disc
Via Mechanical and Biologic Pathways

The disc behaves as a composite structure when loaded: forces ex-
erted on it are distributed among the tissues from which it is constructed
(the annulus, nucleus, cartilage endplate, and adjacent vertebra). This
tissue stress distribution is dependent on the type of loading (e.g., com-
pression, flexion, lateral bending, or torsion) and duration of loading
(creep response).

Tissue stress induced by spinal loading affects the disc through both
mechanical and biological pathways. These pathways are usually coupled:
that is, the mechanical response influences the biology, and the biological
response influences the mechanics. This load-induced response can be
either beneficial or detrimental.
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An important detrimental mechanical response is overload injury
(material failure). This occurs when the tissue stress exceeds the tissue
strength. The human tolerance to overload injury has been investigated
largely in cadaveric models. These in vitro experiments demonstrate that
failure will occur within the tissue that is stressed most severely. The
tissue at risk, and therefore the mode of injury, is in part dependent on the
type of loading (compression, flexion, lateral bending, or torsion). For
instance, under pure compression the disc fails by vertebral body frac-
ture, whereas excessive bending injures the ligaments of the neural arch
(Table 5.1). Vertebral body compressive strength is strongly correlated
with its cross-sectional size and bone density (Brinckmann, Biggeman,
and Hilweg, 1989a, 1989b), making it feasible to predict noninvasively in
humans.

Disc tissues can also be injured through a process of fatigue, where
subfailure loads are applied repetitively for sufficient cycles to ultimately
cause tissue failure via damage accumulation (such as during exposures

TABLE 5.1 Summary of Static Strength for Intact Spinal Segments

Loading
Mode Injury Mode Average Strength Notes
Compression  Vertebral endplate 5.2 (+ 1.8) kN“ Dependent on vertebral
fracture 6.1 (£ 1.8) kN cross-sectional area
(male, 20-50 yrs)” and bone density
10.2 (= 1.7) kN*
(male, 22-46 yrs)?
Shear Neural arch, facet 1.0 kN¢ Uncertain
joint fracture
Flexion Posterior ligaments 73 (+ 18) Nm measured with 0.5 - 1.0
kN compressive preload
Extension Neural arch 26 (£ 9) Nm? Anterior annulus may be
damaged
Torsion Neural arch/facets 25 - 88 Nm¢
Compression Posterior annulus,
plus flexion vertebral body 5.4 (+ 2.4) kNf Disc can prolapse under
hyperflexion

2Brinckmann, Biggemann, and Hilweg, 1989a, 1989b
bHutton and Adams, 1982

cMiller et al., 1986; Adams et al., 1994

dAdams et al., 1988

¢Farfan et al., 1970; Adams and Hutton, 1981
fAdams and Hutton, 1982
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to extremes of whole-body vibration). Cadaveric experiments demon-
strate that cyclic loading in compression, bending, torsion, shear, or com-
binations thereof damage vertebra (including facet joints) prior to
damaging the annulus fibrosus. These studies suggest that vertebral fa-
tigue may result from physiological loading regimens that include be-
tween 1,000 and 10,000 compressive cycles (5,000 cycles may easily
accumulate in vivo during 2 weeks of industrial exposure). Cyclic com-
pressive stress as low as 50 percent of the vertebral failure strength may
result in fracture after 1,000 cycles (Hansson, Keller, and Spengler, 1987).
Brinckmann, Biggemann, and Hilweg (1988) developed a probability
model to predict the fatigue strength given vertebral size, density, and
load magnitude. Based on this model, a “fatigue limit” of 30 percent of
ultimate compressive strength has been hypothesized for living verte-
brae; in other words, cyclic loading of less than 30 percent of vertebral
compressive strength would never cause fatigue failure (Table 5.2). Verte-
bral microdamage cannot be identified utilizing clinical radiographs, bone
scans, or MRIs (Hansson et al., 1980; Mosekilde and Mosekilde, 1986). The
clinical significance of these pathological changes remains uncertain. Some
evidence suggests that the annulus may also be injured via fatigue and
damage accumulation (Gordon et al., 1991; Buckwalter, 1995; Walsh et al.,
2000)

Tissue stress developed during spinal loading can influence disc biol-
ogy. Within vertebra, stress can stimulate cells to produce more bone in
areas of high stress or remove bone in areas of low stress. This process,

TABLE 5.2 Cyclic Loading Reduces the Compressive Strength of
Lumbar Motion Segments

Relative Load Number of loading cycles

% 10 100 500 1000 5000
60-70 10%7 55% 80% 95% 100%
50-60 0% 40% 65% 80% 90%
40-50 0% 25% 45% 60% 70%
30-40 0% 0% 10% 20% 25%
20-30 0% 0% 0% 0% 10%

2Values indicate the probability of compressive failure if a motion segment is loaded for the
specified number of cycles at the specified relative load. Relative load is the actual compres-
sive load expressed as a percentage of the load required for compressive failure from single
loading cycle. Data from Brinckmann, Biggemann, and Hilweg (1988).
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called remodeling, is the body’s mechanism to optimize the density and
shape of bones for a particular mechanical exposure (e.g., tennis players
have denser bone in their dominant arms) (Cowin et al., 1985). These bone
cells are also responsible for healing fractures, including microdamage
resulting from fatigue (as described above). It is inferred from known
bone healing times, amounting to several weeks or months (Martin et al.,
1998), that minimal repair of bone microfractures would be expected in a
time interval of approximately 2 weeks. This observation suggests that
vertebral fatigue damage may accumulate in vivo, not be offset by heal-
ing, and lead to fractures. However, while the presence of endplate micro-
fractures appears to increase with age (Roberts et al., 1997), whether these
are responsible for patient symptoms is uncertain (Braithwaite et al., 1998).

Within the nucleus and annulus, spinal loading can alter tissue water
content (via creep, as discussed above) and tissue shape, leading to al-
tered cell metabolism. In particular, changes in water content, in addition
to concomitant modifications of tissue permeability, fixed charge density,
oxygen tension, and cell shape, can have adverse biologic consequences
(Ohshima et al., 1989; Ohshima and Urban, 1992; Ishihara et al., 1996;
Handa et al., 1997; Ishihara and Urban, 1999). For instance, Urban and
coworkers utilized an in vitro model to demonstrate that disc cell func-
tion is harmed by extremes of water content (either too high or too low)
induced by fluctuations of disc compression (Ohshima et al., 1995). The
detrimental effect was thought to be due to alterations in the disc cells’
pericellular environment. In vivo loading in animals demonstrates that
altered disc cell metabolism and death may be related to spinal loading
via a quantifiable dose-response relationship (Hutton et al., 1998; Lotz et
al., 1998; Lotz and Chin, 2000). These studies and others demonstrate that
certain regimens of spinal loading can be harmful to the disc. Implied,
though not demonstrated directly, is that other regimens, involving lower
compressive loads, may be beneficial.

Summary and Conclusions

The intervertebral disc manifests a complex, time-dependent response
to spinal loading. Loading, in turn, alters the joints” biomechanical behav-
ior and the tissues” biological activity. Overload injury and fatigue may
cause vertebral body failure, while coupling between tissue stress and cell
activity may accelerate annular and nuclear degeneration through more
subtle, biological pathways.

Spinal discs degenerate with age. The independent contribution of
physical force to degeneration is currently unknown due to inherent
physiological variability among individuals, and because aging, by defi-
nition, signifies lengthened exposure to cumulative trauma. Furthermore,
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due to a lack of specificity of disc degeneration for back pain, the patho-
physiological mechanisms linking spinal load and pain in humans are
still uncertain.

However, significant data exist by which to quantify the failure and
fatigue strength of vertebral bodies in humans (related to bone density
and bone size). The biological response to spinal stress and its contribu-
tion to damage accumulation have been demonstrated in animal and labo-
ratory models, yet the extent by which this pathway affects humans still
needs to be established.

TENDONS AND LIGAMENTS

Properties of Tendon and Ligament and Injury Endpoints

Tendon and ligament are composed of dense connective tissue. The
collagen fibrils visible with the electron microscope are grouped into fi-
bers and fascicles that are visible with a light microscope. The fibers and
fascicles are enclosed in a thin film of loose connective tissue called
endotendon or endoligament. The whole tendon is wrapped in a connec-
tive tissue called the epitenon, which in turn is surrounded by the
paratenon, a loose, areolar connective tissue (Figure 5.2). In some areas of
the body, for example at the wrist, the paratenon forms a double layer
sheath lined with synovial cells. This tendon sheath or tenosynovium
facilitates smooth gliding of the tendon.

Tendons connect muscle to bone, while ligaments connect bone to
bone. Tendons and ligaments primarily transmit tension forces but can
also experience shear and compressive loads (Luo et al., 1998). Compres-
sion occurs when the tendon path is altered, for example around a bony
structure or pulley system, or if there is impingement between the bony
structures. Cellular remodeling and adaptation of these tissues occurs in
response to different types of loading. When a tendon experiences com-
pressive loading in addition to tension, the tendon in this region is gradu-
ally transformed from linear bands of collagen fascicles into irregular
patterned fibrocartilage. The transformation is accompanied by changes
in proteoglycans (Malaviya et al., 2000).

During tendon gliding, the amount of friction against the surround-
ing sheath and tissue depends on the amount of tension in the tendon, the
friction coefficient, and the arc of contact (Uchiyama et al., 1997). Friction
force can generate heat and cause thermal effects indirectly and can stimu-
late cellular reaction directly (Birch, Wilson, and Goodship, 1997). Joint
movement determines the amount of tendon excursion; therefore, the
specific joint posture, as well as tendon tension, are important determi-
nants of compressive and shear load.
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FIGURE 5.2 Control tendon. Tendon (T) with adjacent tissues from a rabbit epi-
condyle. Peratenon (P), enthesis (E), fibrocartilage (FC), muscle (M), and bone
(B). Trichrome stain. (Reproduced with permission from Karen King and David
Rempel, 2001.)

Mechanical Properties

Tendon and ligament have characteristic mechanical properties char-
acterized by stiffness, failure strength, and viscoelasticity; these proper-
ties have been extensively studied. For example, the strength of human
finger flexors is approximately 1,500 N, which corresponds to a strain
(length change) of approximately 13 percent (Pring, Amis, and Coombs,
1985). In general, the tension experienced in the tendon during activities
of daily living, occupational tasks, and even sport activities is likely to be
low compared with the failure strength. For example, a pinch force of 4 kg
is likely to require between 70 and 230 N of tensile force in the flexor
digitorum superficialis tendon (Dennerlein et al., 1998).

The mechanical fatigue properties of human tendon have been evalu-
ated by subjecting tendon to cyclical loading (Schechtman and Bader,
1997, Hubbard and Chun, 1988). Extensor tendons from the foot, sub-
jected to a cyclic square tension-tension stress waveform at physiological
frequencies, failed according to a log-linear model: S = 101.3 — 14.8 log (N).
The number of cycles to failure (N) was inversely related to the stress (S),
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even at the lowest stress levels (10 percent of failure strength, 70 hours of
loading), suggesting the absence of an endurance limit.

Pathology of Human Tendons

The taxonomy for disorders of the tendon and adjacent structures
may be confusing. Tendinitis is the common term used to describe pain at
the site of a tendon and may be accompanied by swelling, warmth, and
erythema. However, some tendon disorders, for example, lateral epi-
condylitis (“tennis elbow”), have no acute inflammatory cells on histo-
logic examination. Instead, at surgery there are tears in the tendon with
disorganized collagen, vascular hyperplasia, and fibroblast proliferation
near cleavage planes in the tendon (Kraushaar and Nirschl, 1999; Coonrad
and Hooper, 1973). It has been proposed that these disorders character-
ized by degenerative changes be called tendinosis (Kraushaar and Nirschl,
1999). Furthermore, tendon disorders can be classified based on the
anatomy of the tendon and its surrounding tissues (Viikari-Juntura, 1984;
Clancy, 1990):

(a) Tenosynovitis refers to inflammation of the tendon sheath or
paratenon. This can occur where the finger flexors pass through the car-
pal tunnel (e.g., flexor tenosynovitis) or on the back of the wrist (e.g.,
fourth extensor compartment tenosynovitis). Histologically these are char-
acterized by edema with inflammatory cells and vascularization of the
paratenon.

(b) Stenosing tenosynovitis (tenovaginitis) occurs when tendon glid-
ing is restricted due to thickening of the tendon or sheath (e.g., de
Quervain’s disease or trigger finger). Histologically, the tendon sheath
and tendon nodule demonstrate fibrocartilage metaplasia with increased
chondrocytes and gylcosaminoglycan matrix (Sampson et al., 1991).

(c) Peritendinitis refers to inflammation of only the paratenon in areas
in which there is no tendon sheath. This can occur at the back of the wrist,
at the second extensor compartment (e.g., intersection syndrome), where
the extensor carpi radialis tendons pass below the muscle bellies of the
abductor pollicis longus and the extensor pollicis brevis, which may or
may not be lined by the synovium. Histologically, the paratenon areolar
tissue is infiltrated with edema, thickening, hypervascularity, and inflam-
matory cells and the process may extend to the adjacent muscle.

(d) Tendinosis occurs when there are degenerative alterations within
the tendon without the evidence of inflammatory cells. Histologic find-
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ings are partial ruptures, collagen fiber disorientation, fibroblast hyper-
plasia, neovascularization, local necrosis, and glycosaminoglycans laid
down between tendon fibrils. Tendinosis is observed at the time of surgi-
cal treatment of rotator cuff “tendinitis” and lateral epicondylitis (Chard,
1994; Kraushaar, 1999). Whether an early, inflammatory response pre-
cedes these changes is unknown. Histologic changes consistent with
tendinosis are present in the rotator cuff of 40 percent of cadavers over the
age of 50 (Chard, 1994).

Mechanisms of Injury

The mechanism of injury for the various tendon disorders may vary
depending on local anatomy and the forces experienced by the tendon
and adjacent tissues. A limited number of well-designed animal models
have been developed to investigate mechanisms of injury by studying the
effects of repetitive motion and loading on the adaptation and pathologi-
cal changes of soft tissue; Archambault and colleagues (Archambault,
Wiley, and Bray, 1995) have recently reviewed these models. The long-
term effect of exercise on tendons may be positive, by increasing tendon
cross-sectional area and strength, if conditioning duration and repetition
rates are controlled (Woo et al., 1980). Remodeling of the tendon can
occur with development of fibrocartilaginous tissue along the tendon. At
points where the tendon wraps around bone or a pulley and is subjected
to transverse compressive loading in addition to tension, tendon remod-
eling occurs, with the development of fibrocartilaginous tissue with el-
evated glycosaminoglycan content (Malaviya et al., 2000; Perez-Castro
and Vogel, 1999). This tissue diminishes when the compressive loading is
removed. These fibrocartilaginous changes are congruent with the pa-
thology observed in the tendon and tendon sheath of humans with stenos-
ing tenosynovitis. The factor that induces the fibrocartilagenous change
(e.g., ischemia, compressive force, frictional heat) is unknown.

Repetitive stimulation of the rabbit ankle flexor has been used to
investigate the pathogenesis of peritendinitis and tendinosis of the Achil-
les tendon (Rais, 1961; Backman et al., 1990). In the Backman et al. study
(1990), rabbits were exercised in a kicking machine, producing passive
flexions and extensions of the ankle joint combined with active contrac-
tions of the ankle flexors. The animals were exercised for 5 to 6 weeks, 3
days per week, for 2 hours, at a rate of 150 flexions and extensions per
minute. The peak load was estimated at 15 percent of maximal muscle
force. Although the rate of loading is high, the number of hours per week
is low relative to what might be experienced by humans. Light micro-
scopic examination showed degenerative changes of the tendon and in-
creased number of capillaries, infiltrates of inflammatory cells, edema,
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and fibrosis in the paratenon. This animal model demonstrates tissue
changes due to repetitive loading that are congruent with the pathology
of peritendinitis and tendinosis in humans.

Recent studies have suggested that peritendinitis due to repeated
loading may be mediated by an early inflammatory response. Using
microdialysis techniques, it has been observed that metabolism is acceler-
ated and is accompanied by an elevation of prostaglandin E, and throm-
boxane B, in the peritendinous region of the human tendon with dynamic
loading (Langberg et al., 1999). In animals trained on a treadmill for 3 to 5
days, the IGF-I immunoreactivity throughout the cytoplasm of the tendon
and paratenon fibroblasts was increased (Hansson et al., 1988).

Based on human pathology findings, it has been suggested that
tendinosis associated with repeated loading is due to microtears in the
tendon, such as side-to-side dehiscence of the fascicles or longitudinal
disruption of the fibers (Kraushaar, 1999). Not only are partial tears ob-
served in pathological specimens but repair activity (e.g., fibroblast pro-
liferation, angiogenesis, matrix production) is found near cleavage planes
in the tendon. Morphologic changes consistent with microtrauma are el-
evated in the flexor tendons of horses after galloping exercises (Patterson-
Kane et al., 1997, 1998b). Elevated temperature in the core of the tendon
associated with repeated strain and compromised blood flow and hy-
poxia have also been postulated as mechanisms leading ultimately to
degenerative changes in the central core of the tendon. However, the
evidence supporting either pathway is limited.

An animal model for rotator cuff tendinosis was developed in the rat
with treadmill running (Carpenter et al., 1998). Overuse led to an increase
in cellularity and collagen disorganization in the tendon compared with
controls. This was accompanied by biomechanical changes of an increase
in tendon cross-sectional area and a decrease in tissue stiffness. Tendons
with a surgical injury plus overuse exhibited a worse histologic grade
than those with overuse alone. The study demonstrated that damage to
the supraspinatus tendon can be caused by overuse and intrinsic injury,
overuse and extrinsic compression, and overuse alone. The changes were
congruent with the pathological changes observed in human rotator cuff
tendinosis. The differences in anatomy between the rat and human shoul-
der may be considered a limitation; however, a detailed review of 33
species of animals revealed that the rat was the most appropriate based
on acromion anatomy and function.

Effects of Age and Other Factors

In the rat, Achilles tendon strength decreases with age (Simonsen,
Klitgaard, and Bojsen-Moller, 1995). Certain kinds of exercise can prevent
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some of this age-related loss of strength. In the rat, the aging process was
not prevented by strength training, but it was compensated to some de-
gree by swim training (Nielsen, Skalicky, and Viidik, 1998). Whether ag-
ing increases the risk of injury associated with cyclical loading is
unknown.

Summary

Basic science studies support the conclusion that repetitive motion or
overuse loading can cause chronic injury to tendon tissues. The external
loading exposures are related to the internal stress in the tissue and to
interaction between tissues. The resultant physiological and cellular re-
sponses can lead to either biological adaptation or chronic pathology. The
injury pattern includes inflammatory changes with fibrosis in the
paratenon, with evidence of degenerative changes in the tendon, specifi-
cally edema, collagen disorganization, and fibrosis. The damage may be
initially mediated by inflammatory activity and microtrauma.

Some elements of the pathophysiology pathway are still uncertain.
For example, the very early ultrastructural, cellular, and biochemical re-
sponses to repetitive tissue loading have not been well explored. The
response of tendons at different sites of the body to repeated loading may
not be homogeneous. For example, the findings observed in the Achilles
tendon may differ from those that might be observed in the extensor carpi
radialis tendon insertion into the epicondyle. Stenosing tenosynovitis (e.g.,
trigger finger) may be associated with repeated loading, but there are no
animal models for this condition.

In addition, a better understanding of the specific biomechanical fac-
tors that cause injury would be extremely useful for prevention efforts. It
is unclear whether the problem with repeated loading has more to do
with the rate of loading, the peak loads, cumulative tendon travel, or
simply the duration of loading. These issues are complex, and the ques-
tions are likely to be resolved only with animal models.

SKELETAL MUSCLE
Skeletal Muscle Body Function Related to Work Performance

Skeletal muscle is unique as the body machine that powers external
human work. Skeletal muscle is an elongated, contractile tissue that gen-
erates force and shortens when activated to contract by stimuli from al-
pha (o) motor neurons that originate in the spinal cord. Central nervous
system stimuli and spinal reflexes activate the oo motor neurons and skel-
etal muscles to bring about coordinated and efficient movement of limbs,
maintenance of posture, and withdrawal from painful stimuli. Because
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skeletal muscle generates the force for body movement and external work,
it also is a source of physical load to other tissues, such as tendons, joints,
and nerves.

Although skeletal muscle is a working machine, it has inherent self-
repair and adaptation mechanisms that allow it to maintain its structure
and remodel over time. In the absence of excessive external forces, muscle
does not usually damage itself from overuse because it fatigues, or fails to
contract, before the point of irreversible contractile or cellular damage.
Skeletal muscle cells, or fibers, recover from fatigue within minutes to
hours. Damage or injury to skeletal muscle invariably occurs as a result of
external forces that exceed the tolerance limits of the muscle’s passive
(e.g., connective tissue) and active contractile structures; the nature of the
damage is directly related to skeletal muscle structure and the molecular
mechanism of force generation.

Skeletal Muscle Structure and Contractile Mechanism

Skeletal muscle has a highly structured architecture. Within each skel-
etal muscle fiber, or cell, interdigitating thick and thin protein filaments
are organized longitudinally into repeating sarcomeres and cross-section-
ally into lattices that form myofibrillar bundles (see Figures 5.3a and 5.3b).
Thick filaments of the protein myosin form a lattice in the center of each
sarcomere, and thin filaments of the protein actin insert into the thick

Thin Z-line

filament

‘- 116p >
i0.08p! - 1.60p -

FIGURE 5.3a Schematic of a skeletal muscle sarcomere, showing interdigitating
actin protein thin filaments and myosin protein thick filaments. The sarcomere is
the smallest structural unit of skeletal muscle. (From Kaldor and DiBattista,
1978:7. Reprinted with permission.)
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Muscle

Group of
muscle fibers

e ==—"

Myofibril

FIGURE 5.3b Schematic of skeletal muscle structure showing the muscle, a group
of fibers (i.e., muscle cells) surrounded by blood vessels, and a single myofibril of
many that constitute the single fiber. (Adapted from Warwick and Williams,
1973:481, Figure 5.8. Reprinted with permission.)

filament lattice from both directions toward the center of each sarcomere.
The thick filament myosin heads are the molecular force generators that
form cross-bridge attachments to the thin filaments and pull the thin
filaments toward the center of the sarcomere, thereby generating force
and shortening. The fuel for cross-bridge movement is the energy stored
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in the chemical adenosine triphosphate (ATP); myosin heads hydrolyze
ATP as a part of the cross-bridge cycle and convert the chemical energy
released to force generation and heat. Each muscle fiber has a metabolic
enzyme system, glycolytic and oxidative for replenishment of cellular ATP.

The smallest intact unit of a skeletal muscle that contracts in response
to nerve stimulation is the single cell, or muscle fiber. Each muscle cell, or
fiber, is made up of multiple myofibrils, creating the cross-sectional area
that determines the fiber’s maximal force generation. The skeletal muscle’s
maximal force generation is determined by the combined cross-sectional
area of all of its fibers. The fiber’s length is that of the entire muscle, with
2.0-2.2 um long resting sarcomeres joined end to end at Z protein discs
and repeating longitudinally tendon to tendon. The summed shortening
of all of the sarcomeres in a fiber determines the total shortening of the
fiber, and thus the muscle. Individual muscle fibers are bound together in
parallel by connective tissue sheaths to form the muscle. The connective
tissue of skeletal muscle serves as passive resistance to stretching of the
sarcomeres by external forces and varies in content among skeletal
muscles of an individual and among individuals.

Activation of Skeletal Muscle Contraction

The hard wiring of the nervous system determines the pattern of
activation, or recruitment, of muscle fibers within a given muscle for
either voluntary or reflex contraction. Each muscle fiber is served by only
one oo motor neuron that drives its contraction; but a single oo motor neu-
ron may branch and serve many skeletal muscle fibers. All of the fibers
fed by a single oo motor neuron are stimulated together and behave as a
motor unit. Small motor units have relatively few fibers and are used for
fine, delicate movements; large motor units have hundreds to thousands
of fibers and are recruited for large forces and gross movement.

Recruitment order of motor units is from small to large for voluntary
skeletal muscle contractions. As a consequence, the smaller motor units
contract more frequently. Studies of muscle electrical activity have con-
firmed the preferential activation of small motor units during repetitive,
low-intensity, stereotypical movement (Sjogaard and McComas, 1995;
Jensen, Pilegaard, and Sjogaard, 2000). Because the skeletal muscle fibers
of these low-threshold small motor units carry a disproportionate bur-
den, they are referred to as “Cinderella” fibers (Hagg, 1991). Cinderella
fibers are the ones at greatest risk of focal injury during low-intensity,
repetitive work.

The fibers in a given motor unit are all activated together; therefore,
they share the same adaptive, or conditioned, state, and they fatigue and
recover as a unit. As a result of variations in use, motor unit fibers are
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transformed into one of two basic types: fast twitch, fatigable, or slow-
twitch, fatigue resistant. Within the fast-twitch category, the primary
metabolic enzymes vary from primarily glycolytic to glycolytic/oxida-
tive; the diameter of the glycolytic fibers is larger than that of glycolytic/
oxidative fast-twitch fibers. In general, fast-twitch fibers usually have
greater diameters than slow-twitch ones. Slow-twitch fibers have prima-
rily oxidative metabolic enzymes, with relatively more mitochondria, and
are the fibers with lowest cross-sectional area and maximal force genera-
tion. Cinderella fibers are predominantly slow twitch; they are the motor
units recruited first, then fast-twitch oxidative/glycolytic, and, finally fast-
twitch glycolytic in maximal voluntary contraction (Hennemen and Olson,
1965; Hennemen, Somjen, and Carpenter, 1965a, 1965b; Hennemen et al.,
1974).

The average person has a mixture of slow-twitch and fast-twitch mo-
tor units in every skeletal muscle. There is little evidence that fibers in a
given motor unit convert from one type to the other as a result of exercise
or training. This innate fiber type distribution may determine the capacity
of an individual for various types of physical work as well as for forms of
athletic performance; slow-twitch fibers enhance endurance, and fast-
twitch enhance sprint-type performance.

Aside from a motor unit increasing in size through reinnervation of
denervated muscle fibers, motor units do not increase in size after birth,
because new muscle fibers are not created postnatally. As a consequence
of aging, fast-twitch fibers appear vulnerable to dennervation and rein-
nervation by new branches of o motor neurons of slow-twitch motor
units, as shown by Kadhiresan and coworkers (Kadhiresan, Hassert, and
Faulkner, 1996) in a study of rats. Thus, aging leads to larger slow-twitch
and smaller fast-twitch motor units.

Evidence of Skeletal Muscle Damage and Mechanisms of Injury

Decrements in skeletal muscle force generation in the face of repeti-
tive use without nerve damage is evidence of either fatigue of motor units
or skeletal fiber damage. The difference between the two is that force loss
from fatigue is recovered within minutes to hours of rest, but fiber dam-
age is repaired more slowly and may be irreversible. Fatigue of skeletal
muscle fibers is failure of the fiber to contract in response to continuing o
motor neuron stimulation (Bigland-Ritchie, Furbush, and Woods, 1986).
While the fatigued fibers are not themselves permanently damaged, they
can put other motor units at risk of structural damage due to inappropri-
ate recruitment or excessive strain from external loads. In contrast to
fatigue, recovery from fiber structural damage takes weeks to months,
depending on rest and reuse, and the damage may result in complete loss
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of the damaged fibers with persistent reduction of maximal force genera-
tion. The only way to increase the maximal force generation capacity of a
muscle after fiber loss is through hypertrophy of the remaining skeletal
muscle fibers.

Fiber structural damage is also accompanied by products of cell in-
flammatory and necrotic processes, edema, microscopic evidence of con-
tractile structure disruption, and leaking of intrafiber proteins and
enzymes through disrupted cell membranes (Sjogaard, 1986; Jensen,
Jorgensen, and Sjogaard, 1994; Skjeldal et al., 1993; Hagberg, Michaelson,
and Ortelius, 1982). All of these indicators of fiber structural damage
should be accompanied by a decrement in force generation if skeletal
muscle damage has occurred. However, for repetitive contraction of skel-
etal muscle fibers under conditions leading to damage, loss of force may
be accompanied only by clinical symptoms and pain as precursors to
measurable structural damage (Sjogaard and Jensen, 1997). It is hypoth-
esized that loss of force generation is the result of molecular damage to
the myosin heads, or cross-bridges; the methods for testing this hypoth-
esis in intact muscle have not been developed.

Muscle injury may also be mediated by other mechanisms unrelated
to contractile structure. When muscle contractions result in an intra-
muscular pressure exceeding capillary closing pressure (about 30 mmHg)
muscle ischemia may result (Sjogaard and Sjegaard, 1998; Sadamoto,
Bonde-Petersen, and Suzuki, 1983; Jarvholm et al., 1988a, 1988b; Shepherd
et al., 1981). Data indicate that intramuscular pressure is inhomogeneous
during contractions (Sejersted et al., 1984; Sejersted and Hargens, 1985;
Laughlin, Mohrman, and Armstrong, 1984; Frank et al., 1999; Sexton and
Poole, 1995) and that damage by this mechanism is most likely to affect
small muscles (Sjogaard and Jensen, 1997) and slow-twitch fibers (Bai et
al., 1998) during prolonged static contractions. Intramuscular pressure
> 30 mmHg over an 8-hour period can cause muscle fiber atrophy, split-
ting, necrosis, and other derangements (Hargens et al., 1981; Pedowitz et
al., 1990). The interaction between the increased metabolic demand of
active muscles and the relative ischemia via increased intramuscular pres-
sure has been hypothesized to contribute to derangements in intracellular
pH/lactic acid, calcium, and potassium homeostasis (Sjogaard, 1990, 1988;
Sjegaard, Savard, and Juel, 1988; Wilkie, 1986; Hermansen, 1981; Saltin et
al., 1981; Sjogaard et al., 1986; Chase and Kushmerick, 1988; Donaldson,
Hermansen, and Bolles, 1978; Sjogaard and Jensen, 1997). However, these
mechanisms may relate mainly to the onset of muscle fatigue and not to
fiber damage. There is evidence that reperfusion after ischemia leads to
microvascular and cellular dysfunction, initiating longer-term symptoms
and functional change in skeletal muscle (Seyama, 1993; Skjeldal et al.,
1993; Jerome, Kong, and Korthuis, 1994).
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In general, skeletal muscle behavior can be viewed from the perspec-
tive of the material fatigue model for considering musculoskeletal disor-
ders. Laboratory studies of skeletal muscle show that there is a correlation
between the number of contraction cycles and the extent of injury; these
data are in agreement with clinical findings of repetitive use of affected
muscles (Ranney, Wells, and Moore, 1995; Dennett and Fry, 1988). Stereo-
typical, repetitive motion is a major risk factor for development of muscu-
loskeletal disorders (Fredriksson et al., 1999; Ohlsson et al., 1995; Ekberg
et al., 1995). The muscles of each person have their own endurance limits,
creating variations in each person’s injury threshold for repetitive motion
work. Also, multiple skeletal muscle contractions can be performed at
low force before an actual injury, that is, before the person’s endurance
limit of force times the number of contraction cycles is reached. Working
muscles initially tolerate the stress but require rest periods for recovery in
order to avert damage.

People do experience symptoms of fatigue, such as discomfort and
inability to work as efficiently, as they approach their endurance limit.
The small, slow-twitch skeletal muscle fibers are more resistant to physi-
ological fatigue than fast-twitch fibers. Since slow-twitch fibers are also
characteristic of the small motor units recruited for low-force, repetitive,
endurance work, they are the most vulnerable for being contracted to the
point of muscle damage. Small muscles used for low-force, repetitive
work are at risk for this type of damage (Lindman et al., 1991; Dennett,
1998; Larsson et al., 1988), as are small, slow-twitch motor units of larger
muscles such as the trapezius. Larsson and colleagues (1990) observed a
correlation between pain, reduction in muscle blood flow, and mitochon-
drial changes in slow-twitch fibers of the trapezius muscle for patients
with a work history of performance of repetitive, static contractions; the
pain and reduced blood flow to the trapezius muscle persisted long after
elimination of the work.

The existing measures for damage of muscle appear inadequate for
detecting endurance limits and early structural damage at the molecular
level. Consequently, the correlation of the symptoms experienced by the
worker to beginning structural damage have not been determined in sci-
entific studies.

Types of Contractions and Associated Injury
Muscles always generate force due to cross-bridge cycling and inter-
nal sarcomere shortening during contraction, but the type of contraction

varies based on what happens to the overall length of the muscle. During
an active contraction, the overall length of the muscle may remain con-
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stant, yielding an isometric contraction; decrease, yielding a concentric
contraction; or increase (i.e., stretch to a longer length), yielding an eccen-
tric contraction. The first two types of active contraction, isometric and
concentric, do not normally result in structural damage (McCully and
Faulkner, 1985; Armstrong, Ogilvie, and Schwane, 1983; Newham, Jones,
and Edwards, 1983; Newham et al., 1983; Balnave, Davey, and Allen,
1997; Lieber and Fridén, 1988; Lieber, Woodburn, and Fridén, 1991;
Faulkner, Jones, and Round, 1989). The exception would be repetitive
isometric (static) or concentric (kinetic) contractions of small motor units
with slow-twitch muscle fibers under conditions in which fatigue does
not protect them from overuse, as discussed above (Dennett and Fry,
1988; Larsson et al., 1988; Guidotti, 1992; Ranney, Wells, and Moore, 1995;
Larsson, Oberg, and Larsson, 1999).

Due to the cross-bridge mechanism of skeletal muscle force genera-
tion and sarcomere structure, there is an optimal length for overlap of
thick and thin filaments and cross-bridge formation, reflected as optimal
length muscles for maximal force production. Contracting skeletal muscle
outside this optimal length range creates a greater risk of structural dam-
age, in addition to reducing force generation. In these less than optimal
length ranges, sarcomeres in a fiber may have nonuniformity of force
generation, causing hypercontraction of some and overstretching of oth-
ers along the length of the fiber. Eventually, chronically stretched muscles
will lengthen and chronically shortened muscles will shorten, by addition
and deletion of sarcomeres at the ends of their fibers, respectively. This
remodeling takes days to weeks; in the interim, the muscle is working
inefficiently, and the muscles performing at longer lengths are at particu-
lar risk of damage to sarcomere structure.

The third type of muscle contraction, eccentric, offers the greatest
risk for structural damage to fibers; this risk cannot be reduced by fiber
remodeling or exercise training. External loads or work that cause sar-
comeres to lengthen during active cross-bridge attachment are very
likely to result in structural damage. Evidence of muscle damage may
include loss of active force generation capacity, inflammation, necrosis,
hemorrhage, and connective tissue tearing. Loss of force generating ca-
pacity may precede the other signs of eccentric contraction damage and
is hypothesized to be due to shearing of, or damage to, myosin cross-
bridges (Jones et al., 1986; Ogilvie et al., 1988; Fridén, Sjestrom, and
Ekblom, 1983; Newham et al., 1983; Newham, Jones, and Edwards, 1986;
McCully and Faulkner, 1986; McComas, 1996; Macpherson, Dennis, and
Faulkner, 1997; McCully and Faulkner, 1985; Lieber and Fridén, 1993;
Brooks, Zerba, and Faulkner, 1995).

Regardless of the etiology, muscle injury results in an inflammatory
response (Cannon et al., 1990; Kokot et al., 1988; Smith et al., 1989). Evi-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

TISSUE MECHANOBIOLOGY 207

dence indicates that oxygen free-radical mediated injury, edema, im-
paired perfusion, and other elements associated with acute inflammation
contribute to both the progressive injury noted after injurious eccentric
contraction and the so-called reperfusion injury seen after prolonged
muscle ischemia (Korthuis et al., 1985; Walker et al., 1987; Granger, 1988;
Messmer et al., 1988; Rubin et al., 1990; Seyama, 1993; Skjeldal et al., 1993;
Jerome, Kong, and Korthuis, 1994).

Average force, strain, and work done to stretch the muscle (i.e., aver-
age force x strain) are the main physical factors in the initiation of muscle
fiber injury during eccentric contraction (Brooks and Faulkner, 1996;
Brooks, Zerba, and Faulkner, 1995; Hunter and Faulkner, 1997; Lynch
and Faulkner, 1998). For repetitive eccentric contractions, available data
indicate that an exponential relationship exists between stress and the
number of cycles to failure, so that greater stress requires fewer cycles to
failure. On the basis of the materials fatigue model, there should exist an
endurance limit, or stress threshold, below which any number of contrac-
tion cycles could be applied without leading to injury (Armstrong, War-
ren, and Warren, 1991; Warren et al., 1993). However, the injurious effect
of duty cycle and total duration of eccentric contraction have been in-
completely characterized; therefore, a damage threshold for human work
has not been identified.

Passive Stretch Injury of Skeletal Muscle

Passive stretch is the lengthening of a skeletal muscle while it is re-
laxed and not actively generating force. Passive stretch has been shown
in a variety of studies to be a cause of skeletal muscle damage. The spe-
cific conditions requisite for passive stretch injury are not fully eluci-
dated, in part because of different models used to apply passive stretch
in scientific studies. However, certain results are common across studies.

The velocity, excursion, duty cycle, and total duration of passive
stretch determine the total energy imparted to the muscle (Nikolaou et
al., 1987). The combined effect of these variables must exceed a threshold
for injury. An amplitude threshold was determined in a study by
Noonan and others (1994) of rabbit skeletal leg muscles. Muscle stretch at
20 percent of load to failure showed no decrement in maximal contractile
force. In contrast, stretch at 30 percent of load to failure showed signifi-
cant loss of maximal contractile force and hemorrhage with focal areas of
muscle fiber rupture. The relationship of amplitude and duty cycle of
passive stretch in injury appears more complex. Cycling of passive
stretch has been shown to cause a decrease in maximal force generation
without abnormal microscopic or ultrastructural changes (Lieber and
Fridén, 1988; Lieber, Woodburn, and Fridén, 1991). A plausible biological
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explanation for this is that the cycles of passive stretch damage the cross-
bridges that attach and detach in relaxed muscle at a rate of 32 s at 37° C
(Eisenberg, Hill, and Chen, 1980). Such damage to cross-bridges would
not be visible using a conventional microscope.

The mechanism of muscle damage during passive stretch has not yet
been fully elucidated. Similarly, the effects of cyclical, passive loading
and the role of duty cycle and total duration have not been systematically
studied.

Vibration Injury of Skeletal Muscle

Working with hand-held vibrating tools has been linked to neuro-
logic, vascular, and musculoskeletal disorders (Pelmear and Taylor, 1992;
Armstrong et al., 1987; Stromberg et al., 1997; Farkkild et al., 1979). In
terms of skeletal motor unit function, vibration exposure impairment
during intermittent and sustained maximal voluntary contractions has
been shown in humans to include reduced electromyogram (EMQG) firing
rate, decreased motor unit firing rate, and decreased skeletal muscle
force generation (Bongiovanni, Hagbarth, and Stjernberg, 1990). The
effects on skeletal muscle per se are not so well documented, and the
decrease in skeletal muscle maximal force generation is due at least in
part to reduced firing of oo motor neurons (Farkkild, 1978; Farkkila et al.,
1980). Relocation of nuclei to the center of muscle fibers, although not
structural damage per se, is used as a marker of injury in vibration-ex-
posed muscles because this nuclear change is observed to be a common
feature of neuromuscular disorders. In studies, using centralized nuclei
as a marker for injury, only the skeletal muscles most directly exposed to
the vibration were found to be affected by it (Necking et al., 1992, 1996b;
Dubowitz, 1985).

The results of studies of rats by Necking and coworkers (Necking et
al., 1996a, 1996b) show that frequency displacement and duration of the
vibration interacted as determinants of changes in fiber nuclei location in
the contracting skeletal muscle. The most direct indication of skeletal
muscle damage from exposure to vibration during active contraction is
that plasma levels of intracellular muscle enzymes increase, suggesting
disruption of the skeletal muscle fiber cell membrane (Miyashita et al.,
1983; Okada, 1986).

Muscular weakness is a common complaint among vibration-ex-
posed workers (Farkkild, 1978; Farkkila et al., 1980; Pyykko et al., 1986),
and reduced hand grip strength, corrected for aging, may persist for
years after exposure (Farkkild et al., 1986). However, the evidence of skel-
etal muscle damage per se has not been thoroughly studied for condi-
tions leading to vibration-induced loss of force generation.
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Age-Related Skeletal Muscle Injury and Risk

Aging is associated with skeletal muscle decrements in force, power,
endurance, and recovery from injury. There are also age-related changes
in motor unit innervation and in muscle morphology and metabolism
(Kirkendall and Garrett, 1998; Bemben, 1998; Faulkner, Brooks, and Zerba,
1990; Shephard, 1999).

In humans, the decrease in muscle strength begins around age 40 and
is more dramatic in humans after age 65; most of this decline is associated
with inactivity (Faulkner, Brooks, and Zerba, 1990; Kirkendall and Garrett,
1998; Brooks and Faulkner, 1990, 1994; Shephard, 1999). However, ap-
proximately 20 percent of the age-related skeletal muscle weakness can-
not be explained by the decrease in muscle mass or cross-sectional area
associated with inactivity (Brooks and Faulkner, 1988; Bruce, Newton,
and Woledge, 1989; Phillips et al., 1992; Brooks and Faulkner, 1994;
Degens, Hoofd, and Binkhorst, 1995; Brown and Hasser, 1996; Jubrias et
al., 1997). As evidence for this, training does not completely protect against
the changes due to aging (Faulkner and Brooks, 1995).

Aged skeletal muscle is also more vulnerable to injury. In studies of
rats subjected to eccentric contractions, researchers have demonstrated
that aged skeletal muscle fibers are more easily injured by single and
multiple eccentric contractions, muscle fibers regenerate less, and struc-
tural and functional recovery is not complete (Zerba, Komorowski, and
Faulkner, 1990; Brooks and Faulkner, 1990, 1996; Carlson and Faulkner,
1989). However, extensive studies of the effects of eccentric contraction on
aged human muscle have not been published.

Summary

The scientific studies reviewed support the conclusion that repetitive
mechanical strain exceeding tolerance limits, imposed in a variety of ways,
results in chronic skeletal muscle injury. This conclusion must be tem-
pered by the limitations of the animal studies, which examined only a
limited number of independent variables for short time periods that do
not match the time frame for chronic work-related exposures. A major
void in this area is concrete animal data that links repetitive use to injury
after chronic exposure at levels of use that do not cause short-term injury.
The conclusions related to repetitive mechanical strain and chronic skel-
etal muscle injury are dependent on extrapolation of data from short-term
animal experiments. However, human studies support the same conclu-
sions, even though the measures of dependent and independent variables
are less definitive and the experimental conditions are less controlled.
More importantly, the earliest molecular contractile changes in skeletal
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muscle structural injury have not been identified, and measures to detect
them are not available for animals or humans.

Standardizing work will not necessarily guarantee safety or similar
risk of injury for all workers. Constant, or standardized, external loads
and strains, encountered in the performance of work, will have a different
impact on each person, because of individual variations in skeletal muscle
(mass, type, condition, structure) and for a given person over time, be-
cause of effects of aging and adaptation. For example, younger condi-
tioned persons with the largest contractile mass, or skeletal muscle
cross-sectional area, will have the greatest contraction force generation to
oppose external load. Similarly, people with longer skeletal muscles have
the capacity to withstand the larger length changes, and a person’s rela-
tive proportion of slow- versus fast-twitch fibers will determine their
tolerance for low-intensity endurance versus high-intensity burst-type
work. This creates person-based variations in the risk and degree of in-
jury for fixed work and external loads. Better noninvasive measures of
skeletal muscle injury threshold are needed, since the match of work to
task will be imprecise.

PERIPHERAL NERVE

Structure and Function

Peripheral nerves carry electrical impulses from peripheral tissues
(e.g., skin, tendon, muscle) to the spinal columns and from the spinal
column to the periphery (e.g., vessels, muscle). A nerve is composed of
hundreds or thousands of axons, which are each an extension of a nerve
cell body located in the spinal cord. The axon is surrounded by Schwann
cells to form myelinated nerve fibers (Figure 5.4). Myelinated and non-
myelinated nerve fibers are grouped together in bundles, called fascicles,
and surrounded by a perineurial membrane. The amount of connective
tissue in and surrounding the nerve varies by level. For example, nerves
located superficially in the limb or parts of the peripheral nerve that cross
a joint contain an increased quantity of connective tissue, possibly as a
response to repeated loading (Sunderland, 1978).

The energy needs of impulse propagation and nutritional transport
(axonal transport) are provided by a unique microvascular system. The
small vessels supplying the nerve from the surrounding tissue have a
coiled appearance that permits the normal gliding of the nerve during
movement. When the vessels reach the nerve, they divide into branches
running longitudinally in various layers of the nerve. In the endoneurium
the environment is protected by a blood-nerve barrier. There are no lym-
phatic vessels to drain the endoneurial space; therefore, when edema
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FIGURE 5.4 Drawing of a peripheral nerve with bundles of nerve fibers sur-
rounded by perineurium (p) forming 12 fascicles. The fascicles are embedded in a
loose connective tissue called the epineurium (epi). Myelinated (c) and nonmyeli-
nated (b) fibers are shown with Schwann cells (Schw), myelin sheath(my), axons
(ax), and nodes of Ranvier (nR). (Reproduced, with modification, from Lund-
borg, 1988:186. Reprinted with permission.)

forms in this space, the pressure in the fascicle may increase and rapidly
interfere with the endoneurial microcirculation (Lundborg and Dahlin,
1996).

Short-Term Effects of Compression

The effects of loading on the peripheral nerve have recently been
reviewed (Rempel et al., 1999). The primary mechanism of mechanical
injury to the nerve is by regional compression or nerve stretching.
Extraneural compression pressures as low as 20 mmHg can decrease in-
traneural microvascular flow, and pressures of 30 mmHg can impair ax-
onal transport. By increasing vascular permeability, a brief low-pressure
(30 mmHg) compression of the nerve can lead to endoneurial edema
formation, which persists for at least 24 hours after the compression is
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removed. In turn, the resultant edema reduces blood flow in the nerve.
Both increasing duration of compression and higher pressure lead to
greater edema formation.

The effect of fluctuating extraneural pressure on nerve function was
investigated in a rat tibial nerve model, wherein a sinusoidal pressure
pattern was applied at 1 Hz for 20,000 cycles (Szabo and Sharkey, 1993).
The study indicated that when extraneural pressure fluctuates rapidly,
the effect on nerve function is associated with the mean value of the
pressure waveform, rather than the minimal or peak value.

Long-Term Effects of Nerve Compression

The long-term biological effects of brief, graded nerve compression
have been studied in several animal models using small inflatable cuffs
(Powell et al., 1986; Dyck et al., 1990). Pressures of 0, 10, 30, and 80 mmHg
were applied for 2 hours to a nerve; then at intervals up to 28 days the
nerves were examined for evidence of injury. Within 4 hours endoneurial
edema formed within all compressed nerves and persisted for the entire
time of the study. Inflammation and fibrin deposits occurred within hours
of compression, followed by a proliferation of endoneurial fibroblasts and
capillary endothelial cells. Within days, vigorous proliferation of fibrous
tissue was noted, with marked fibrosis at day 28 and sheets of fibrous
tissue extending to adjacent structures. Demyelination and axonal degen-
eration were first observed a week after compression. The degree of ax-
onal degeneration and demyelination were correlated with the initial
pressure.

To model chronic nerve compression, other investigators have placed
short silicon tubes of varying internal diameters or loose ligatures around
the rat sciatic or sural nerve (Mackinnon et al., 1994; Sommer et al., 1993).
These are very effective models for studying pain-related behavior
(Mosconi and Kruger, 1996). The biological response of the nerve is simi-
lar to that found in the cuff experiments, with early perineural edema
followed by a short-term inflammatory response, fibrosis, demyelination,
and, finally, nerve fiber degeneration. It is not possible to precisely con-
trol the compression level with these chronic models.

Vibration Exposure

Work with handheld vibrating tools can lead to a complex of symp-
toms known as the hand-arm vibration syndrome, in which sensorineural
disturbances are prominent (Stromberg et al., 1996). Biopsies of the poste-
rior interosseus nerve 5 cm proximal to the wrist, from men exposed to
hand vibration at work, revealed such pathological changes as break-
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down of myelin and the presence of interstitial and perineurial fibrosis in
comparison to controls (Stromberg, 1997). The histology results suggest
that demyelination may be a primary lesion in the neuropathy, which is
followed by fibrosis associated with incomplete regeneration or with or-
ganization of an edema. Similar pathological changes are seen in the small
nerves at the fingertips from patients exposed to vibrating handheld tools
(Takeuchi et al., 1986). Animal models exposing peripheral nerves to vi-
bration demonstrate an initial edema formation followed by demyelina-
tion and later a loss of axons (Lundborg et al., 1990, 1987; Ho and Yu,
1989; Chang, Ho, and Yu, 1994).

Summary

Several animal models demonstrate that low magnitude, short- or
long-term compression of a peripheral nerve leads to a biological response
of endoneurial edema, demyelination, inflammation, axon degeneration,
and fibrosis. The degree of axonal degeneration is dependent on the ap-
plied pressure in a dose-response pattern. The critical pressure or thresh-
old causing acute changes in nerve function is known, but the critical
pressure-duration threshold for chronic nerve compression is unknown.

Exposure to vibrating hand tools at work can lead to permanent pe-
ripheral nerve injury. Animal models of vibration exposure confirm a
pathophysiological process of edema formation followed by demyelina-
tion and axonal degradation. No animal model has been developed to
evaluate the effects of repetitive hand-finger loading on nerve structure
and function.

SPINAL NERVE ROOTS

Structure and Function of Spinal Nerve Roots

The nerve roots are located along the axis of the spine and serve as
routes of communication between the central and peripheral nervous sys-
tems. Enclosed by the vertebral bones, the spinal nerve roots are relatively
well protected from external trauma. However, spinal canal pathology
that compromises the neural space, such as disc herniation or protrusion,
spinal stenosis, and degenerative disorders, can create high risk of injury,
even under what might be considered moderate physical exposures. Fur-
thermore, nerve roots do not possess so much protective connective tissue
as do the peripheral nerves, which makes them particularly sensitive to
mechanical and chemical irritation.

Structurally, the axons of the nerve root are located in the endoneural
space, which is similar to that of the peripheral nerve but with five times
less collagen. The root sheath separates the nerve root from the cerbro-
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spinal fluid, which is surrounded by the spinal dura mater. The vascular
supply is complex and may be involved in the pathophysiology of injury.
The vessels from the periphery and from the spinal cord meet in the
proximal one-third of the nerve root; it has been suggested that this re-
gion is particularly vulnerable to injury from ischemia. The blood-nerve
barrier in the nerve root is not so well developed as in peripheral nerves;
this creates a higher risk of edema.

Acute Nerve Root Compression

The most common mode of nerve root injury is mechanical compres-
sion. Recent experiments that precisely control nerve root compression
reveal that capillary blood flow can be disrupted by venular occlusion
with pressures as low as 5 to 10 mmHg. Such a compression-induced
impairment of the vasculature will impede nerve root nutrition and lead
to nerve root dysfunction. There is no significant secondary route of nu-
trition via diffusion from the cerebrospinal fluid.

Low-pressure compression of a nerve root will lead to an increase in
the vascular permeability and intraneural edema formation (Olmarker,
Rydevik, and Holm, 1989), a response well documented for peripheral
nerves (Rydevik and Lundborg, 1977). In peripheral nerves, such edema
may increase the endoneurial fluid pressure (Low and Dyck, 1977;
Lundborg, Myers, and Powell, 1983; Rydevik, Myers, and Powell, 1989),
which in turn may impair the endoneurial capillary blood flow and jeop-
ardize the nerve root nutrition (Myers et al., 1982; Low, Dyck, and
Schmelzer, 1982; Low et al., 1985). Edema may negatively affect the nerve
root for a longer period than the compression itself, since the edema
usually persists for some time after the removal of a compressive agent.
The presence of an intraneural edema is also related to subsequent forma-
tion of intraneural fibrosis (Rydevik, Lundborg, and Nordborg, 1976),
which may delay recovery in some patients with nerve compression dis-
orders. Experimental compression studies have demonstrated that the
sensory fibers are more susceptible to compression than the motor fibers
(Pedowitz et al., 1992; Rydevik et al., 1991).

Chronic Experimental Nerve Root Compression

Compression that evolves gradually may allow time for the remodel-
ing and adaptation of axons and vasculature. In this case, the clinical
consequences of compression may be less severe than if the compression
was applied acutely. Despite this, a very gradual increase in compression,
over two weeks, still results in structural and functional changes consis-
tent with constriction (Delamarter et al., 1990; Cornefjord et al., 1997).
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Following compression of nerve root and dorsal root ganglion, there can
be an increase in a chemical factor called substance P, which is a neu-
rotransmitter related to pain transmission (Cornefjord et al., 1995). This
finding suggests that compression may lead to pain via both mechanical
and chemical pathways.

Mechanical Deformation, Biochemical Factors, and Pain

Mechanical deformation of nerve roots may induce impulses that are
perceived by the individual as pain. For instance, mechanical stimulation
of nerve roots or peripheral nerves results in nerve impulses of short
duration; these impulses are prolonged if the nerve tissue had been ex-
posed to mechanical irritation by a chronic gut ligature (Howe, Loeser,
and Calvin, 1977; Cavanaugh, Ozaktay, and Vaidyanathan, 1994). Severe
mechanical deformation, such as ligation of the nerve root, is generally
not painful (Chatani et al., 1995; Kawakami et al., 1994a, 1994b).

An increase in the level of neurotransmitters related to pain transmis-
sion has been found in the dorsal root ganglion in response to whole-
body vibration of rabbits (Weinstein, 1986; Weinstein et al., 1987). A
similar increase has also been seen in the dorsal root ganglion and nerve
root after local constriction of the same nerve root (Cornefjord et al., 1995).

Recent data suggest that chemical factors in nucleus pulposus can
sensitize a nerve root, making it more susceptible to mechanical perturba-
tions. Applied individually, nucleus pulposus or slight mechanical move-
ment will not produce pain behavior in a rat model, whereas the
combination of the two factors produces pain (Olmarker and Myers, 1998;
Olmarker et al., 1998). This sensitization is thought to be orchestrated by
the cytokine TNF-alpha (Olmarker and Larsson, 1998).

Summary

Although experimental models of low-grade compression have not
been so extensively applied to the spinal root as they have to the periph-
eral nerve, they reveal similar initial damage mechanisms. Compression
or direct mechanical stimulation may release cytokines and neurotrans-
mitters (e.g., substance P, TNF-alpha) that stimulate pain transmission.
However, due to experimental difficulties associated with chronic pain
models, the entire pathway leading to chronic pain remains uncertain.
The pathway is likely to involve a combination of compression of the
dorsal root combined with the release of biochemical mediators of pain.
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SUMMARY

The structural tissues—bone, disc, tendon, and muscle—demonstrate
fatigue failure well below their strength. For example, tendons subjected
to repeated stretching at 10 percent of strength will ultimately fail. For
tissues studied in detail, the relationship between load and number of
cycles to failure follows a log-linear dose-response model. The demon-
stration of this relationship provides evidence for damage accumulation.
The ultrastructural correlates to damage accumulation have been ob-
served for some tissues. For example, vertebral bone subjected to cyclical
loading develops microfractures. In other tissues, such as the disc, the
ultrastructural correlates have yet to be documented.

Although a threshold for fatigue damage below which no damage
accumulates has been postulated, such thresholds have yet to be proven.
For example, 30 percent compression strength has been postulated as the
fatigue threshold for the disc. The duration of fatigue testing at low stress
levels (e.g., 10 percent) has been short relative to the time frame for repair
and remodeling. Tissue repair and remodeling takes place over weeks
and months, but the fatigue tests are conducted for hours or days. The
documentation of thresholds for fatigue damage would be a valuable
adjunct to the current data.

In vivo animal models are necessary to investigate the whole
organism’s response to tissue loading. To some degree, the ultrastructural
damage due to cyclical loading may be repaired as long as the time frame
for the repair and remodeling is not long relative to the rate of damage
and as long as the remodeling mechanism is not overwhelmed. With a
repair system in place, one would expect a load-duration or a load-repeti-
tion threshold below which there is no damage accumulation and a disor-
der would never manifest. In addition, some injury mechanisms, for
example, those mediated by inflammation or ischemia, can only be thor-
oughly investigated with in vivo models.

In vivo animal models have been developed for the disc, tendon,
muscle, and nerve that can support the investigation of the effects of
cyclical loading on cellular, biochemical, and mechanical endpoints of
tissues in the intact organism. Generally, these studies demonstrate spe-
cific damage endpoints, with sustained or repeated loading, that are simi-
lar to the pathology observed in humans. For example, the rabbit
tendinitis model developed by Backman et al. (1990) demonstrated edema,
increased capillary network, and inflammatory cells in the paratenon and
degenerative changes in the tendon, findings also observed in histopa-
thology studies of human tenosynovitis and epicondylitis. Most of the in
vivo findings have been observed in more than one laboratory. These
studies, in addition to demonstrating the specificity of endpoints, also
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document the temporal relationship between exposure and effect. Due to
the different levels of development of these models and the methods used
to evaluate tissue damage, the depth of knowledge of the mechanism of
injury varies from tissue to tissue.

In vertebral bone, strength diminishes and damage is irreversible with
each trabecular fracture. However, the role of the smaller microcracks in
the pathophysiology of bone damage is uncertain; they may be a harbin-
ger of fractures, or they may be repaired. In humans, vertebral
microfractures are not visible using current imaging methods (e.g., X-ray,
CT, MRI), which contributes to the known poor correlation between im-
ages of the spine and low back pain. Both disc and vertebra demonstrate
fatigue failure, but vertebral endplates fail before the disc in response to
repeated loading. Cumulative spinal loading affects disc pressure and
water content, and these factors, in turn, influence cell viability and func-
tion. In vivo loading of sufficient magnitude can cause altered cell me-
tabolism and cell death following a dose-response relationship.

In vivo animal models that expose tendons to repeated loading dem-
onstrate an inflammatory response with fibrosis in the peritenon. The
process may be mediated by an initial release of inflammatory mediators
and microtrauma. In the central tendon, degenerative changes are ob-
served with edema, collagen disorganization, and fibrosis. Although the
initial steps may include microtrauma, they are not well characterized.

In muscle, prolonged fatigue damage can occur with single or cyclical
loads. Eccentric loading is more damaging than concentric loading. Re-
peated eccentric loading can produce a persistent force decrement with
structural damage to the sarcomeres (Z-line streaming, fiber necrosis, and
inflammation). A threshold or endurance limit for injury has not been
identified. The mechanical fatigue injury mechanism may be comple-
mented by physiological mechanisms (e.g., intramuscular pressure,
Cinderella hypothesis).

In the peripheral nerve, compression causes edema accumulation,
elevated endoneural pressure, vascular disruption, fibrosis, demyelina-
tion, and axon injury. The steps linking the initial effects to demyelination
and permanent nerve damage are uncertain. Compression of the nerve
for a sufficient duration also leads to chronic pain. Exposure to vibration
causes a similar process of edema formation followed by demyelination
and axon degradation. Although the relationship between nerve injury
and compression follows a dose-response model, the critical pressure and
duration relationships for chronic nerve compression have not been de-
termined. For the spinal nerve roots, adjacent tissue compression may
release cytokines that stimulate pain transmission.

Age can influence the mechanical and biological properties of bone,
disc, muscle, and nerve. Increasing age leads to increased degenerative
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changes in vertebrae and discs, increased accumulation of extracellular
matrix in the peripheral nerve, and reduced muscle strength. However,
the independent role of age in modifying the negative effects of cyclical
loading on these tissues is not determined. The role of gender as a
covariate in the response of tissues to cyclical loading has not been inves-

tigated.
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Biomechunics

his chapter provides a review of the biomechanics literature on the

low back and upper extremities. Biomechanics is the study of forces

acting on and generated within the body and of the effects of these
forces on the tissues, fluids, or materials used for diagnosis, treatment, or
research purposes. The discussion begins with an overview of basic con-
cepts and methods. This is followed by the two literature reviews. The
study selection criteria are presented at the beginning of each review. The
two bodies of literatures differ in maturity; the research on the low back is
more substantial. The number of studies reviewed is 196 for the low back
and 109 for the upper extremities.

CONCEPTS OF LOAD TOLERANCE

The term “load” describes physical stresses acting on the body or on
anatomical structures within the body. These stresses include kinetic (mo-
tion), kinematic (force), oscillatory (vibration), and thermal (temperature)
energy sources. Loads can originate from the external environment (such
as the force generated by a power hand tool) or they may result from
voluntary or involuntary actions of the individual (for example, lifting
objects). The term “tolerance” is used to describe the capacity of physical
and physiological responses of the body to loading.

Acute Trauma Load-Tolerance Injury Model

Acute trauma injuries refer to those arising from a single identifiable
event. Examples of acute injuries include fractures, lacerations, and con-
tusions. Disorders resulting from acute trauma may occur when transient
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external loads, which are transmitted through biomechanical loading of
the body, exceed internal tolerances of the affected tissues for mechanical
strain, resulting in pain, discomfort, impairment, or disability. These fac-
tors may be affected by individual and organizational factors and by the
social context in which the individual is operating.

Cumulative Trauma Load-Tolerance Model

Work-related musculoskeletal disorders arise from a complex inter-
action of events that may accumulate over time. In contrast to the acute
trauma model, the cumulative trauma model assumes injury may result
from the accumulated effect of transient external loads that may, in isola-
tion, be insufficient to exceed internal tolerances of tissues. It is when this
loading accumulates by repeated exposures, or exposures of sufficiently
long duration, that the internal tolerances of tissues are eventually ex-
ceeded. The cumulative trauma model therefore explains why many mus-
culoskeletal disorders are associated with work, because individuals often
repeat actions (often many thousands of times) throughout the workday,
or spend long periods of time (as much as eight hours or more daily)
performing work activities in many occupations. Internal mechanical tol-
erance represents the ability of a structure to withstand loading. It is
clearly multidimensional and is not considered a threshold but rather the
capacity of tissues to prolong mechanical strain or fatigue. Internal tissue
tolerances may themselves become lowered through repetitive or sus-
tained loading.

A schematic diagram useful for elaborating the factors that can cause
pain, discomfort, impairment, and disability is illustrated in Figure 1.2.
External loads are produced in the physical work environment. These
loads are transmitted through the biomechanics of the limbs and body to
create internal loads on tissues and anatomical structures. Biomechanical
factors include body position, exertions, forces, and motions. External
loading also includes environmental factors whereby thermal or vibra-
tional energy is transmitted to the body. Biomechanical loading is further
affected by individual factors, such as anthropometry, strength, agility,
dexterity, and other factors mediating the transmission of external loads
to internal loads on anatomical structures of the body.

Measures of External Loads

External loads are physical quantities that can be directly measured
using various methodologies. External kinetic measurements, for ex-
ample, include physical properties of the exertions (forces actually ap-
plied or created) that individuals make. These measurements have the
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most direct correspondence to internal loads because they are physically
and biomechanically related to specific anatomical structures of the body.
When external measurements cannot be obtained, quantities that describe
the physical characteristics of the work are often used as indirect mea-
sures. These include (a) the loads handled, (b) the forces that must be
overcome in performing a task, (c) the geometric aspects of the workplace
that govern posture, (d) the characteristics of the equipment used, and (e)
the environmental stressors (e.g., vibration and cold) produced by the
workplace conditions or the objects handled. Alternatively, less directly
correlated aspects of the work, such as production and time standards,
classifications of tasks performed, and incentive systems, are sometimes
used as surrogate measures to quantify the relationship between work
and physical stress.

The literature contains numerous methodologies for measuring physi-
cal stress in manual work. Studies from different disciplines and research
groups have concentrated on diverse external factors, workplaces, and
jobs. Factors most often cited include forceful exertions, repetitive mo-
tions, sustained postures, strong vibration, and cold temperatures. Al-
though the literature reports a great diversity of such factors, it is possible
to group these methodologies into a coherent body of scientific inquiry. A
conceptual framework is presented below for organizing the physical
parameters in manual work.

Physical Stresses

Physical stress can be described in terms of fundamental physical
quantities of kinetic, kinematic, oscillatory, and thermal energy. These
basic quantities constitute the external and internal loading aspects of
work and energy produced by, or acting on, the human in the workplace.

Kinetic (Force) Measurements

Force is the mechanical effort for accomplishing an action. Voluntary
motions and exertions are produced when internal forces are generated
from active muscle contraction in combination with passive action of the
connective tissues. Muscles transmit loads through tendons, ligaments,
and bone to the external environment when the body generates forces
through voluntary exertions and motions. Internal forces produce torques
about the joints and tension, compression, torsion, or shear within the
anatomical structures of the body.

External forces act against the human body and can be produced by
an external object or in reaction to the voluntary exertion of force against
an external object. Force is transmitted back to the body and its internal
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structures when opposing external forces are applied against the surface
of the body. Localized pressure against the body can transmit forces
through the skin to underlying structures, such as tendons and nerves.
Pressure increases directly with contact force over a given area and de-
creases when the contact area is proportionally increased.

Contact stress is produced when forces compress the soft tissues be-
tween anatomical structures and external objects. This may occur when
grasping tools or parts or making contact with the workstation. Contact
stress may be quantified by considering contact pressure (force per unit
area). An increase in contact force or a decrease in contact area will result
in greater contact stress. Pounding with the hands or striking an object
will give rise to stress over the portion of body contact. Reaction forces
from these stress concentrations are transmitted through the skin to un-
derlying anatomical structures.

Kinematics (Motion) Measurements

Motion describes the displacement of a specific articulation or the
position of adjacent body parts. Motion of one body segment relative to
another is most commonly quantified by angular displacement, velocity,
or acceleration of the included joint. Motion is specific to each joint and
therefore motions of the body are fully described when each individual
body segment is considered together. Motions create internal stress by
imposing loads on the involved muscles and tendons in order to maintain
the position, transmitting loads to underlying nerves and blood vessels,
or creating pressure between adjacent structures within or around a joint.

Oscillatory (Vibration) Measurements

Vibration occurs when an object undergoes oscillatory or impulsive
motion. Human vibration occurs when the acceleration of external objects
acts against the human body. Vibration is transmitted to the body through
physical contact, either from the seat or the feet (whole-body vibration) or
when grasping a vibrating object (hand-arm vibration). Whole-body vi-
bration is associated with vibration when riding in a vehicle or standing
on a moving platform. Hand-arm vibration, or segmental vibration, is
introduced by using power hand tools or when grasping vehicular con-
trols. Physiological reactions to human-transmitted vibration include
responses of the endocrine, metabolic, vascular, nervous, and musculo-
skeletal systems.

External vibration is transmitted from the distal point of contact to
proximal locations on the body, which sets into motion the musculoskel-
etal system, receptor organs, tissues, and other anatomical structures.
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Vibration transmission is dependent on vibration magnitude, frequency,
and direction. Dynamic mechanical models of the human body describe
the transmission characteristics of vibration to various body parts and
organs. Such models consider the passive elemental properties of body
segments, such as mass, compliance, and viscous damping. Vibration
transmission is affected by these passive elements and is modified by the
degree of coupling between the vibration source and the body. The force
used for gripping a vibrating handle and the posture of the body will
directly affect vibration transmission.

Thermal (Temperature) Measurements

Heat loss occurs at the extremities when working outdoors, working
in indoor cold environments such as food processing facilities, handling
cold materials, or exposing the hands to cold compressed air exhausts.
Local peripheral cooling inhibits biomechanical, physiological, and neu-
rological functions of the hand. Exposure to localized cooling has been
associated with decrements in manual performance and dexterity, tactil-
ity and sensibility, and strength. These effects are attributable to various
physiological mechanisms.

Physical Stress Exposure Properties

The physical stresses described above may be present at varying lev-
els. These variations can be characterized by three properties: magnitude,
repetition, and duration. The relationship between physical stresses and
their exposure properties is illustrated in Figure 6.1. Magnitude is the

1
Frequency

F 3
A\ 4

. Magnitude
Physical Stress

—r
Duration

Time

FIGURE 6.1 Representation of magnitude, duration, and repetition for physical
stress-time.
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extent to which a physical stress factor is involved. Magnitude quantifies
the amplitude of the force, motion, vibration, or temperature time-vary-
ing record and has the physical units of the corresponding physical mea-
sure (e.g., Newtons of force, degrees of rotation, m/s? of vibration
acceleration, or degrees Celsius of temperature). Repetition is the fre-
quency or rate at which a physical stress factor repeats. Duration corre-
sponds to the time that one is exposed to a physical stress factor and is
quantified in physical units of time.

Force is quantified by its magnitude, the repetition rate, and duration
of force application at a given location of the human body. Measures of
motion include the magnitude of joint angular displacement, velocity, or
acceleration; the repetition rate of the motion; and the duration time that
the motion is sustained. Vibration is quantified by the magnitude of the
acceleration of a body, the repetition rate at which vibration occurs, and
the duration time the vibration is sustained. Similarly, temperature level
and associated repetition rate and duration quantify cold exposure.

Interactions

The characteristic exposure properties of physical stresses together
quantify external loads acting against the body. Combinations of different
physical stresses and exposure properties can be used to describe factors
that are commonly reported for quantifying exposure. These relation-
ships are summarized in Table 6.1. Physical stresses are correspondingly
quantified as described in Table 6.2. This organization is useful because it
provides a construct for comparing and combining studies using differ-
ent measurements and methodologies, as represented in Table 6.1, into a

TABLE 6.1 Theoretical Framework for the Relationship Between
External Physical Stress Factors and Properties as Typically Described
in the Scientific Literature

Physical Property

Stress Magnitude Repetition Rate Duration

Force Forceful exertions Repetitive exertions Sustained exertions

Motion Extreme postures and Repetitive motions Sustained postures

motions

Vibration High vibration level Repeated vibration Long vibration
exposure exposure

Cold Cold temperatures Repeated cold Long cold exposure
exposure
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TABLE 6.2 Relationship Between External Physical Stress Factors and
Their Properties as They are Typically Measured

Physical Froperty
Stress Magnitude Repetition Rate Duration
Force Force generated or Frequency with which ~ Time that force is
applied force is applied applied
Motion Joint angle, velocity, = Frequency of motion Time to complete
acceleration motion
Vibration = Acceleration Frequency with which ~ Time of vibration
vibration occurs exposure
Cold Temperature Frequency of cold Time of cold exposure
exposure

common framework. For example, physical stress measurements using a
survey methodology that simply assesses the presence or absence of
highly repetitive wrist motions can therefore be compared with a study
that measures the frequency of motions using an electrogoniometer. This
is possible because both studies have quantified the repetition property of
wrist motion. Similarly, a study that considers the weight of objects lifted
can be compared with a study that assesses muscle force using elec-
tromyography because both studies quantify the magnitude of force. A
body of scientific knowledge from diverse investigations thus emerges.

The external physical stress factors described above relate to distinct
internal physical stress factors. This relationship is summarized in Table
6.3. For example, force magnitude is directly related to the loading of
tissues, joints, and adjacent anatomical structures, as are the metabolic
and fatigue processes of contracting muscles. The strength of these rela-
tionships depends on the particular measurement and the type of stress.
Biomechanical and physiological mathematical models have been devel-
oped to quantitatively describe some of these relationships. Moore, Wells,
and Ranney (1991) and Armstrong et al. (1993) have recognized similar
relationships between external and internal factors.

Internal Loads

The musculoskeletal system is the load bearing structure within ver-
tebrate animals. Bony structures bear gravitational forces and internal
forces of skeletal muscle contraction in maintaining the body posture. As
such, bones are the primary load-bearing tissue within the body. Forces
applied to the body, including gravity, compress or bend the bones. Liga-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

226

ow Back and Upper Extremities

MUSCULOSKELETAL DISORDERS AND THE WORKPLACE

TABLE 6.3 Relationships Between External and Internal Physical Stress

Physical Property
Stress Magnitude Repetition Duration
Force e Tissue loads and stress e Tissue loading e Cumulative tissue
® Muscle tension and rate and energy loads
contraction storage ® Muscle fiber

* Muscle fiber recruitment e Tissue strain recruitment and

* Energy expenditure, recovery muscle fatigue
fatigue, and metabolite e Muscle fiber rate
production recruitment and e Energy

e Joint loads muscle fatigue expenditure,

* Adjacent anatomical rate fatigue, and
structure loads and * Energy metabolite
compartment pressure expenditure, production

* Transmission of vibrational  fatigue, and
energy elimination of

metabolites
e Cartilage or disc
rehydration
Motion e Tissue loads and stress e Tissue loading e Cumulative tissue

Vibration e

Cold o

Adjacent anatomical
structure loads and
compartment pressure
Transmission of vibrational
energy*

Transmission of vibrational
energy to musculoskeletal
system

Transmission of vibrational
energy to somatic and
autonomic sensory
receptors and nerves
Transmission of energy to
muscle spindles*

Thermal energy loss from
the extremities

Cooling of tissues and
bodily fluids

Somatic and autonomic
receptor stimulus

rate and energy
storage

Tissue strain
recovery

Recovery from
vibrational energy
exposure

Recovery from
thermal energy
loss

loads

Cumulative
vibrational energy
exposure

Cumulative
thermal energy
loss

Note: * Indicates internal stress.
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ments hold together the bony structure by crossing articulations where
bones interconnect. Retinacula share similar structural and biomechani-
cal properties to ligaments that act as pulley systems by guiding tendons
around articulations. Tendons are the connective tissues that attach
muscle to bone and therefore transmit muscle forces to the skeletal sys-
tem to produce voluntary movements and exertions. A consequence of
force exerted by the body or acting against the body, motions produced
by the body, oscillatory energy transmitted to the body, or thermal en-
ergy released from the body, is that adjacent tissues are subjected to me-
chanical and thermal loads. These include ligaments and connective
tissue, tendon, muscle, intervertebral discs, and nerves. A detailed exami-
nation of how each of these tissues is subjected to internal loading fol-
lows.

Ligaments and Connective Tissue

By their nature, as the connective tissues linking bones within the
skeletal system, ligaments are primarily exposed to tensile loads. A typi-
cal stress-strain curve for ligamentous tissue reveals that the tissue ini-
tially offers little resistance to elongation as it is stretched; however, once
the resistance to elongation begins to increase, it does so very rapidly.
Thus, the ligaments, while loosely linking the skeletal system, begin to
resist motion as a joint’s full range of motion is approached. By severing
ligaments in cadaveric lumbar motion segments, Adams et al. (1980)
showed that the supraspinous-interspinous ligaments segments are the
first ligamentous tissues to become stressed with forward bending of the
lumbar spine. Stability and movement of the spine or any other articula-
tion within the low tensile region of the ligamentous stress-strain curve
must be accomplished using muscular contraction. This is not to say that
ligaments do not contribute to joint loading. Several authors have shown
that with extreme flexion (forward bending) of the torso, there is an elec-
trical silence in the spinal musculature (Floyd and Silver, 1955; Golding,
1952; Kippers and Parker, 1984; Toussaint et al., 1995). This finding sug-
gests that at times ligaments are used to resist the bending moments
acting on the spine. The degree of ligamentous contribution to the forces
placed on the intervertebral disc during manual material handling tasks
has been debated in the scientific literature (Cholewicki and McGill, 1992;
Dolan, Earley, and Adams, 1994; Potvin, Norman, and McGill, 1991). Nev-
ertheless, there is consensus that ligaments are subjected to tensile stress
with extreme movements and hence can contribute to the mechanical
loads placed on the body’s articulations, including the intervertebral disc.

When ligaments act as a turning point for tendons (pulleys), they are
exposed to shear forces and contact stresses. For example, the transverse
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carpal ligament, in bridging the carpal bones in the wrist, forms a pulley
by which the path of the finger flexor tendons is altered when the wrist is
flexed. Similarly, the palmar ligaments maintain the path of the tendons
from the finger flexor muscles to the distal phalanges. Goldstein et al.
(1987) showed that the tendon strain on the proximal side of the trans-
verse carpal ligament was greater than the strain on the distal side of the
ligament. This finding indicates that the friction between the tendon and
the ligament results in the ligament being exposed to shear loads in addi-
tion to normal loads. Goldstein et al. (1987) also demonstrated that the
magnitude of shear was dependent on an interaction between tensile load
and posture.

Tendons

Tendons are a collagenous tissue that forms the link between muscle
and bone. The orientation of the collagen fibers in tendons is in the form
of parallel bundles. This arrangement of fibers minimizes the stretch or
creep in these tissues when subjected to tensile loading (Abrahams, 1967).
With repeated loading of synovial tissues, surrounding tendons can be-
come inflamed, particularly where the tendons wrap around bony or
ligamentous structures. In more severe cases, the collagen fibers of the
supraspinatus tendon can become separated and eventually degraded,
wherein debris containing calcium salts creates further swelling and pain
(Schechtman and Bader, 1997).

Muscles

Skeletal muscles provide locomotion and maintenance of posture
through the transfer of tension by their attachment to the skeletal system
via tendons. Tension is developed through active contraction and passive
stretch of contractile units, or muscle fibers.

The musculoskeletal system uses simple mechanics, such as levers, to
produce large angular changes in adjoining body segments. Conse-
quently, the amount of muscular force required to produce a desired
exertion or movement depends on the external force characteristics (resis-
tance or load dynamics handled) and the relative distance from the ful-
crum to the point of external force application and from the fulcrum to the
point of muscular insertion. While the effective distance between the ful-
crum and the point of insertion for a specific muscle varies depending on
the angle of the joint, the leverage of the muscles is almost always very
small relative to the load application point, hence the internal muscle
forces are usually several times larger than the external forces. As a result,
most of the loads experienced by the joints within the body during exer-
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tions result from the internal muscle forces as they work in opposition to
the external forces.

Intervertebral Disc

The intervertebral disc serves as a joint since it permits rotation and
translation of one vertebra relative to another. It also maintains the space
between vertebrae so that spinal nerves remain unimpinged and protects
the upper body and head from the large peak forces experienced in the
lower extremities. Anatomically, the disc is comprised of two parts: the
nucleus pulposus and the annulus fibrosus. The nucleus pulposus is in
the central region of the disc and is comprised of a gelatinous mixture of
water, collagen, and proteoglycans. The annulus fibrosus is comprised of
alternating bands of angled fibers oriented approximately 60 degrees rela-
tive to the vertical (White and Panjabi, 1990). In essence, the disc behaves
as a pressure vessel and transmits force radially and uniformly. Thus, the
disc is capable of withstanding the large compressive forces that result
from muscular recruitment. Hutton and Adams (1982) found that cadaver
discs from males between the ages of 22 and 46 could, on average, with-
stand single loads of over 10,000 N before failure occurred. In most cases,
the failure was in the thin bony membrane that forms the boundary be-
tween the disc and the vertebral body (vertebral endplate) rather than
through nuclear prolapse. Since the disc is an avascular structure, the
health of the endplate is critical for nutrient exchange, and even small
failures may hasten the degenerative process.

Researchers have found that prolapsed discs occurred more fre-
quently when the vertebral segments were wedged to simulate extreme
forward bending of the spine (Adams and Hutton, 1982). In this position,
the anterior portion of the annulus fibrosis undergoes compression while
the posterior portion is under tensile stress. Over 40 percent of the ca-
daver discs tested by Adams and Hutton (1982) prolapsed when tested in
this hyperflex posture, and with an average of only 5,400 N of compres-
sion force applied. This finding shows that the disc is particularly suscep-
tible to bending stresses. In a later study in which Adams and Hutton
(1985) simulated repetitive loading of the disc, previously healthy discs
failed at 3,800 N, again mostly through trabecular fractures of the verte-
bral bodies. Taken together, these studies show that the disc, especially
the vertebral endplate, is susceptible to damage when loading is repeti-
tive or when exposed to large compressive forces while in a severely
flexed posture.

Since in vitro studies of lumbar motion segment failure may not fully
represent the state of affairs in vivo, additional factors have been consid-
ered. It should be clear from earlier discussions of muscle that the internal
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forces created by the muscles could be quite large in response to even
modest external loads. When the muscles that support, move, and stabi-
lize the spine are recruited, forces of significant magnitude are placed on
the spine. Several investigators have quantified spine loads during lifting
and other material handling activities. The earliest attempts to quantify
the spinal loads used static sagittal plane analyses (Morris, Lucas, and
Bresler, 1961; Chaffin, 1969). Validation for these modeling efforts came
from disc pressure and electromyographic studies (Nachemson and Mor-
ris, 1964). More advanced models have been developed to quantify the
three-dimensional internal loads placed on the spine. Schultz et al. (1982a)
developed and validated an optimization model to determine the three-
dimensional internal spine loads that result from asymmetric lifting ac-
tivities.

Others have quantified spine loads indirectly by examining the reac-
tion forces and moments obtained with linked segment models. McGill
and colleagues (McGill, Norman, and Cholewicki, 1996) have shown that
there is a very strong predictive relationship (2 = .94) between the exter-
nal spine moments and the spine reaction forces generated by their elec-
tromyographic-assisted model. This indicates that the changes observed
in the more readily quantifiable spine reaction moments, due to changes
in the modeled task parameters, are representative of the changes in ac-
tual spine loading. Increased lifting speed, lower initial lifting heights,
and longer reach distances all significantly increase the spine reaction
moments and hence have a significant impact on the compressive and
shear forces acting on the disc (de Looze et al., 1993, 1994); Frievalds et al.,
1984; Leskinen et al., 1983; McGill and Norman, 1985; Schipplein et al.,
1995; Buseck et al., 1988; Dolan, Earley, and Adams, 1994; Tsuang et al.,
1992). More recently, three-dimensional dynamic linked segment models
have been developed to evaluate the spine loading during asymmetric
tasks (Gagnon, Plamondon, and Gravel, 1993; Gagnon and Gagnon, 1992;
Kromodihardjo and Mital, 1987; Lavender et al., 1999). These later models
have been useful for documenting the spine loads (indirectly) that stem
from lifting activities that involve twisting and lateral bending.

Nerves

Nerves, while not contributing either actively or passively to the in-
ternal forces generated by the body, are exposed to forces, vibration, and
temperature variations that affect their function. Carpal tunnel syndrome
is believed to result from a combination of ischemia and mechanical com-
pression of the median nerve within the carpal canal of the wrist. Evi-
dence of compression of the median nerve by adjacent tendons has been
reported by direct pressure measurements (Tanzer, 1959; Smith,
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Sonstegard, and Anderson, 1977). Electrophysiological and tactile deficits
consistent with carpal tunnel syndrome have been observed under ex-
perimentally induced compression of the median nerve (Gelberman et al.,
1981, 1983). A biomechanical model of the wrist developed by Armstrong
and Chaffin (1979) predicts that median nerve compression will increase
with increased wrist flexion and extension or finger flexor exertions. In-
creased intracarpal canal pressure was observed by Armstrong et al. (1991)
for wrist and finger extension and flexion and for increased grip exer-
tions. Rempel (1995) reports similar findings for repetitive hand activity
and during typing.

Environmental stimuli, for example cold temperatures and vibration,
have been shown to affect the response of peripheral nerves. Low tem-
peratures, for example, can affect cutaneous sensory sensitivity and
manual dexterity. Vibratory stimuli, with repeated exposure, are believed
to cause, via a reflex response, (nerve) contraction of the smooth muscles
of the blood vessels associated with Raynaud’s syndrome. Less severe
nerve damage resulting from vibratory stimuli has been associated with
paresthesias and tingling sensations. Hand-arm vibration syndrome in-
cludes vascular disorders with the following symptoms: blanching of the
digits after the use of vibrating hand tools (Gemne, 1997), and neurologi-
cal disorders with complaints of persistent paraesthesia, or numbness
extending into the hands and upper limbs (Letz et al., 1992). Often these
symptoms are suggestive of neurological complaints, such as carpal tun-
nel syndrome or ulnar nerve entrapment (Palmer, Crane, and Inskip,
1998).

Measurements of Internal Loading

Physical stress imparted to internal tissues, organs, and anatomical
structures in manual work is rarely measured directly. Due to the obvious
complexities and risks associated with invasive internal physical stress
measurements, investigations often employ indirect internal measures or
external measurements that are physically related to internal loading of
the body. Internal physical stress measures include electrophysiological
measurements, such as electromyograms, or external measures of inter-
nal compartmental pressures.

Physiological Responses

Muscle Cocontraction

The synergistic activation of the muscles controlling an articulation is
often referred to as cocontraction. In many cases, the cocontraction is
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between muscles working fully or partially in opposition to one another.
From a biomechanical perspective, cocontraction is a way in which joints
can be stiffened, stabilized, and moved in a well-controlled manner.
Cocontraction, however, also has the potential to substantially increase
the mechanical loads (compression, shear, or torsion) or change the na-
ture of the loads placed on the body’s articulations during an exertion or
motion. This is because any cocontraction of fully or partially antagonistic
muscles requires increased activation of the agonistic muscles responsible
for generating or resisting the desired external load. Thus, the co-
contraction increases the joint loading first by the antagonistic force, and
second by the additional agonist force required to overcome this antago-
nistic force. Therefore, work activities in which cocontraction is more
common impose greater loads on the tissues of the musculoskeletal sys-
tem.

Localized Muscle Fatigue

As muscles fatigue, the loadings experienced by the musculoskeletal
system change. In some cases, the changes result in alternative muscle
recruitment strategies or substitution patterns wherein other secondary
muscles, albeit less suited for performing the required exertion, are re-
cruited as replacements for the fatigued tissues. This substitution hypoth-
esis has received experimental support from Parnianpour et al. (1988),
who showed considerable out-of-plane motion in a fatiguing trunk flex-
ion-extension exercise. It is believed that the secondary muscles are at
greater risk of overexertion injury, in part due to their smaller size or less
biomechanically advantageous orientation, and in part due to their poorly
coordinated actions. Alternatively, larger adaptations may occur that re-
sult in visible changes in behavior. For example, changes in lifting behav-
ior have been shown to occur when either quadriceps or erector spinae
muscles have been selectively fatigued (Novak et al., 1993; Trafimow et
al., 1993; Marras and Granata, 1997a, 1997b). Fatigue may also result in
ballistic motions or exertions in which loads are poorly controlled and
rapidly accelerated, which in turn indicates that there are large impulse
forces within the muscles and connective tissues.

Localized muscle fatigue can also occur in very low-level contrac-
tions, for example those used when supporting the arms in an elevated
posture. In this case, the fatigue is further localized to the small, low-force
endurance fibers (slow twitch) within the muscle. Because the recruit-
ment sequence of muscle fibers during exertions works from smaller to
larger fibers, the same small slow-twitch fibers are repeatedly used and
fatigued even during low-level contractions (Sjegaard, 1996). Murthy et
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al. (1997), using near-infrared spectroscopy to quantify tissue oxygenation
as an index of blood flow, found reduced oxygenation within 10 to 40
seconds of initiating sustained contractions at values as low as 10 percent
of the muscle’s maximum capacity, thereby indicating an interference
with the metabolic processes.

Tonic Vibration Reflex

Vibration can introduce disturbances in muscular control by way of a
reflex mediated through the response of muscle spindles to the vibration
stimulus (Eklund, Hagbarth, and Torebjork, 1978). This reflex is called the
tonic vibration reflex, which results in a corresponding change in muscle
tension when vibration is transmitted from a vibrating handle to flexor
muscles in the forearm (Radwin, Armstrong, and Chaffin, 1987). Grip
force increases observed for sinusoidal vibration at 40 Hz was compa-
rable to grip force when handling a load twice as great. This effect was not
observed for 160 Hz vibration.

Vibration direction and the frequency of the vibration stimuli have a
strong and significant influence on impedance of the hand (Burstrom,
1997); an increased vibration level resulted in significantly less imped-
ance for frequencies over 100 Hz, while hand and arm flexion and abduc-
tion made a significant contribution for frequencies below 30 Hz. The
vibration response characteristics of the hand and arm differed, depend-
ing on whether the signal was a discrete frequency signal or a signal
consisting of several frequencies.

EMG spectral analysis indicates that motor unit harmonic synchroni-
zation decreases and subharmonic synchronization increases as vibration
frequency increases (Martin and Park, 1997). It has been suggested that
the synchronization process influences muscle fatigue, since it forces the
driving of motor units, leading to a decrease in contraction efficiency.
This phenomenon probably results from an impairment of excitation-
contraction coupling. High-frequency vibration (> 150 Hz) tends to in-
duce less motor unit synchronization in a frequency range beyond the
known mechanical resonance of biological tissues.

Measures of Internal Tolerances

Physiological Measures

Internal tissue tolerances are often related to external or indirect mea-
sures of exposure. These commonly include electrophysiological mea-
sures, such as amplitude changes in integrated electromyograms and
frequency shifts in electromyogram spectra, and nonspecific physiologi-
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cal measures, such as heart rate, oxygen consumption, substrate consump-
tion, and metabolite production.

Psychophysical Measures

The psychophysical method is an approach used to estimate internal
tolerances through the human ability to estimate magnitudes and subjec-
tively express exposure limits to physical stress. The cross-modality
matching method asks human subjects to estimate a stimulus magnitude
based on a visual-analog scale. A 10-point linear or logarithmic scale is
often employed, anchored by verbal conditions at each end of the scale.
The general Borg scale (Borg, 1982) is a commonly used visual-analog
scale for quantifying perceived exertion levels anchored by the terms
“nothing at all” at 0 and “extremely strong” at 10. Intermediate verbal
anchors such as “very weak” at 1 and “moderate” at 3, “strong” at 5, and
“very strong” at 7 are sometimes included.

Another psychophysical approach is the method of adjustment. This
paradigm asks the subject to continually adjust the stimulus to the maxi-
mum level that is perceived safe. The method has been pioneered by
Snook and used extensively for establishing psychophysical limits for
manual lifting and for upper limb exertions and motions. The experimen-
tal paradigm for manual lifting requests subjects to perform repetitive
lifts at a given rate in a posture and lifting motion dictated by such physi-
cal settings as the horizontal distance from the body for the origin and
destination of the lift and the distance the object is lifted. The subject
repeatedly adjusts the load lifted by adding or subtracting weights to
establish the limit.

The Whole-Person Concept

The load tolerance model described in Figure 1.2 illustrates that bio-
mechanical loading does not occur independently of interactions between
internal tolerances and adverse outcomes. Biomechanical loading specifi-
cally may be altered when internal tolerances are exceeded. This can oc-
cur, for example, through substitution muscle recruitment patterns for
fatigued muscles, resulting in loads imposed on additional muscles, or by
increased compartment pressures, nerve entrapments, or loads acting on
anatomical structures caused by swelling and inflammation. Furthermore,
adverse outcomes of pain and discomfort may result in individual adap-
tations or behaviors that alter postures or substitute other aspects of the
body for performing a work task. Biomechanical loading is also affected
by individual characteristics, such as anthropometry, strength, agility,
dexterity, and other factors mediating the transmission of external loads
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to internal loads on anatomical structures of the body. These interactions
are complex and necessitate considering the person as a whole organism.

LOW BACK BIOMECHANICS

The objective of this section is to examine the evidence that there is a
biomechanical pathway between physical occupational demands and the
risk of suffering a low back disorder. Our assessment is made in relation
to the conceptual model adopted in this report and specifically relative to
the biomechanical pathways highlighted in Figure 1.2. This figure por-
trays a biomechanical pathway in terms of a relationship between loads
imposed on a structure and the mechanical tolerance of the structure. This
model also recognizes that both the loading characteristics and the toler-
ance levels can be influenced by physiological responses. In terms of the
loading, the musculoskeletal system may be influenced by either adapta-
tion to or intensification of the load. The tolerance may be mediated by
pain responses or discomfort. Overall, if the loading of the structure ex-
ceeds the tolerance, then this situation can result in a disorder. Figure 1.2
accounts for the possibility that various influences may trigger this injury
pathway and response.

External loads, such as those associated with work, are expected to
influence the biomechanical loading of the spine. This model also allows
for the possibility that other factors may influence this load-tolerance-
disorder pathway at different points in the pathway. It is important to
realize that individual factors as well as organizational factors and social
context can influence biomechanical loading and structure tolerance, as
well as the risk of suffering a disorder; these issues are covered in other
sections of this report. The objective of this section is to explore the evi-
dence, in this context, that external loads can trigger the pathway to low
back disorders.

We examine exclusively the evidence that physical loading of the
spine and supporting structures may result in low back pain. This conten-
tion is assessed via several approaches, including workplace observations
of biomechanical factors relative to rates of low back pain reporting, bio-
mechanical logic, pain pathways, and intervention research.

Chapter 2 reviewed trends associated with types of work (job titles)
and the reporting of low back disorders. These investigations identified
warehousing, patient handling, and general materials handling jobs as
associated with back pain at a higher rate than other types of occupations.
Laboratory biomechanical analyses have shown that these types of activi-
ties can lead to greater loadings on the spine (Leskinen et al., 1983; Schultz
etal., 1987; Zetterberg, Andersson, and Schultz, 1987; Cholewicki, McGill,
and Norman, 1991; McGill, 1997; Marras and Davis, 1998; Chaffin, Ander-
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son, and Martin, 1999; Granata and Marras, 1999; Marras et al., 1999a,
1999b; and Marras, Granata, et al., 1999), and thus jobs associated with
these higher spine loading tasks are consistent with greater reporting of
back injuries. This is consistent with the logic described in Figure 1.2.

Biomechanical Risk Factors Measured in the Workplace

The panel reviewed the industrial observation literature for informa-
tion relating biomechanical loading of the body and reports of low back
disorder. For our assessment, the literature was screened with respect to
biomechanical relevance. Whereas most epidemiologic studies are prima-
rily concerned with methodological considerations, biomechanical assess-
ments are primarily concerned that the information (exposure metric)
assessed has biomechanical meaning. Hence, while many assessments of
occupationally related low back disorder risk have occurred in the litera-
ture, many of these assessments have not used exposure metrics that
would be considered relevant to a biomechanical assessment. Such a situ-
ation would mask or obscure any relationship with risk.

For example, numerous studies have found that lifting heavy loads is
associated with an increased risk of low back pain (Kelsey et al., 1984;
Videman, Nurminen, and Troup, 1984; Bigos et al., 1986; Spengler et al.,
1986; Battie et al., 1989; Riihimaki et al., 1989b; Burdorf, Govaert, and
Elders, 1991; Bigos et al., 1992; Andersson, 1997; Bernard, 1997b). How-
ever, such gross categorical exposure metrics have little meaning in a
biomechanical assessment. As discussed in a previous section, from a
biomechanical perspective, a given external (to the body) load can impose
either large or small loads on the spine (internal forces), depending on the
load’s mechanical advantage relative to the spine (Chaffin, Andersson,
and Martin, 1999). Therefore, in order to understand biomechanical load-
ing, specific quantifiable exposure metrics that are meaningful in a bio-
mechanical context are necessary for the purposes of this review. Only
then can one address the issue of how much exposure to a biomechanical
variable is too much exposure.

The literature was screened to identify biomechanically relevant,
high-quality industrial surveillance studies. High-quality biomechanically
related industrial surveillance studies consisted of studies that met the
following criteria:

® The assessment addressed an aspect of the basic load-tolerance
construct that is the heart of a biomechanical assessment. In other words,
specific biomechanical parameters (e.g., load location in space) were of
interest as opposed to gross categorical parameters (e.g., load weight
alone).
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® The exposure metric can provide quantifiable information about
loads imposed on the back during work.

* The measurement of risk was not based solely on self-reports,
which have been shown to be unreliable (Andrews, Norman, and Wells,
1996).

® Qutcome measures are quantifiable on a continuous measurement
scale (e.g., studies that relied on self-reports of exposure or simply noted
whether the lifted weight was over a given threshold were excluded).

* The experimental design consisted of either a prospective study,
case-control study, or a randomized controlled trial.

Study Results

Several industrially based observational studies meeting these crite-
ria have appeared in the literature and offer evidence that low back disor-
der is related to exposure to physical work parameters on the job. Chaffin
and Park (1973) performed one of the first studies exploring this relation-
ship. This study found that “the incidence rate of low back pain (was)
correlated (monotonically) with higher lifting strength requirements as
determined by assessment of both the location and magnitude of the load
lifted” (Chaffin and Park, 1973:513). They concluded that load lifting could
be considered potentially hazardous. It is important to note that this study
suggested that not only was load magnitude significant in defining risk
but also load location was important. This view is consistent with biome-
chanical logic, discussed later. This evaluation also reported an interest-
ing relationship between frequency of exposure and lifts of different
magnitude (relative to worker strength). This study suggested that expo-
sure to moderate lifting frequencies appeared to be protective, whereas
high or low rates of lifting were common in jobs with greater reports of
back injury.

A prospective study performed by Liles et al. (1984) observed job
demands compared with worker’s psychophysically defined strength ca-
pacity. The job demand definition considered load location relative to the
worker, as well as frequency of lift and exposure time. Demands were
considered for all tasks associated with a material handling job. This study
identified the existence of a job demand relative to a worker strength
threshold above which the risk of low back injury increased. This study
found that there was a “job severity threshold above which incidence and
severity dramatically increased” (Liles et al., 1984:690).

Herrin and associates (1986) observed jobs over three years in five
large industrial plants, where they evaluated 2,934 material handling
tasks. They evaluated jobs using both a lifting strength ratio as well as
estimates of back compression forces. A positive correlation between the
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lifting strength ratio and low back injury incidence rates was identified.
They also found that musculoskeletal injuries were twice as likely for
predicted spine compression forces that exceeded 6,800 N. The analyses
also suggest that prediction of risk was best associated with the most
stressful tasks (as opposed to indices that represent risk aggregation).

Punnett and colleagues (1991) performed a case-control (case-refer-
ent) study of automobile assembly workers, in which risk of back pain
associated with nonneutral working postures was evaluated. In this study,
back pain cases over a 10-month period were studied, referents were
randomly selected after review of medical records, interview, and exami-
nation, and job analyses were performed by analysts who were blinded to
the case-referent status. Risk of low back pain was observed to increase as
trunk flexion increased. Risk was also associated with trunk twisting or
lateral bending. Finally, this study indicated that risk increased with ex-
posure to multiple postures and increasing exposure time. Specifically,
the study indicated that risk increased as the portion of the duty cycle
spent in the most severe postures increased.

Marras and colleagues (1993, 1995) biomechanically evaluated over
400 industrial jobs by observing 114 workplace and worker-related vari-
ables. Exposure to load moment (load magnitude x distance of load from
spine) was found to be the single most powerful predictor of low back
disorder reporting. This study has been the only study to examine trunk
kinematics along with traditional biomechanical variables in the work-
place. This study identified 16 trunk kinematic variables resulting in
statistically significant odds ratios associated with risk of low back dis-
order reporting in the workplace. While none of the single variables was
as strong a predictor as load moment, when load moment was combined
with three kinematic variables (relating to the three dimensions of trunk
motion) along with an exposure frequency measure, a strong multiple
logistic regression model resulted that described reporting of back disor-
der well (O.R. =10.7). This analysis indicated that risk was multivariate in
nature, in that exposure to the combination of the five variables described
reporting well. The model recognizes a trade-off between the variables.
For example, a work situation that exposes a worker to low magnitude of
load moment can still represent a high-risk situation if the other four
variables in the model were of sufficient magnitude. This model has been
recently validated in a prospective workplace intervention study (Marras
et al., 2000a). When the results of this study are considered in conjunction
with the Punnett study (1991), it is clear that work associated with activity
performed in nonneutral postures increases the risk to the back. Further-
more, as the posture becomes more extreme or the trunk motion becomes
more rapid, reporting of back disorder is greater. These results are mean-
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ingful from a biomechanical standpoint and suggest that risk of low back
disorder is associated primarily with mechanical loading of the spine, as
well as that when tasks involve greater three-dimensional loading, the
association with risk becomes much stronger. Three-dimensional loading
of the spine would be expected to affect the disc, ligaments, muscles, and
other structures proximal to the spine.

Norman and associates (1998) recently assessed cumulative biome-
chanical loading of the spine in automotive assembly workers. This obser-
vational study identified four independent factors for low back disorder
reporting: integrated load moment (over a work shift), hand forces, peak
shear force on the spine, and peak trunk velocity. This study showed that
workers in the top 25 percent of loading exposure on all risk factors re-
ported low back pain at a rate about six times greater than those in the
bottom 25 percent of loading.

Fathallah and associates (Fathallah, Marras, and Parnianpour, 1998b)
evaluated a database of 126 workers and jobs to precisely quantify and
assess the complex trunk motions of groups with varying degrees of low
back disorder reporting. They found that groups with greater reporting
rates exhibited complex trunk motion patterns involving high magni-
tudes of trunk combined velocities, especially at extreme sagittal flexion,
whereas the low-risk groups did not exhibit any such patterns. This study
showed that elevated levels of complex simultaneous velocity patterns
along with key workplace factors (load moment and frequency) were
unique to groups with increased low back disorder risk.

Waters and colleagues (1999) evaluated the usefulness of the revised
NIOSH lifting equation in an industrial observation study of 50 industrial
jobs. The evaluation considered factors expected to be associated with
spine loading, including load location measures. These measures defined
an expected worker tolerance (identified by biomechanical, physiological,
strength, or psychophysical limits) and were compared with the load
lifted. The results of this study indicated that as the tolerance was ex-
ceeded, the odds of back pain reporting increased up to a point and then
decreased.

The findings from these studies are summarized in Table 6.4. Only
two studies have estimated spinal load at work, and both have found a
positive association between physical loading at work and low back pain
reporting. The other studies are consistent with this finding. Even though
these studies have not evaluated spinal loading directly, the exposure
measures included were indirect indicators of spinal load. Load location
or strength ratings are both indicators of the magnitude of the load im-
posed on the spine. All but one study found that one of these measures
was significantly associated with back pain reporting. Most of the remain-
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ing exposure metrics (load location, kinematics, and three-dimensional
analyses) are important from a biomechanical standpoint because they
mediate the ability of the trunk’s internal structures to support the exter-
nal load. Therefore, as these metrics change, they can change the nature of
the loading on the internal structures of the back. This assessment also
shows that risk is multifactorial, in that risk is generally much better
described when the analysis is three dimensional and more than one risk
factor measure is considered. No high-quality biomechanical relevant in-
dustrial surveillance studies have been identified that contradict these
results.

Implications

Collectively, these studies demonstrated that when meaningful bio-
mechanical assessments are performed at the workplace, strong associa-
tions between biomechanical factors and the risk of low back disorder
reporting are evident. Several key components of biomechanical risk as-
sessment can be derived from this review. First, all studies that have
compared worker task demands with worker capacity have been able to
identify thresholds above which reporting of low back disorder increases.
Second, increased low back disorder reporting can be identified well when
the location of the load relative to the body (load moment or load loca-
tion) is quantified in some way. Nearly all studies have shown that these
factors are closely associated with increased low back pain reports. Third,
nearly all studies have shown that frequency of material handling is asso-
ciated with increased reporting of low back pain. Fourth, many studies
have shown that increased reporting of low back pain can be well charac-
terized when the three-dimensional dynamic demands of the work are
described, as opposed to static two-dimensional assessments. Finally,
nearly all of the high-quality biomechanical assessments have demon-
strated that risk is multidimensional, in that a synergy among risk factors
appears to intensify increased reporting of low back pain. While many of
these relationships are monotonically related to increased low back pain
reports, some have identified associations that were nonmonotonic. Spe-
cifically, exposure at moderate levels of load and frequency of lifting
appears to represent the lowest level of risk, whereas exposure at greater
levels represents the greatest level of risk. Whereas many of the high-
quality biomechanical studies explored different aspects of risk exposure,
none of these studies provides evidence contradicting these key compo-
nent findings.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

242 MUSCULOSKELETAL DISORDERS AND THE WORKPLACE
Spine Loading Assessments

Biomechanical logic suggests that damage occurs to a structure when
the imposed loading exceeds the structure’s mechanical tolerance. In
support of this, the high-quality biomechanical workplace observation
studies demonstrate a positive correlation between increased biome-
chanical loading and increased risk for low back disorder at work. Cur-
rently, it is infeasible to directly monitor the spinal load of a worker
performing a task in the workplace. Instead, biomechanical models are
typically used to estimate loading. However, an understanding of the
differences between methods of spine assessment can help place the find-
ings of these different observational studies in perspective.

Biomechanical models of spinal loading have evolved over the past
several decades. The early models of spine loading made assumptions
about which trunk muscles supported the external load during a lifting
task (Chaffin and Baker, 1970; Chaffin et al., 1977). These models as-
sumed that a single muscle vector could be used to summarize the load
supporting (and spine loading) internal force that was required to coun-
teract an external load lifted by a worker. These models assumed that
lifts could be represented by a static lifting situation and that no
coactivation occurred among the trunk musculature during lifting. All
solutions to the model were unique in that workers with the same an-
thropometric characteristics performing the same task would be ex-
pected to yield the exact same spinal loads. The main focus of such
models was assessment of spinal compression. These models could be
employed in surveillance studies simply by videotaping a lifting task
and measuring the weight of the object lifted. Such a model was em-
ployed in one of the surveillance studies described earlier (Herrin,
Jaraiedi, and Anderson, 1986).

Later models were expanded to the point at which they could ac-
count for the contribution of multiple internal muscles’ reactions in re-
sponse to the lifting of an external load. These models predicted
compression forces as well as shear forces imposed on the spine. The first
functional multiple muscle system model used for task assessment was
developed by Schultz and Andersson (1981). This study demonstrated
how loads handled outside the body could impose large spinal loads due
to the coactivation of trunk muscles necessary to counteract this external
load. This model represented a much more realistic situation. However,
this modeling approach led to an indeterminant solution (since many
muscles were represented in the model, a unique solution became diffi-
cult). Therefore, many subsequent modeling efforts attempted to deter-
mine which muscles would be active (Schultz et al., 1982b; Bean, Chaffin,
and Schultz, 1988; Hughes and Chaffin, 1995). These efforts resulted in
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models that worked well for static loading situations but did not neces-
sarily represent the more realistic, dynamic lifting situations well
(Marras, King, and Joynt, 1984).

Since prediction of muscle recruitment was difficult under realistic
(complex) material handling conditions, later efforts attempted to moni-
tor muscle activity directly using muscle activity as an input to multiple
muscle models. These biologically assisted models typically employed
electromyography (EMG) as the muscle activity monitor. These models
were able to realistically model most dynamic three-dimensional lifting
activities (McGill and Norman, 1985, 1986; Cholewicki, McGill, and
Norman, 1991; Marras and Sommerich, 1991a, 1991b; Cholewicki and
McGill, 1992; Cholewicki and McGill, 1994; Granata and Marras, 1993;
1995a; Marras and Granata, 1995, 1997a, 1997b). Available validation
measures suggest that these models have good external as well as inter-
nal validity (Granata, Marras, and Davis, 1999; Marras, Granata, and
Davis, 1999). Granata and Marras (1995a) demonstrated how miscalcula-
tions of spinal loading could occur unless realistic assessments of muscle
recruitment could be determined. The disadvantage of these biologically
assisted models is that they require EMG applications to the worker,
which is often unrealistic at the workplace.

The evolution of these models can have an impact on the interpreta-
tion of the work relatedness of mechanical loading of the spine. As indi-
cated in the review of quantitative biomechanical surveillance studies,
most spine loading estimates performed at the workplace employed two-
dimensional, single-equivalent muscle models. Thus, one would expect
that in these studies, the spinal compression was underestimated and
shear force estimates would not be realistic.

Given that these models are based on different modeling assump-
tions and vary greatly in their degree of comprehensiveness, it is not
unexpected that some variability in reported findings would be appar-
ent. Hence, when reviewing the status of risk-related evaluations, one
must be vigilant in considering the analytical assumptions and tools used
in reaching their conclusions.

Relationship Between Workplace Observations and Spine Loading

Given these limitations and the impracticality of monitoring EMG at
the worksite, many tasks are simulated under laboratory conditions so
that a better, more realistic, estimate of spine loading can be derived. A
literature exists that has evaluated many work situations under such
situations. In this section, we investigate whether the risk factor compo-
nents identified in Table 6.4 can be associated with greater loading of the
spine and back.
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It is indeed possible to evaluate several of the risk situations observed
in Table 6.4 using quantitative biomechanical models. The assessment by
Herrin et al. (Herrin, Jaraiedi, and Anderson, 1986) has applied a single-
equivalent muscle model to work situations and found that compressive
loads imposed on the spine of more than 6,800 N greatly increased risk.

The assessment by Punnett and colleagues (1991) did include a bio-
mechanical analysis of the loads lifted by the worker if the load exceeded
44.5 N. Using a three-dimensional biomechanical static model (Chaffin,
Anderson, and Martin, 1999), compressive loads on the spine were evalu-
ated as workers assumed various postures. Even though the risk analysis
indicated that risk was associated with extreme flexion, lateral bending,
and trunk twisting, the results of the biomechanical analysis indicated
that “less than 3% of the analyzed postures resulted in peak compressive
forces of 3,430 N (the point at which compressive forces are believed to
cause damage)” (Punnett et al.,, 1991:344). It should be noted that the
biomechanical model used for this assessment was a static “single-equiva-
lent” muscle model. As noted earlier, since these types of models are
unable to account for muscle coactivation, they often underestimate com-
pression (Granata and Marras, 1995b). In addition, it is not clear from the
paper that shear forces were analyzed. Given the nonneutral postures
observed, one would expect that spinal shear forces would be more sig-
nificant from a biomechanical standpoint than compressive loading.

The field observations by Marras and colleagues (Marras et al., 1993,
1995, in press) identified moment, trunk flexion, trunk lateral velocity,
trunk twisting velocity, and frequency of lifting as multivariate risk fac-
tors. These studies quantified the exposure levels at which each risk factor
became safe or risky. Under controlled laboratory conditions, these au-
thors employed biologically assisted models to assess the biomechanical
significance of exposure to these “field documented” safe or risky expo-
sure levels for all five risk factors. In a series of studies, they showed that
exposure to higher load moments and forward flexion (Marras and
Sommerich, 1991a, 1991b; Granata and Marras, 1993, 1995a), exposure to
greater lateral trunk velocity (Marras and Granata, 1997b), exposure to
greater twisting velocity (Marras and Granata, 1995), and exposure to
higher repetitions (Marras and Granata, 1997a) were all similar in that at
higher levels of exposure, increased cocontraction of the trunk muscula-
ture was observed. This higher level of coactivation was responsible for
greater compressive spine loading. In addition, increases in both lateral
and anterior-posterior shear were noted especially for the lateral bending
and twisting risk factors. These analyses indicated that exposure to greater
load moments, nonneutral postures, and trunk motion all resulted in a
more complex recruitment of the trunk musculature that logically in-
creased mechanical loading of the spine. Thus, these studies indicated

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

BIOMECHANICS 245

that when more comprehensive, three-dimensional dynamic biomechani-
cal models were employed, field observations of risk correlated well with
biomechanical loadings (Granata and Marras, 1999).

These analyses also relate well to the findings of Norman and associ-
ates (Norman et al., 1998). They employed a simplified two-dimensional
quasi-dynamic model to analyze spinal loading. Even though this model
was not three-dimensional and did not assess multiple trunk muscle re-
cruitment, it was calibrated against a biologically assisted three-dimen-
sional fully dynamic model (McGill and Norman, 1986, 1987). Both the
field surveillance as well as the biomechanical interpretation of the risk
factors in this study agree well with field surveillance and biomechanical
interpretation of risk factors described earlier by Marras and colleagues.

Hence, it is clear that unless sufficiently sensitive and robust biome-
chanical analyses are performed at the worksite, the relationship between
factors associated with workplace observations of risk and biomechanical
loading may not be apparent or this relationship may be underestimated.
Related to this finding is the concept that for ergonomic interventions to
be useful, the analysis must be sensitive enough to represent components
of risk present in a particular job. For example, a prospective review of
ergonomic interventions associated with 36 jobs with a history of back
risk demonstrated that only one-third of the interventions sufficiently
controlled low back disorder risk (Marras et al., in press). More in-depth
analyses of these jobs indicated that workers responsible for ergonomic
interventions often did not employ ergonomic assessment tools that were
sensitive enough to identify the nature of the risk. This study showed that
employment of more sensitive tools would have identified which assess-
ments might have controlled for the biomechanically associated risks.
Thus, this study shows that, often when ergonomic interventions are
found to be ineffective, it is simply the case that the wrong intervention
was selected, not that ergonomic interventions cannot be effective.

Spine Loading During Specific Work Tasks

Certain tasks or jobs have been associated with greater risk of low
back disorder. These tasks include patient handling (Videman,
Nurminen, and Troup, 1984; Jensen, 1987; Garg and Owen, 1992; Knibbe
and Knibbe, 1996), material handling in distribution centers and ware-
housing operations (Waters, Putz-Anderson, and Baron, 1998), and team
lifting (Sharp et al., 1997). Several biomechanical evaluations of these jobs
have been performed using some of the more robust models discussed
above. A biologically assisted model was used to evaluate patient han-
dling tasks (Marras et al., 1999a). An evaluation of spinal loading indi-
cated that of the one-person and two-person patient handling techniques
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studied, none resulted in a spinal load that was within acceptable levels.
Similar results were found using more traditional biomechanical assess-
ments (Garg and Owen, 1992).

Load handling has been studied from a biomechanical standpoint to a
great extent, with numerous studies indicating that excessive loads could
be imposed on the spine during lifting (Chaffin, 1979; Schultz and
Andersson, 1981; Garg et al., 1983; Freivalds et al., 1984; McGill and
Norman, 1985; Anderson, Chaffin, and Herrin, 1986; Chaffin, 1988;
Cholewicki and McGill, 1992; Gallagher et al., 1994; Davis, Marras, and
Waters, 1998; Fathallah et al., 1998a). Loading pallets in a distribution
environment was studied recently (Marras, Granata, and Davis, 1999).
This study is significant because it demonstrated that significant loading
was not just a function of load magnitude but also a function of position
of the load relative to the spine.

Loads handled at low heights and at greater horizontal distances
from the spine greatly increase the loading on the spine. This increased
loading is due to two features. First, greater distance of the load from the
spine increased the load moment, which required greater internal forces
to counterbalance the external load. These increased internal forces re-
sulted in greater spine loading in both compression and shear. These
findings are consistent with the observations of the importance of load
moment noted in Table 6.4. Second, lifting from low positions requires
more of the body mass to extend beyond the base of support for the spine.
This action also increases the moment imposed about the spine due to the
weight of the torso and distance of its center of mass relative to the base of
support for the spine. In addition, the supporting muscles must operate in
a state of lengthened tension that is known to be one of the weakest
positions of a muscle. Thus, risk is associated with greater loading of the
spine as well as reduced muscular capacity of the trunk muscles.

Finally, team lifting has been shown to severely alter the lifting kine-
matics and positions of workers (Marras et al., 1999b). This biomechanical
analysis has shown that these constrained postures once again increase
coactivation of the trunk musculature and result in increases in both com-
pressive and shear loadings of the spine.

Pathways Between Pain Perception and Tissue Loading in the Spine

If mechanical factors are responsible for low back pain reporting, then
logic dictates that there should be evidence that mechanical stimulation of
a structure should lead to the perception of low back pain. This section
will examine the evidence that such a linkage or pathway exists between
mechanical stimulation and low back pain. From a biomechanical stand-
point, there are several structures that may lead to pain perception in the
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back when stimulated. There is evidence in the literature that both cel-
lular and neural mechanisms can lead to pain. Both laboratory and
anatomical investigations have shown that neurophysiological and neu-
roanatomical sources of back pain exist (Bogduk, 1995; Cavanaugh, 1995;
Cavanaugh et al., 1997). Typically, these pathways to pain involve pres-
sure on a structure that directly stimulates a pain receptor or triggers the
release of pain-stimulating chemicals.

Investigations have identified pain pathways for joint pain, pain of
disc origin, longitudinal ligaments, and mechanisms for sciatica. In the
case of facet pain, several mechanisms were identified including an exten-
sive distribution of small nerve fibers and endings in the lumbar facet
joint, nerves containing substance P, high-threshold mechanoreceptors in
the facet joint capsule, and sensitization and excitation of nerves in the
facet joint and surrounding muscle when the nerves were exposed to
inflammatory or algesic chemicals (Dwyer, Aprill, and Bogduk, 1990;
Ozaktay et al., 1995; Yamashita et al., 1996). Evidence for disc pain was
also identified via an extensive distribution of small nerve fibers and free
nerve endings in the superficial annulus of the disc and small fibers and
free nerve endings in the adjacent longitudinal ligaments (Bogduk, 1991,
1995; Cavanaugh, Kallakuri, and Ozaktay, 1995; Kallakuri, Cavanaugh,
and Blagoev, 1998).

Several studies have also shown how sciatic pain can be associated
with mechanical stimulation of spine structures. Moderate pressure on
the dorsal root ganglia resulted in vigorous and long-lasting excitatory
discharges that would explain sciatica. In addition, sciatica could be ex-
plained by excitation of dorsal root fibers when the ganglia were exposed
to the nucleus pulposus. Excitation and loss of nerve function in nerve
roots exposed to phospholipase A, could also explain sciatica
(Cavanaugh et al.,, 1997; Chen et al.,, 1997; Ozaktay, Kallakuri, and
Cavanaugh, 1998). Finally, the sacroiliac joint has also been shown to be a
significant, yet poorly understood source of low back pain (Schwarzer,
Aprill, and Bogduk, 1995). Hence, these studies clearly show that there is
a logical and well demonstrated rationale to expect that mechanical
stimulation of the spinal structures can lead to low back pain perception
and reporting. How these relate operationally to clinical syndromes is
less certain.

Spine Tissue Tolerance

Biomechanical logic dictates that loads imposed on a structure must
exceed a mechanical tolerance limit for damage to occur. In this section
we examine the load tolerances associated with different spinal structures
that have been shown to be sensitive to pain, in an attempt to determine
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whether the levels at which the spinal structures are loaded in the work-
place can be expected to exceed the tolerances of those structures.

In general, the issue of cumulative trauma is significant for low back
pain causality in the workplace. Lotz and colleagues (Lotz et al., 1998)
have demonstrated that compressive loading of the disc does indeed lead
to degeneration and that the pattern of response is consistent with a dose-
response relationship that is central to the idea of cumulative trauma.

Vertebral Endplate

The literature is divided as to the pain pathway associated with trabe-
cular fractures of the vertebral bodies. Some researchers believe that dam-
age to the vertebral endplate can lead to back problems in workers,
whereas others have questioned the existence of this pathway. Those
supporting this pathway believe that health of the vertebral body endplate
is essential for proper mechanical functioning of the spine. Damage to the
endplate nutrient supply has been found to result in damage to the disc
and disruption of spinal function (Moore, 2000). This event is capable of
initiating a cascading series of events that can lead to low back pain
(Brinkmann, 1985; Siddall and Cousins, 1997a, 1997b; Kirkaldy-Willis,
1998). The tolerance of the vertebral endplate has been studied in several
investigations. Studies have shown that the endplate is the first structure
to be injured when the spine is loaded (Brinkmann, Biggemann, and
Hilweg, 1988; Calahan and McGill, in press). The tolerance of the endplate
has been observed to decrease by 30-50 percent with exposure to repeti-
tive loading (Brinkmann, Biggemann, and Hilweg, 1988). This pattern is
consistent with the evidence that the disc is sensitive to cumulative trauma
exposure. The endplate is also damaged by anterior-posterior shear load-
ing (Calahan and McGill, in press). Several biomechanical studies have
demonstrated that the tolerances of specific spinal structures can be ex-
ceeded by work tasks.

Evidence of activity-related damage may also be suggested by the
presence of Schmorls nodes. Some research (but not all) suggests that
Schmorls nodes are healed trabecular fractures (Vernon-Roberts and Pirie,
1973) and linked to trauma (Vernon-Roberts and Pirie, 1973; Kornberg,
1988).

Significant evidence exists that endplate tolerance is dependent on
the position of the spine when the structure is loaded. Fully flexed posi-
tions of the spine have been shown to greatly reduce loading tolerance
(Adams and Hutton, 1982; Gunning and McGill, in press). Thus, proper
biomechanical assessments of low back risk at work can be performed
only when the posture of the trunk is considered. The industrial surveil-
lance efforts of Punnett et al. (1991) and Marras et al. (1993, 1995) show
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that risk of low back disorder increases as trunk postures during work
deviate from an upright posture.

Shear forces applied to the spine have also been shown to decrease
the tolerance of the disc structure, especially when the spine is in a flexed
position (Cripton et al., 1985; Miller et al., 1986; McGill, 1997). These find-
ings are consistent with the field surveillance observations of Norman et
al. (1998) as well as spine loading observations (McGill and Norman,
1985, 1986; Granata and Marras, 1993, 1995a).

Finally, age and gender have been identified as individual factors that
affect the biomechanical tolerance limits of the endplate. Jagger and col-
leagues (Jager, Luttman, and Laurig, 1991) have demonstrated through
cadaver studies that increasing age as well as gender can affect the
strength tolerance of the endplate.

All of the industrial surveillance studies shown in Table 6.4 indicate
that load location (known to affect trunk posture), observed trunk pos-
ture, or both are associated with an increased risk of low back pain at
work. Furthermore, the review of the spine loading literature has also
indicated that handling loads with the trunk moving in nonneutral pos-
tures increases muscle coactivation and the resultant spine loading
(Marras and Sommerich, 1991a, 1991b; Granata and Marras, 1993, 1995a,
1995b; Marras and Granata, 1995, 1997b). Loading the spine in these devi-
ated postures decreases the tolerance of the spine structures. Hence, the
pattern or risk in the workplace, spine structure loading, and endplate
tolerance reductions are all consistent with a situation that would indicate
that certain work conditions are related to an increased biomechanical
risk for low back disorder.

Disc

The disc itself is subject to direct damage with sufficient loading.
Herniation may occur when under compression and when the spine is
positioned in an excessively flexed posture (Adams and Hutton, 1982).
Also, repeated flexion under moderate compressive loading has produced
repeated disc herniations in laboratory studies (Calahan and McGill, in
press). Anterior-posterior shear forces have been shown to produce avul-
sion of the lateral annulus (Yingling and McGill, in press). Torsion toler-
ance of the disc is low and occurs at a mere 88 Nm in an intact disc and as
low as 54 Nm in the damaged disc (Farfan et al., 1970; Adams and Hutton,
1981). Fatallah and colleagues have shown that such loads are common in
jobs associated with greater rates of low back disorder reporting
(Fathallah, Marras, and Parnianpour, 1998a, 1998b).

Complex spinal postures including hyperflexion with lateral bending
and twisting can also produce disc herniation (Adams and Hutton, 1985;
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Gordon et al., 1991). This observation is consistent with industrial surveil-
lance studies indicating increased risk associated with complex working
postures, as laboratory investigations of spinal loading while tasks are
performed in these complex postures, both by Fathallah, Marras, and
Parnianpour (1998a, 1998b). These investigators have also implicated load
rate via trunk velocity in complex working postures as playing a signifi-
cant role in risk.

Evidence exists that biomechanical tolerance to risk factors associated
with material handling might also be modulated as a function of the time
of day when the lifting is performed. Snook and colleagues (1998) showed
that flexion early in the morning is associated with greater risk of pain.
Fathallah, Marras, and Wright (1995) showed similar results and con-
cluded that risk of injury was also greater early in the day when disc
hydration was at a high level. Hence, the literature suggests a temporal
component of risk associated with the time of day of the biomechanical
exposure.

Vertebral Body

The cancellous bone of the vertebral body is damaged when exposed
to compressive loading (Fyhrie and Schaffler, 1994). This event often oc-
curs along with disc herniation and annular delamination (Gunning and
McGill, in press). Damage to the bone appears to be part of the cascading
series of events associated with low back pain (Brinckmann, 1985; Siddall
and Cousins, 1997a, 1997b; Kirkaldy-Willis, 1998).

Ligaments

Ligament tolerances are affected by the load rate (Noyes, De Lucas,
and Torvik, 1994). Thus, this could explain the increased risk associated
with bending motions (velocity) that have been observed in surveillance
studies (Fathallah et al., 1998a, 1998b). The architecture of the interspinous
ligaments can create anterior shear forces on the spine when it is flexed in
a forward bending posture (Heylings, 1978). This finding is consistent
with the more recent three-dimensional field observations of risk (Punnett
et al,, 1991; Marras et al. 1993, 1995; Norman et al., 1998). In vitro studies
of passive tissue tolerance have identified 60 Nm as the point at which
damage begins to occur (Adams and Dolan, 1995). This is consistent with
the field observations of Marras et al. (1993, 1995), who found that expo-
sure to external load moments of 73.6 Nm was associated with high risk
of occupationally related low back pain reporting. Similarly, Norman and
colleagues (1998) reported nearly 30 percent greater load moment expo-
sure in jobs associated with risk of low back pain. The mean moment
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exposure for the low back pain cases was 182 Nm of total load moment
(due to the load lifted plus body segment weights).

Spine curvature has also been shown to affect the loading and toler-
ance of the spinal structures. Recent work has shown that when spinal
curvature is maintained during bending, the extensor muscles support
the shear forces of the torso. However, if the spine is flexed during bend-
ing and posterior ligaments are flexed, then significant shear can be im-
posed on the ligaments (McGill and Norman, 1987; Potvin, McGill, and
Norman, 1991; McGill and Kippers, 1994). Cripton and colleagues (1985)
found that the shear tolerance (2000-2800 N) of the spine can be easily
exceeded when the spine is in full flexion.

There also appears to be a strong temporal component to ligament
status recovery. Ligaments appear to require long periods of time to re-
gain structural integrity, and compensatory muscle activities are recruited
(Solomonow et al., 1998; Stubbs et al., 1998; Gedalia et al., 1999;
Solomonow et al., 2000; Wang et al., 2000). The time needed for recovery
can easily exceed the typical work-rest cycles observed in industry.

Facet Joints

The facet joints can fail in response to shear loading. A tolerance has
been estimated at 2,000 N of loading (Cripton et al., 1985). Lateral shear
forces have been shown to increase rapidly as lateral trunk velocity in-
creases (Marras and Granata, 1997b), especially at the levels of lateral
velocity that have been associated with high-risk jobs (Marras et al., 1993).

Torsion can also cause the facet joints to fail (Adams and Hutton,
1981). More rapid twisting motions have been associated with high-risk
jobs and laboratory investigations have explained how increases in twist-
ing motion can lead to increases in spine loading in compression as well
as shear (McGill, 1991; Marras and Granata, 1995).

As with most tolerance limits of the spine, the posture of the spine
affects the overall loading of the spine significantly (Marras and Granata,
1995). Loading of the specific structure depends greatly on specific pos-
ture and curvature of the spine. Load sharing occurs between the apophy-
seal joints and the disc (Adams and Dolan, 1995). Thus, spinal posture
and the nature of the spine loading dictate whether damage will occur to
the facet joints or the disc.

Adaptation

It has been well established that tissues adapt and remodel in re-
sponse to load. Adaptation in response to load has been identified for
bone (Carter, 1985), the ligaments (Woo, Gomez, and Akeson, 1985), the
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disc (Porter, Adams, and Hutton, 1989), and the vertebrae (Brinkmann,
Biggeman, and Hilweg, 1989a, 1989b). Adaptation suggests that there is
good rationale for the higher risk observed in response to high-risk jobs
demanding high spinal loading as well as very low levels of spinal load-
ing (Chaffin and Park, 1973; Videman, Nurminen, and Troup, 1990). The
lowest level of risk has been observed at moderate levels of loading. Thus,
there appears to be an ideal zone of loading that minimizes risk. Above
that level, tolerances are easily exceeded; below that level, adaptation
does not occur. This is consistent with epidemiologic findings as well as
the adaptation literature.

Psychosocial Pathways

A body of literature exists that attempts to explain how psychosocial
factors may be related to the risk of low back disorder. While reviews
have implicated psychosocial factors as associated with risk (Bongers et
al., 1993; Burton et al., 1995) and some have dismissed the role of biome-
chanical factors (Bigos et al., 1986), few studies have properly evaluated
biomechanical exposure along with psychosocial exposure in these as-
sessments. A recent study by Davis and Heaney (2000) has shown that no
studies have been able to adequately assess both dimensions of risk.

A recent biomechanical study (Marras et al., 2000) has shown that
psychosocial stress does have the capacity to influence biomechanical
loading. This laboratory study has demonstrated how individual factors
such as personality can interact with perception of psychosocial stress to
increase trunk muscle coactivation and subsequent spine loading. Hence,
it appears that psychosocial stress may influence risk through a bio-
mechanical pathway.

Low Back Summary

Collectively, this review has shown that there is a strong biomechani-
cal relationship between risk of low back disorder reports and exposure
to physical loading in the workplace. The epidemiologic evidence has
shown that risk can be identified when ergonomic evaluations properly
consider: (1) worker capacity in relation to job demands, (2) the load
location and weight magnitude relative to the worker, (3) temporal as-
pects of the work, (4) three-dimensional movements while the worker is
lifting, and (5) exposure to multiple risk factors simultaneously. The bio-
mechanical literature that has evaluated the loading of the spine struc-
tures in response to these field-identified risk factors has shown that there
are identifiable changes in the recruitment pattern of the muscles and
subsequent increases in spine structure loading associated with greater
exposure to these risk factors. The literature has also identified pain path-
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ways associated with increased loading of the structures. Finally, our
review of the literature has shown that the loading of these spinal struc-
tures can lead to structural damage that can precipitate the pain response
pathway.

While there are certainly individual factors that put a person at risk
for back pain, overall this body of literature indicates that back pain can
be related to levels of excessive mechanical loading of the spine that can
be expected in the workplace. The literature also indicates that appropri-
ate reduction of work exposure can decrease the risk of low back disor-
der. Studies that have not been able to identify this linkage typically have
used assessment techniques that were either not appropriate or insuffi-
ciently sensitive for proper biomechanical assessment at the workplace.
Hence, it is clear, from a biomechanical perspective, that exposure to
excessive amounts of physical loading can increase the risk of low back
disorder.

UPPER BODY BIOMECHANICS

The following section reviews the literature concerned with the upper
limb in the context of the conceptual model presented in Figure 1.2. The
focus is the upper body segments or joints (neck, shoulder, elbow, wrist,
hand, fingers). Since the upper arms and neck are mechanically linked, it
is therefore not practical to consider them in isolation. This is reflected in
the literature focusing on these aspects, which usually treats the neck,
shoulders, and upper arms as a functional unit. The research reviewed
includes primarily laboratory methods (i.e., measuring a tolerance-de-
pendent variable while systematically manipulating selected load vari-
ables) but a small number of “in-plant” studies were also considered, in
which laboratory methods were followed in the field. While most studies
were performed in vivo in a true laboratory setting, we also considered
some cadaver studies and biomechanical models in which strain was
measured or computed while systematically manipulating external physi-
cal stress.

The literature review was limited primarily to articles that were pub-
lished in English in a refereed journal since 1980. A small number of
frequently cited articles published before 1980 are also included. Epide-
miologic and clinical studies were excluded, since these studies are con-
sidered in Chapter 4. It is important to note, however, that the results
from the review of the epidemiologic literature on upper extremities con-
cludes that there is a strong association between physical factors and
upper extremity disorders. Specifically, the following factors are impli-
cated—force, vibration, repetition, and temperature as well as combina-
tions of repetition and force or repetition and cold.
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The following review discusses the strength of the relationships
among (1) physical factors and external loads in the workplace, (2) exter-
nal physical loads and internal tissue loads, (3) external physical loads
and internal tolerances, and (4) external loads and pain, discomfort, func-
tional limitations, and disability.

Physical Stress Factors and External Loading

The cumulative trauma model (Figure 1.2) illustrates how external
loads encountered in the workplace act on the person. This section re-
views the current literature since 1980 dealing with workplace factors,
such as hand tool vibration or weight of objects handled, and their effect
on external loading on the human operator. These articles describe how
upper extremity exposure to physical stresses (i.e., force, posture, vibra-
tion, and temperature) is affected by various attributes of work. A sum-
mary of the articles reviewed is contained in Table 6.5. Physical loading as
examined in these articles was not necessarily linked to injuries.

Force

Force exerted in occupational tasks can be directly affected by the
weight of objects handled, forces for operating equipment and tools, and
frictional characteristics between surfaces grasped and the skin (Radwin,
Armstrong, and Chaffin, 1987; Radwin et al., 1992; Frederick and
Armstrong, 1995). External force exposure is sometimes controlled by
altering loads and exertions necessary for accomplishing tasks and the
characteristics of objects handled, such as balance and friction. Frederick
and Armstrong (1995) suggest that use of friction enhancements for
handles and objects handled may help reduce pinch force for objects re-
quiring upward of 50 percent or more of maximum pinch strength.

Numerous articles have considered how keyboard mechanical design
characteristics affected finger force magnitude in keyboard use. A com-
mon keyboard design uses small plastic domes behind each key to pro-
vide resistance. When the finger strikes the key with sufficient force,
allowing the switch mechanism to make contact, the dome collapses.
These domes can be designed to have different collapsing forces and
displacement characteristics.

Several laboratory investigations controlled key switch make- (acti-
vation) force. Armstrong et al. (1994) demonstrated that peak forces cor-
responding to each keystroke were 2.5 to 3.9 times above the required
make-force; the lowest forces were associated with the keyboards with
the lowest make-forces. Peak forces also decreased as typing speed in-
creased. Rempel et al. (1997b) found that fingertip force increased by 40
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percent when the key switch make-force was increased from 0.47 N to
1.02 N.

Radwin and Jeng (1997) systematically investigated specific key
switch design parameters, including make-force, make-travel, and over-
travel during repetitive key tapping. A mechanical apparatus indepen-
dently controlled key switch parameters and directly measured finger
exertions. Peak force exerted decreased 24 percent and key-tapping rate
increased 2 percent when the key over-travel (displacement beyond the
make-force) was increased from 0.0 to 3.0 mm. These results indicated
that a key switch mechanism designed to provide adequate over-travel
might enable operators to exert less force during repetitive key tapping
without inhibiting performance. Similar results were replicated by
Radwin and Rufalo (1999) using the same apparatus. Gerard et al. (1999)
evaluated the effects of key switch characteristics on typing force by
transcriptionists at an insurance company and concluded that buckling
spring keyboards have decreased typing force, possibly due to greater
feedback characteristics.

Posture

The availability of electronic equipment for measuring human kine-
matics has made it possible to quantify dynamic motions of the hand and
wrist for different attributes of work. One laboratory study that investi-
gated wrist motion characteristics associated with changing the handle
angle of hammers used electrogoniometers for continuously measuring
wrist ulnar-radial deviation during each hammer stroke (Schoenmarklin
and Marras, 1989a). Hammer handles bent at 20 and 40 degrees resulted
in less overall ulnar deviation than straight hammers; however, the
reduction in ulnar deviation at hammer impact was possibly offset by
increased radial deviation at the beginning of the stroke. Schoenmarklin
and Marras (1993) used a similar apparatus for measuring wrist motions
in a sample of industrial workers who performed repetitive work on a
regular basis. Flexion-extension peak velocity and acceleration were
approximately twice that of radial-ulnar and pronation-supination peak
velocity, and acceleration was more than twice that of flexion-extension.

Since the upper limbs may be considered biomechanically as a com-
plex series of joined linkages, fixing the position of one joint can greatly
affect the limits of motion for other joints. A laboratory study investigated
the effects of complex wrist-forearm postures on wrist range of motion in
the flexion-extension and radial-ulnar deviation planes (Marshall,
Mozrall, and Shealy, 1999). Combinations of wrist-forearm postures had
significant effects on wrist range of motion; the largest effects were those
of wrist flexion-extension on radial deviation. The study also found that
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wrist deviation measurements obtained with an electrogoniometer were
significantly different from those obtained manually. Gender was also a
significant factor.

Vibration

A study by Radwin, Armstrong, and Chaffin (1987) demonstrated
that hand-arm vibration exposure, similar to the vibration associated with
the operation of power hand tools, directly affects the force exerted when
handling tools. Grip force was shown to increase when the hands were
exposed to 40 Hz vibration during a one-minute exertion, compared with
grip forces in an equivalent task with no vibration or vibration at a fre-
quency of 160 Hz.

Vibration transmission to the body depends on the coupling between
the vibrating source and the hands, vibration direction, as well as the
frequency characteristics of the vibration. Energy absorbed by the hand-
arm system when exposed to sinusoidal vibration exhibited a local maxi-
mum for absorption in the range 50-150 Hz with vibration in the
x-direction (Burstrom and Lundstrom, 1988). A local maximum was not
observed for vibration in the z-direction, and overall differences between
postures were not significant. The mechanical impedance of the hand and
arm when exposed to sinusoidal vibration was primarily affected by the
frequency and direction of vibration (Burstrom, 1990). Impedance also
increased with greater levels of vibration and stronger grip force and was
greater in males than females, an effect attributed to the larger size and
mass of the limbs. A biomechanical model developed by Fritz (1991) com-
puted the forces and torques transmitted between the masses and the
energy dissipated for several combinations of vibration frequency and
acceleration. The model demonstrated that the hand and palmar tissues
dissipated energy for vibration frequencies greater than 100 Hz.

Temperature

One laboratory study systematically investigated the combined ef-
fects of exposure to hand-arm vibration and cold air temperature on skin
temperature of the fingertips (Scheffer and Dupuis, 1989). Mean skin tem-
perature decreased from 32° F for 25° air temperature to 13° for 5° air
temperature. Under the additional stress of vibration and vibration com-
bined with the static load, a further decrease of the mean skin tempera-
ture was observed. The individual reaction to the stressors varied
considerably across the subjects. The fingertip temperature decrease was
more pronounced with concurrent exposure to force and vibration.
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Interactions

Several laboratory studies have conducted investigations that con-
sider the specific interactions between multiple physical stress factors.
One study examined the interactions between vibration and force when
subjects gripped a simulated hand tool (Radwin, Armstrong, and Chaffin,
1987). The magnitude of this increase in hand force was of the same order
as for a twofold increase in load weight. The force exerted in power hand
tool operation is also affected by the interaction between posture and
load. One study demonstrated that the individual finger force contribu-
tion was neither equal nor constant over different loads and force require-
ments (Radwin and Oh, 1992). As exertion levels increased, the
contribution of the index and middle fingers increased more than the ring
and small finger.

The effects of power hand tool impulsive reaction forces acting on
tool operators are dependent on tool-generated forces (torque output and
duration), as well as posture (work location and orientation). Oh and
Radwin (1997) showed that hand tool and workstation characteristics
affect physical stress on operators during right-angle nut runner use.
These results showed that involuntary hand motions in reaction to power
hand tool torques were minimal when torque was lowest for vertical
workstations closest to the operator, or when horizontal workstations
were farthest from the operator. Less hand motion was observed for the
horizontal workstations than for the vertical workstation. Little correla-
tion was found between static strength of subjects and handle kinematics.
Oh and Radwin (1998) observed that the effects of torque buildup time on
handle kinematics were not monotonic. Among the five buildup times
tested, hand motion was greatest for 150 ms.

External Physical Loading and Internal Loads

The relationship between external loading and biomechanical load-
ing (internal loads and physiological responses) has been investigated in
cadaver studies, in situ during surgical procedures, and in vivo by the use
of electrophysiological measurements or small transducers attached to
catheters. Several studies have identified an increased risk when the mag-
nitude and duration of two or more physical stressors are considered
together. A summary of articles dealing with these effects is presented in
Table 6.6.

Biomechanical Models of External Forces
and Postures on Tendon Loads

Mechanical relationships among external forces, postures, and inter-
nal tendon loading were demonstrated by Armstrong and Chaffin (1979)

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

260

sarmmysod yourd pue
ssaxd 105 90103 198UI]

ainysod jstam

pue “eo1053 ssaxd roGury

“UOTSUD}Xd / UOIX3F

jsum pue uoneurdns
/uorjeuord wirearog

I19jsuer} peof aannaday
saanysod
jsum pue sdril
juaragyrp Sursn syse}

Sumno jeawr pajernurg
SurdAy

Surmp 9010J preoqhey

SurdAy
Surmp 2010§ preoqhey
SUOT}OAITP
Ileun/feipel pue
UOTSUD)Xd / UOTXI[J ISTIM

amssaxd
[ouuny [edied oArA ug

aumssaxd
[Puuny Tedred oara ug

amssaxd
[ouuny redied oAIA uf

wnIoy3Ip I0SUIIXd
pue I10Xxa[j ut
Ay1ATIoR SpOSNW DN

Ay1amoe spsnw HNG
S9SN I0SUIXD

pue 1oxayj 128ury ur

Ay1amoe spsnw HNG

aimssaxd
[ouuny redied oA uf

8661 ‘Todway
pue ‘yoeq ‘o)

e/661 “Te 319 [Pdway

Y661 e 39 [pdway
L661

‘saqeH pue juein)

az661 “Te 3o [edway

9661 “Te 32 pIeIan)

G661 “Te 39 SSIOM
JSLIM pue puey

mq doy Sewy ing doy Sey ing doy Sely ang deoy Sely

smjerodwa ], uoneIqrA UOnoIN 0107

peoT [euraixyg

peo [euraixy

peo] [eursiuy

ERIVEREAE)]|

(uonean(y pue ‘Aousnbaig
‘opmyudely) senredoi] 1oy pue (P[oD pue “UOTeIqIA ‘UOTOJA “9210,]) SPrOT [eUId)Xy 03 an(] (sesuodsay
O180[01SAYJ 10 SPrOT [ewIdiu]) SUrpeo] [edIUeydawWoryg SULMSESJA SOOIV JO d[qe] Arewwng 9'9 F1gV.L

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

261

SIaNnu1juod

Vs

Vs

Vs

/

/

20105 108urg
Surpeo
uopua} [ed1PAd pue
UOTSU)Xd / UOIXI[J ISLIM
UOTSU}Xd / UOTXI[J
JSLIM pUe SUOpPUd)}
10x3[§ 193uly uo peoT]

ﬁO_mﬂwuXW\ﬁoﬁxw@ ISTIM

UOTSUD)Xd / UOTXI[J ISTIM
d)nuIu duo
IOJ UOTSUD)Xa-UOTXIJ
jsum aarssed aynurw
12d s9[24d> (¢ pue
UOTSUD)Xd / UOTXI[J ISTIM
Ssuopu9}
IOXd[J papeo] pue
UOTJRTASD TeTper/Ieurn
‘UOTSUd}Xd /UOIXITJ ISTIA
(sxa8ury papuajxa
UIIM UOTSU)IXd
JSLIM) I9AndURW
S,Ud[eYJ 9SIdAY]
1517 © Sunyew pue
103(qo Teourpuro e
Suidse1d ‘o105 198Uty
“UOTSUDIXD /UOTXD[J ISTIA
UOISUd}Xd /UOIX3[J
jsuam pue uonjeurdns
/uoneuord wirearog

OATA UT Painseauwx
UoISud)} Uopud) §4

uren)s deatd uopuay
JSLIM IoAEpR))

amssaid aArdu
ueIpOW I9ARPE))
IMIA Suisn eare
[EUOT}09S-SSOID pue
SUOISUWIP ISLIA
amssaxd
[Puuny redied oara ug

ainssaxd
[Puuny [edied oara ug
amssaxd j10e3u0d
9AISU URIpAW pue
anssaid ppuuny
[edren 1aaepe)

armssaxd
[Puuny [edied oAra uf

aanssaxd
[Puuny redied oara ug

aimssaxd
[Puuny [edied oara ug

8661
BCEERUCIRElETg|

861
““Te 39 UIRISpron
2461
‘uosiepuy pue
“predajsuog rug

0661 “T€ 32 9BS
1861
“Te 39 uewLIaqen)

6861
‘£a3p1yD pue oqezg

£66T “Te 39 11

F661 “Suonsurry
pue “Irg “ISUId A

G661 “Te 30 93perag

/66T “Te 19 ISUId M

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

262

VA VA

Vs /

dii8 orrpowost paurejsng

owny
dnprmgq enbioy pue

anbi0j (00} puey 1oMOJ

SUOT}IOXd
du8 aannadar ur

uorjeinp pue ad10j drrn

ysey Suryourd

[exaref aannadar e ur

uorjeInp ysej pue
“UOTSUR}Xd / UOTIXIF
JSLIM ‘92105 YourL

ysey
Suiup aannadex
Ul UOISUd3}Xa /UOIXa

JSLIM pue 90I0J ysnJ
du8 pue

UOISUd}X3 /UOIXI[J JSLIA

Ayranoe spsnw HING
sdaoy pue
sdad1q ‘s1osuaxa
‘s10Xx9[J 193Uty ur
Ay1ATI0R SpOSNW HINT
ainssaxd
poorq d1[03sAs
pue ‘sI10sudixa pue
s10xayy 1duy ur
Ayranoe spsnw HING

ajer jreay
pue ‘sI0Suaixa pue
s10xa[j 1o8uy ur
Ay1anoe apsnuw HING
amssaid
pooiq o1j03s£s
pue ajer j1eay
‘SIOSU9}Xa pue
s10xayy 1o8uy ur
Ay1anoe apsnuw HINT
peo[
UOpUR) I0X3[J T8I

7861 “Te 39 pur]

8661
umpey pue yo

€661
‘zopueura] pue

“urppneref ‘uereyeq

1661 ‘Zopueursa]
pue urspy

€661
‘Zopueulaj pue wry

6£61 "ULyeyD
pue Suoxsurry

mq doy Sewy ing doy Sey ing doy Sely ing dey Seny

smjerodwa], uoneIqrA UOnoJN 010

peoT [euraixyg

peoT] Teuraixg

peo] Teurajuy

ERIICREICN |

peonunuoy 99 H1dV.L

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

263

SIanu1juod

syxoddns

wire gursn sysey
asnow pue preoqiay]

yse)

Gurssooord prom e
10§ S[NPAYDS JSAI-NIOA

uoTnPNPgE pue UOIXI[J
19p[noys paduolorg

sarnjsod

JUDISJJIP UT SYse)
Sunnod jeawr pajernuarg

syjroddns wre
Gursn sysey preoqhay

JUSWIUOITAUD

, prod e ur duig paureisng
ao10y duid

pue uoneIqIA d[pUeL]

19491 dui8
pue uorjeIqIA d[pue]
peoj
, pue UoTjeIqIA A[pURE]

sey Surpup aannadaz
paurejsns e 10j
S UOISUD)Xd /UOIX[J ISLIAM

snizaden
1addn oy ur
Ayianoe apsnuw HNY 1661 “Te 19 serey

9861 ‘urPpung

Ay1AT300 SpOSNW HINT pue S1aqder]
Ay1ATI0R SpOSNW HINT 1861 “S19q8e]
I9p[noys a3 ut L661
£y1ATI0R SpOSNW HINT ‘Saqe}] pue juero)

snizadeny

roddn ayy ur
Aanoe opsnw ONF 8861 “Te 19 14[PpIg

wiry 13dd) pue “1apnoys SpPaN

SAd a3 ut 661
Ayiapoe apsnw HNH  ‘Snaf] pue ultma[op]
wLre-puey 0661 “U0oSni]

£q paqiosqe £31aug pue ‘[[0y ‘UnIe
S9[OSNUW IOSUIIXD
pue 10xa[y puey ut €661
Ayianoe apsnuw HNY ‘UIMBIA] pue YieJ
£861 ‘uyeyn pue
£y1aTioR SpSNW HNY  “SUONSULIY “UIMpPEY
Sproifep
pue sioxayy 1a3ury
ur £)1AT)0R SpOSNW
DA pue ‘einssaxd G661 ‘ZopuruIa]
pooiq o103s4g pue LaprejN

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

264

proquioyz
19judd preoqAay /snizader) 19mo|
AYj Je [[eqyoen} e 0} pue ‘snizodex;
paredwod preoghey e 1oddn “proypep
J0 Y311 a3 03 asnowr zotraysod jySur ur
2 romdwod e Surisn)  A31aroe 9pPSNW HNT

snizaden pue

uonerado SPI0}[ap d[ppIW
asnowr urmp pue Io1I9}UR UI

, uononpge PpMoys  Ajande appsnuw HINY
snizaden

pue ‘sijeraiaje|
sIddueleq  SNAOPIO}EP ‘IOLIdIUR
uLre jnoyyim pue SNOPIO}[AP Y} Ul
» yim sysey aanemdruely  £)1anoe apsnuw HNG

L661
‘rodaJ pue Learep]

8661
‘TeAry3oy pue 00D

6661 “Te 12 Suag

mq doy Sewy ing doy Sey ing doy Sely ing dey Seny peoT [euraixXg peoT [eurauy

smjerodwa], uoneIqrA UOnoJN 010

peoT [euraixyg

ERIICREICN |

peonunuoy 99 H1dV.L

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

BIOMECHANICS 265

for the carpal tunnel of the wrist using the analogy of a pulley and a belt.
A tendon sliding over a curved articular surface may be considered analo-
gous to a belt wrapped around a pulley. That model reveals that the force
per arc length, F;, exerted on the trochlea is a function of the tendon
tension, F,, the radius of curvature, r, the coefficient of friction between
the trochlea and the tendon, y, and the included angle of pulley-belt
contact, 0, such that:

ue
_Fe

r

F 1)

When the extrinsic finger flexor tendons wrap around the trochlea,
the synovial membranes of the radial and ulnar bursas surrounding the
tendons are compressed by forces in both flexion and extension. The re-
sulting compressive force is directly proportional to the tension devel-
oped in the tendons and the finger flexor muscles, which are related to the
external force of exertion by the hand.

Normally the coefficient of friction between the tendon and trochlear
surface would be expected to be very small. The model predicts that if the
supporting synovia became inflamed and the coefficient of friction p
increased, F; would increase (Chaffin and Andersson, 1991). This would
also result in increased shearing forces F as the tendons attempt to slide
through their synovial tunnels, since shear forces are generally propor-
tional to F; and the coefficient of friction:

E =Fu. 2)

This gives rise to the concept that repeated compression could aggra-
vate further synovial inflammation and swelling.

Armstrong and Chaffin (1979) also showed that the total force trans-
mitted from the belt to a pulley, F, depends on the wrist angle 6, and the
tendon load, F,, as described by the equation:

Fp =2F sin(6/2). 3)

Consequently, the force acting on adjacent anatomical structures, such as
ligaments, bones, and the median nerve, depends on the wrist angle. The
greater the angle is from a straight wrist, the greater the resultant reaction
force on the tendons. The same equation also shows that the resultant
force transmitted by a tendon to adjacent wrist structures is a function of
tendon load.

The relationship of external to internal loading has been studied us-
ing cadaver hands. Armstrong and Chaffin (1978) used sized cadaver
hands to statistically evaluate biomechanical models of finger flexor dis-
placements and to develop predictive models of finger flexor tendon dis-
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placements that can be used for hands and wrists of various sizes. Tendon
excursions during finger and wrist motions were related to hand size.
Excursions were consistent with predictions of biomechanical models. An
et al. (1983) continuously recorded tendon excursions during rotation of
individual index finger joints throughout the joint’s ranges of motion
using seven cadaver hand specimens from amputated limbs. In this
study, excursions and joint-displacement relationships were observed not
to be always linear. Moment arms of the tendons with respect to joint
centers were derived from excursion data for modeling muscle force in
the hand.

Goldstein et al. (1987) investigated the effects of cyclic loading on
cumulative strain in tendons and tendon sheaths of human cadaver
hands. Viscoelastic properties were measured under simulated physi-
ological loading conditions by attaching strain gauge transducers on ten-
dons just proximal and distal to an undisrupted carpal tunnel. Shear
traction forces were significantly greater in the extended and flexed wrist
postures compared with the neutral wrist posture and were significantly
greater in flexion than in extension. Under conditions of severe loading
(long load duration with short recovery time), creep strain increased as a
function of load cycle and load magnitude, indicating an accumulation of
strain under cyclical loading.

In a laboratory study, Balnave, Davey, and Allen (1997) recorded
tension in the tendon, contact force at the fingertip, and finger posture
while patients gradually increased the force applied by the fingertip and
then monotonically reduced it to 0 N. The average ratio of the tendon
tension to the fingertip force ranged from 1.7 to 5.8, which was consider-
ably larger than the ratio predicted by isometric tendon models. Subjects
who used a pulp pinch posture had a greater ratio than subjects who
flexed the DIP joint in a tip pinch posture.

Studies of External Forces and Postures on Nerve Entrapment

Research has demonstrated and quantified relationships between ex-
ertions and posture on internal loading of the median nerve in the wrist.
When cadaver wrist median nerves were replaced with a balloon trans-
ducer, pressures were significantly greater at 4.54 kg tendon load than at
2.27 kg load (Smith, Sonstegard, and Anderson, 1977). Pressures were
also significantly greater with the wrist in flexion, compared with neutral
and extended postures. When the profundus tendons were not tensed,
pressure in the tunnel remained negligible until wrist flexion approached
60° Keir et al. (1997) similarly observed that hydrostatic pressure in the
carpal tunnel was affected by both wrist posture and tendon load. The
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greatest pressures with no load were seen in wrist extension. Muscle
loading elevated carpal tunnel pressure, particularly the loading of pro-
fundus longus with the wrist in extension and the digital flexors with the
wrist flexed.

Studies of the carpal tunnel serve to elucidate the relationship be-
tween external load, posture, and internal pressure. Gelberman et al.
(1981) demonstrated that in vivo intracarpal canal pressure was greater in
carpal tunnel syndrome patients than in controls. Werner, Bir, and
Armstrong (1994) demonstrated that intracarpal canal hydrostatic pres-
sure was significantly greater in the reverse Phalen’s posture than in ei-
ther the Phalen’s or modified Phalen’s, and the effects on median sensory
latency was greater in carpal tunnel syndrome patients than in normal
controls.

According to Szabo and Chidgey (1989), patients with early and inter-
mediate carpal tunnel syndrome showed elevated pressures compared
with baseline following exercise. Neither controls nor advanced patients
showed a significant post-exercise increase. Furthermore, Werner et al.
(1997) found that for healthy subjects who underwent a standardized set
of maneuvers that systematically varied hand, wrist, and forearm posi-
tion, intracarpal carpal canal pressure was least when the wrist was in a
neutral position, the hand relaxed with fingers flexed and the forearm in
a semipronated position. In this study, wrist extension and flexion pro-
duced the greatest increase in pressure, followed by forearm pronation
and supination. Radial and ulnar deviation also increased the pressure,
but to a lesser extent. Weiss et al. (1995) also found that carpal tunnel
pressure increased with greater deviation from a neutral position and
was greater for patients than for controls.

In a laboratory study, Rempel et al. (1997a) explored the relationship
between carpal tunnel pressure and fingertip force during a simple press-
ing task. This study demonstrated that fingertip loading increased carpal
tunnel pressure independent of wrist posture, and that relatively small
fingertip loads had a large effect on carpal tunnel pressure. Keir, Bach,
and Rempel (1998) found that although the external load on the finger
remained constant, the internal loading, as measured by carpal tunnel
pressure, experienced a nearly twofold increase by using a pinch grip.

Magnetic resonance images of the wrist in the neutral position, 45-
degree flexion, and 45-degree extension have been used to measure the
distance between confining structures around the median nerve (Skie et
al., 1990). In this study, dimensions in flexion were significantly smaller
than dimensions in the neutral and extended positions. Flexion of the
wrist produced a palmar rearrangement of the flexor tendons, creating
potential compression of the median nerve. The nerve responds to these

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10032.html

ow Back and Upper Extremities

268 MUSCULOSKELETAL DISORDERS AND THE WORKPLACE

forces by becoming interposed in various positions between the superfi-
cial flexor tendons.

Rempel et al. (1994) investigated the effects of repetitive hand activity
on carpal tunnel pressure and whether wearing a flexible wrist splint
influences pressure. The task involved healthy subjects loading and un-
loading 1 Ib. cans from a box at a rate of 20 cans/minute for a period of 5
minutes with and without a wrist splint. Carpal tunnel pressure increased
from an average of 8 to 13 mm Hg without a splint to 21 mm Hg with the
splint. The increase in carpal tunnel pressure while wearing the splint at
rest was attributed to increased external pressure.

Electromyographic Studies of Muscle Activity
Due to External Loads

Numerous studies have observed how muscle activity increases with
increased external loads. Several studies have examined actual or simu-
lated use of hand tools. A simulated drilling task that controlled applied
force and wrist flexion found that EMG activity in the finger flexor and
extensor muscles increased with force (Kim and Fernandez, 1993).
Dahalan and colleagues (1993) observed that EMG activity in the flexors
and extensors increased with greater grip force in a similar simulated
gripping task. Gerard et al. (1996) investigated the effect of keyboard key
stiffness on muscle activity. The peak finger flexor and peak finger exten-
sor EMG increased with increasing keyboard make-force.

Klein et al. (1997) studied pinching using a lateral pinch posture for
different combinations of wrist posture and pinch force. EMG activity in
the hand flexor and extensor muscles increased with force magnitude and
wrist flexion angle. A laboratory study by Grant and Habes (1997) exam-
ined upper extremity muscle activity using postures similar to those ob-
served in the meatpacking industry. The results showed that handle
position (reach posture) had a significant effect on the EMG/force ratio in
all muscles.

Power hand tool reaction force has been shown to affect forearm
muscle activity. Oh and Radwin (1998) observed that the effect of torque
buildup time in power hand tool use on muscular activity was not mono-
tonic. Greater EMG activity levels were observed for torque buildup times
between 150 to 300 ms than for faster or slower buildup times.

EMG has also been a useful measure for studying muscle activity
during the use of keyboard and mouse data entry devices. Erdelyi et al.
(1988) investigated the influence of forearm angle, as well as the effect of
different arm supports, on the electrical activity (EMG) of the upper tra-
pezius muscle during keyboard work in healthy workers and persons
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with shoulder pain. EMG activity decreased in the patients but not in the
controls when the subjects used arm supports. The static load on the
shoulders during keyboard use decreased significantly as the forearm
was lowered. Aaras et al. (1997) evaluated postural load (muscle activity)
during keyboard data entry, using a mouse while seated with forearm
support, and using a mouse while seated without forearm support.
Muscle activity in the trapezius during keyboard work was significantly
reduced when sitting with supported forearms compared with sitting
and standing without forearm support. The duration of time when the
trapezius load was below 1 percent MVC was also significantly greater
with forearm support versus no support. During seated work with a
mouse, supporting the forearm significantly reduced the static load on
the trapezius. Harvey and Peper (1997) observed that all of their subjects
had significantly greater mean surface EMG activity recorded from the
right upper trapezius, right posterior deltoid, and right lower trapezius-
rhomboid during mouse use compared with using a trackball positioned
centrally. Surface EMG levels remained elevated during the entire trial
period of right-side mouse use without evidence of micro breaks (< 1s
epochs of low surface EMG activity). The authors attribute the increased
EMG activity to shoulder abduction required for mouse use.

Feng et al. (1999) recorded EMG activity and posture angles of the
shoulder and arm while subjects performed an upper extremity manipu-
lative task in a seated posture on a horizontal table at elbow height, with
and without arm support. The use of an arm balancer reduced EMG
activity in the anterior deltoid muscle during a variety of light manipula-
tive tasks. Cook and Kothiyal (1998) examined the influence of mouse
position, relative to the keyboard, on shoulder and arm muscular activity
and working posture. This study showed that mouse position affects
muscle activity levels and upper extremity posture. Moving the mouse
closer to the midline of the body reduced shoulder muscle activity.

External Physical Loading and Internal Tolerances

Measures of internal tolerances for mechanical strain and fatigue are
often quantified using physiological measurements or psychophysical as-
sessments. A summary of articles measuring internal tolerances due to
external loads appears in Table 6.7.

Physiological Measures of Mechanical Strain or Fatigue
from External Loads

Electromyography and blood flow have been used to measure the
effects of work pauses on localized muscle fatigue in the upper limbs.
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Petrofsky et al. (1982) found that EMG activity level increases and mean
power frequency decreases as a function of time during sustained isomet-
ric contractions. Hagberg and Sundelin (1986) evaluated the effects of
short pauses on EMG activity during word processing tasks and found
that static loading was relatively low during the typing tasks, 3.2 percent
MVC for the right shoulder, and 3.0 percent MVC for the left shoulder.
There was a significant negative correlation between pauses and static
load on the right trapezius muscle. In another study, Baidya and
Stevenson (1988) observed that the rate of decrease in the center frequency
of wrist extensor EMG signals was greater for the larger extension angle
than for repetitive wrist movements. In this study, ulnar deviation did not
affect the rate of fatigue (center frequency shift).

Bystrom and Kilbom (1990) found that when work-rest duty cycle
(contraction/relaxation) and contraction intensity were controlled, fore-
arm blood flow was insufficient even at isometric contractions of low
intensity (10 percent MVC), indicating that vasodilating metabolites play
an active role for blood flow in low-intensity isometric contractions. This
study also showed that maximal blood flow in the forearm during relax-
ation periods (25-30 ml/min/100 ml) is reached at 25 percent MVC. Only
a cycle of intermittent exercise at 10 percent MVC and (10 sec work + 5 sec
rest) and (10 sec work + 10 sec rest) at 25 percent MVC was considered
acceptable with regard to local fatigue.

Kim and Fernandez (1993) found that heart rate, systolic blood pres-
sure, and flexor and extensor EMG activity increased with force during a
simulated drilling task. Heart rate also increased when working with
increased wrist flexion angles. Marley and Fernandez (1995) found that
when subjects maintained a 5.4 kg simulated drilling force for a total
duration of three minutes, systolic blood pressure and deltoid EMG activ-
ity increased with trial duration and wrist flexion angle, while deltoid
median power frequency decreased with wrist angle and trial duration,
indicating localized fatigue.

Dahalan, Jalaluddin, and Fernandez (1993) observed that several
physiological measures (systolic blood pressure, EMG activity in the flex-
ors and extensors) increased with increased grip force. Systolic blood
pressure increased with exertion duration. Klein and Fernandez (1997)
found that mean heart rate increased with increasing pinch force and that
EMG activity increased with force magnitude, wrist flexion angle, and
task duration. Endurance time was greater without gloves (Fleming,
Jansen, and Hasson, 1997). Fatigue of the digitorum superficialis, as in-
ferred from EMG frequency shifts, did not change as a function of grip
size; however, there was an optimal grip size for greater absolute forces
(Blackwell, Kornatz, and Heath, 1999).
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Tissue oxygenation is another measure of muscle fatigue. Murthy et
al. (1997) investigated the sensitivity of near-infrared spectroscopy tech-
nique to changes in tissue oxygenation at low levels of isometric contrac-
tion in the extensor carpi radialis brevis muscle. They found that mean
tissue oxygenation decreased from the resting baseline (100 percent tissue
oxygenation) to 89, 81, 78, and 47 percent for 5, 10, 15, and 50 percent
MVC, respectively. Tissue oxygenation levels at 10, 15, and 50 percent
MVC were significantly less than the baseline value.

Holewijn and Heus (1992) evaluated the effects of temperature on
muscle function in the upper extremity. The endurance time for the sus-
tained contraction at 15 percent MVC was reduced by 50 percent with
warming, compared with the reference condition. RMS EMG was not
affected by temperature; however, the mean power frequency shifted to a
lower value at the beginning of the sustained grip exertion in the cooled
condition.

Psychophysical Measures of Mechanical Strain or Fatigue
for External Forces and Postures

Psychophysical measures have been used to study perceptions of
comfort and intensity while performing lifting tasks. Automobile assem-
bly workers were asked to use a 10-point scale with verbal anchors to rate
the tool mass, grip force, handle size, vertical work location, horizontal
work location, and overall satisfaction with a tool (Armstrong, Punnett,
and Ketner, 1989). Tools with mass less than 2.0 kg, handle circumfer-
ences less than 12 cm, horizontal work locations of 38 cm or less, and
vertical work locations between 102 and 152 cm were the most preferred.
Harber and colleagues (Harber, Hsu, and Pena, 1994) used the psycho-
physical approach to demonstrate that grip type, force level, and wrist
angle affected perceptions of work intensity and comfort while perform-
ing a one-handed lifting task. Subjects preferred wrist extension over
wrist flexion and a power grip over a pinch grip.

Oberg and colleagues (Oberg, Sandsjo, and Kadefors, 1994) found
that physiological (EMG) and psychophysical measures of fatigue in the
trapezius muscle were correlated at high load levels but not at low load
levels. This indicates that subject sensations of fatigue may be caused by
factors unrelated to changes in recruitment of motor units.

Psychophysical measures have also been applied to the study of per-
ceptions of acceptable torque during repetitive wrist motion. Stover
Snook, who pioneered psychophysical methods for lifting, established a
procedure to ascertain the maximum acceptable torques for various types
and frequencies of repetitive wrist motion (Snook et al., 1995). Four ad-
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justable workstations were built to simulate repetitive wrist flexion with a
power grip, wrist flexion with a pinch grip, and wrist extension with a
power grip. In general, maximum acceptable torque decreased as the
exertion frequency increased for the three types of exertions. Maximum
acceptable torque was greatest for power grip flexion and least for power
grip extension. Maximum acceptable torque decreased over the seven
hours of testing. There were no significant differences in maximum ac-
ceptable torque from day to day; however, the average maximum accept-
able torque for a 5 days per week exposure was 36.3 percent lower than
for the same task performed 2 days per week.

In an experiment similar to the one for wrist flexion-extension, Snook
et al. (1997) quantified maximum acceptable torques for ulnar deviation
motions of the wrist similar to a knife-cutting task at various repetition
rates using the psychophysical method. The subject adjusted the resis-
tance on the handle while the experimenter manipulated or controlled all
other variables. The subjects were instructed to work as if they were paid
on an incentive basis. Maximum acceptable torque decreased over the 7
hours of testing in both series. Maximum acceptable torque decreased
with increasing frequency in both series, but the change was not statisti-
cally significant.

Snook, Ciriello, and Webster (1999) employed the same method to
determine maximum acceptable torque for extension motions of the wrist
performed with a pinch grip. Maximum acceptable torque and extension
duration decreased with increasing task frequency. Maximum acceptable
torque during wrist extension with a pinch grip was less than wrist flex-
ion with a pinch grip, wrist flexion with a power grip, or ulnar deviation.

Psychophysical measures were used by Kim and Fernandez (1993) to
investigate simulated repetitive drilling tasks. Maximum acceptable fre-
quency decreased with greater drilling force and with greater wrist flex-
ion. Ratings of perceived exertion increased with force and with wrist
flexion angle. Marley and Fernandez (1995) used the method of adjust-
ment to determine the maximum acceptable frequency for a simulated
drilling task. The psychophysically adjusted task frequency was signifi-
cantly lower when wrist deviation was required, particularly wrist flex-
ion. A similar laboratory study investigated the maximum acceptable
frequency for a simulated gripping task (Dahalan, Jalaluddin, and
Fernandez, 1993). Maximum acceptable frequency decreased significantly
as grip force magnitude and exertion duration increased. Ratings of per-
ceived exertion increased with higher grip force.

Davis and Fernandez (1994) found that the acceptable frequency for a
simulated drilling task was maximum with a neutral wrist position and
decreased with increased angles of wrist flexion, extension, and radial
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deviation. Marley and Fernandez (1995) showed that maximum accept-
able frequency for a simulated drilling task decreased as a function of
wrist flexion angle. Klein and Fernandez (1997) evaluated the effects of
wrist posture on maximum acceptable frequency for a simulated drilling
task. Wrist flexion (10 and 20 deg), extension (20 and 40 deg), and radial
deviation (10 and 20 deg) all produced significant decreases in maximum
acceptable frequency compared with the neutral posture.

Another area in which psychophysical measures have been used is to
study lifting, positioning, and pinching tasks. Work duration for limiting
shoulder-girdle fatigue during lifting-positioning tasks decreased, as with
force and with repetition rate (Putz-Anderson and Galinsky, 1993). When
repetition and reach height were varied, task duration decreased, as with
required working height and with required repetition rate. Males tended
to engage in longer work trials than females, despite controlling for upper
body strength.

Klein and Fernandez (1997) used the psychophysical approach to de-
termine maximum acceptable frequency for pinching using a lateral pinch
posture. Maximum acceptable frequency was reduced as wrist flexion
angle, force magnitude, and task duration increased. Perceived exertion
increased with force magnitude, wrist flexion angle, and task duration.

A number of experiments performed by Ulin employed psychophysi-
cal methods for studying power hand tool orientation, location, and shape.
Following each treatment, subjects rated exertion level and discomfort
using three psychophysical scales (the Borg 10-point ratio rating scale and
two 10-centimeter visual analog scales used to rate comfort and ease of
work). Subjects were instructed to imagine that they were assembly line
workers performing the task for an 8-hour day. In 1990, Ulin et al. deter-
mined the preferred work location for driving screws with a pistol-shaped
screwdriver to be 114 to 140 cm for a mixed male-female subject pool. In a
1992 study, Ulin et al. demonstrated how work location, work orienta-
tion, and tool selection affected perceived exertion when using pneumatic
hand tools. Lowest exertions were observed when working in neutral
postures. Ulin and colleagues found (1) that perceived exertion was low-
est when the horizontal reach distance was small and when working at
mid-thigh or elbow height (1993b) and (2) that perceived exertion in-
creases as a function of work pace (1993a). In addition, perceived exertion
is affected by work location, work orientation, and tool type. Both work
location and task frequency were significant factors in determining the
Borg rating. As work pace increased, so did the Borg rating of perceived
exertion for each work location. Driving screws at elbow height on the
vertical surface and with the lower arm close to the body on the horizon-
tal surface was the work location that produced the lowest ratings of
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perceived exertion. Differences in local discomfort were found for the
vertical work locations. While driving screws at knee height, the torso
was most stressed, at elbow height the wrist-hand were most stressed,
and at shoulder height the shoulder and upper arm were the most
stressed.

Schoenmarklin and Marras (1989b) demonstrated that hammer
handle angle did not significantly affect forearm muscle fatigue based on
a shift in EMG mean power frequency, but wall hammering produced
marginally greater muscle fatigue than did bench hammering. Linqvist
(1993) observed a correlation between power hand tool handle displace-
ment and subjective strain ratings. This laboratory study investigated
responses to power tool spindle torque reaction forces during the final
stages of tightening threaded fasteners with a right-angled nut runner. A
distinctive feature of nut runners during the torque reaction phase is that
the handle is rapidly displaced as torque builds up, causing a movement
of the upper extremity. Subject ratings of strain increased monotonically
as a function of torque level. Ratings of strain were higher for medium-
hard joints compared with hard joints, and ratings of strain were higher
for slow-shutoff tools compared with high-shutoff tools. Ratings of strain
were positively correlated with the handle displacement; correlations
were strongest for the slow-shutoff tool used on a hard joint. Oh and
Radwin (1998) evaluated the relative effects of power hand tool process
parameters (target torque, torque buildup time, and workstation orienta-
tion) on subjective ratings of perceived exertion. Increasing the torque
reaction force resulted in higher ratings of perceived exertion. Subjective
ratings of perceived exertion were lowest when torque buildup time was
35 ms; however, greater peak torque variance was associated with this
condition.

Radwin and Ruffalo (1999) investigated the effects of key-switch de-
sign parameters on short-term localized muscle fatigue in the forearm
and hand. Subject reports of fatigue were reduced with the lower key
make-force. Self-reported fatigue occurred in all cases (keying rate de-
creased over the duration of the test session), but no significant differ-
ences were observed based on RMS EMG for low-level exertions in
repetitive keying.

A laboratory study evaluated the effects of muscle, tendon, or skin
vibration on the early and late components of polyphasic cutaneous re-
sponses elicited in the flexor carpi radialis muscle by electrical stimula-
tion of the radial nerve at the wrist (Martin, Roll, and Hugon, 1990). Palm
skin vibration depressed both components of the flexor reflex, while skin
vibration on the back of the hand induced either a facilitation or an inhi-
bition. In addition, this kind of vibration modified the location of the
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sensation evoked by the electrical stimulation of the nerve. In all cases, the
vibration stimulus attenuated the perceived intensity of the electrical
stimulus. These observations suggested to the authors a possible impair-
ment of the protective withdrawal reflex under vibratory environmental
conditions at rest and eventually in active muscles.

External Physical Loading and Pain, Discomfort,
or Functional Limitations

The following section reviews literature that directly investigated
pain, discomfort, or functional limitations due to external loading. The
studies that are reviewed report short-term impairments of function ob-
served in the laboratory or in the field, rather than long-term impairments
or disabilities. Studies dealing with longer-term effects are reviewed in
the epidemiology literature covered in Chapter 4. Rather these studies
reveal relationships between workplace exposures and short-term out-
comes such as pain, discomfort, and level of function. A summary of
these articles is presented in Table 6.8.

Pain and Discomfort Due to External Loading

In some studies, pain and discomfort have been examined in relation
to work posture and force. For example, Schoenmarklin and Marras
(1989b) found that hammering on a vertical wall resulted in significantly
greater discomfort than hammering on a bench. Gerard et al. (1999) found
that subjective discomfort increased as a function of key make-force with
rubber dome key switches. Lin, Radwin, and Snook (1997) found that
force, wrist flexion angle, and repetition are all significant factors in deter-
mining discomfort. They developed a subjective model of discomfort on a
10-cm analog scale. The continuous model was compared with and agrees
with discrete psychophysical data from other published studies.

Other studies have demonstrated the effects of pace and work sched-
ule on perceived pain, discomfort and exertion. For example, a study by
Hagberg and Sundelin (1986) found that pain and discomfort reports
increased with longer durations of work time. The increase was smallest
when the work-rest cycle included short rest periods. In a laboratory
experiment, Snook et al. (1997) found that the rate of pain and discomfort
reports increased with longer duration of work in which subjects adjusted
the resistance of a handle while grasping it with a power grip and repeti-
tively moving it through 80 deg ulnar deviation wrist motion, similar to a
knife-cutting task (Snook et al., 1997). In a study by Ulin et al. (1993b) both
work location and task frequency were found to be significant factors—
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that is, as work pace increased, so did the Borg rating of perceived exer-
tion for each work location. Differences in local discomfort were found for
the vertical work locations.

Functional Limitations Due to External Loading

Marshall, Mozrall, and Shealy (1999) demonstrated that the combina-
tion of wrist-forearm posture had significant effects on wrist range of
motion. Pryce (1980) studied the effect of wrist posture (neutral and ulnar
deviation, and 15 deg each side of neutral in volar and dorsiflexion) and
maximum power grip strength. Strength was affected by ulnar deviation
angle, and grip force was greatest in the neutral position and decreased as
the deviation angle increased. Strength was also affected by extension-
flexion angle. Knowlton and Gilbert (1983) investigated the effects of ulnar
deviation on strength decrements when using hammers to drive nails in a
standard task. Grip strength was measured before and after performing
the hammering task. Peak grip strength was reduced by an average 67 N
with a conventional claw hammer compared with 33 N with a curved-
handle ripping hammer. Average grip strength was reduced by 84 N with
the claw hammer compared with 49 N with the ripping hammer. There
was no significant difference between the number of strikes required to
complete the task with the two tools.

Imrhan (1991) examined the effects of different wrist positions on
maximum pinch force. The results showed that all of the deviated wrist
positions reduced the observed pinch strength, with palmar flexion hav-
ing the greatest effect and radial deviation having the least. O’Driscoll et
al. (1992) also investigated the effects of posture on grip strength. Grip
strength was reduced in any deviation from a self-selected position. Mea-
sured strength and the degree of wrist extension was inversely related to
the handle separation distance on the Jamar dynamometer. This was true
regardless of hand size, although the effects were more pronounced for
small hands. A laboratory study by Hallbeck and McMullin (1993) found
that gender, glove type, hand dominance, and wrist position had a sig-
nificant effect on the magnitude of power grasp. Force was maximized
with a bare hand in a neutral wrist posture.

Dempsey and Ayoub (1996) reported that gender, wrist posture (neu-
tral, maximum flexion, maximum extension, maximum radial deviation,
and maximum ulnar deviation), pinch type (pulp2, pulp3, chuck, and
lateral), and pinch width (1, 3, 5, and 7 cm) all had significant effects on
strength. Maximum values were obtained with a neutral wrist, a separa-
tion distance of 5 cm, and a lateral grasp. Female strength was on average
62.9 percent of male strength.
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Blackwell, Kornatz, and Heath (1999) investigated the effect of grip
span on isometric grip force. An optimal grip size allowed for the greatest
forces. Batra et al. (1994) demonstrated that reduction in grip strength
was positively correlated with glove thickness but not with glove size. In
a subsequent analysis, the following selected glove attributes were corre-
lated to reductions in demonstrated strength: (1) tenacity—friction
between the glove and a standard piece of plastic, (2) snugness—hand
volume versus glove volume, (3) suppleness—a measure of pliability,
and (4) thickness. A decrease in grip force was significantly affected by
glove type—asbestos and leather gloves reduced grip strength to approxi-
mately 82.5 percent of bare-handed levels, while surgical gloves reduced
grip strength to 96.3 percent of bare-handed levels.

Mital and colleagues studied the influence of a variety of commer-
cially available gloves on the force-torque exertion capability of workers
when using wrenches and screwdrivers in routine maintenance and re-
pair tasks (Mital, Kuo, and Faard, 1994). Subjects exerted a maximum
volitional torque during a simulated task. The results indicated that tool
type was a predictor of volitional torque. Gloves also affected volitional
torque; torque was greater with the use of gloves.

Temperature can be an important moderating variable. Riley and
Cochran (1984) studied manual dexterity performance at different ambi-
ent temperatures. Subjects wore typical industrial worker apparel with-
out gloves during manual dexterity tests. Results indicated that after 15
minutes of cold exposure, there was no difference between performance
at 12.8 and 23.9 degrees Celsius, but there was a difference between per-
formance at 1.7 and 12.8 degrees as well as between performance at 1.7
and 23.9 degrees. Holewijn and Heus (1992) found that isometric grip
strength was significantly reduced by cooling. The rate of force buildup
was also influenced by temperature, with slower buildup under condi-
tions of cooling. Cooling reduced the maximum grip frequency by 50
percent compared with the reference condition. The endurance time for
the sustained contraction at 15 percent MVC was reduced by 50 percent
with warming compared with the reference condition.

A psychomotor task was developed by Jeng, Radwin, and Rodriquez
(1994) for investigating functional deficits associated with carpal tunnel
syndrome. A rapid pinch and release psychomotor task utilizing muscles
innervated by the median nerve was administered. Subjects were in-
structed to pinch the dynamometer above an upper force level and then
release below a lower force level as quickly as possible. Average pinch
rate decreased from 5.4 pinches/sec to 3.7 pinches/sec as the upper force
increased from 5 to 50 percent MVC. Pinch rate was significantly faster
and overshoot force was less for the dominant hand. Control subjects
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performed 25 to 82 percent better than subjects with carpal tunnel syn-
drome. Age contributed 6 percent of the total variance for pinch rate and
7 percent of the total variance for the time below the lower force level. The
results suggest that patients with carpal tunnel syndrome may experience
similar functional psychomotor deficits in daily living and manual work
activities. Schiefer et al. (1984) demonstrated that finger skin temperature
and performance on manual dexterity tests decreased as the ambient air
temperature decreases.

Upper Limb Summary

Overall, the literature reveals that there are strong relationships be-
tween physical loads in the workplace and biomechanical loading, inter-
nal tolerances, and pain, impairment, and disability. Although many of
these relationships are complex for the upper limb, the associations are
clear. The biomechanical literature has identified relationships between
physical work attributes and external loads for force, posture, vibration,
and temperature. Research has also demonstrated relationships between
external loading and biomechanical loading (i.e., internal loads or physi-
ologic responses). Relationships between external loading and internal
tolerances (i.e., mechanical strain or fatigue) have also been demonstrated.
Finally, relationships have been shown between external loading and
pain, discomfort, impairment, or disability. Although the relationships
exist, the picture is far from complete.

Individual studies have for the most part not fully considered the
characteristic properties of physical work and external loading (i.e., mag-
nitude, repetition, or duration). Few studies have considered multiple
physical stress factors or their interactions. The absence of these relation-
ships, however, does not detract from the basic theoretical construct of
the load-tolerance model. In fact, it suggests the need for additional re-
search.

When considered together, a broader picture emerges. The existence
of relationships together supports the load-tolerance model presented in
this report. Furthermore, biomechanics forms the basis to reduce external
loading. The relationships that are established indicate appropriate inter-
ventions for reducing exposure to external loads in the work environment
through ergonomics and work design. Future research efforts targeting
the missing relationships may help provide additional workplace inter-
ventions for preventing and reducing the risk of work-related disorders.
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ow Back and Upper Extremities

Occuputional Stress

s indicated in the review of the epidemiologic literature in Chap-

ter 4, a number of workplace psychosocial factors can affect work-

related back and upper extremity disorders. The literature
provides strong evidence for the role, in low back disorders, of job satis-
faction, monotonous work, social support at work, high work demands,
job stress, and emotional effort at work. The perception of one’s ability to
return to work was also positively associated with future back pain. While
the literature on upper extremity disorders is not so extensive as with
back disorders, higher levels of perceived job demands and job stress
were the psychosocial factors most consistently linked to upper extremity
disorders. The reviews of the epidemiologic literature also indicated that
certain psychosocial factors that are not work-specific (e.g., general
worry/psychological tension, depression/anxiety, general coping style,
and response to pain) were also associated with both back and upper
extremity disorders. Nonwork-related variables tend to be more com-
monly related to back than to upper extremity disorders.

Given that the emphasis of this report is on work-related factors, this
chapter reviews various models of occupational stress and discusses how
exposure to stresses at work can impact the physiolog