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1

Introduction

BACKGROUND

In May 1998 the National Institutes of Health asked the National Academy of Sciences/National Research
Council to assemble a group of experts to examine the scientific literature relevant to work-related
musculoskeletal disorders of the lower back, neck, and upper extremities. A steering committee was convened to
design a workshop, to identify leading researchers on the topic to participate, and to prepare a report based on the
workshop discussions and their own expertise. In addition, the steering committee was asked to address, to the
extent possible, a set of seven questions posed by Congressman Robert Livingston on the topic of work-related
musculoskeletal disorders. The steering committee includes experts in orthopedic surgery, occupational medicine,
epidemiology, ergonomics, human factors, statistics, and risk analysis.

This document is based on the evidence presented and discussed at the two-day Workshop on Work-Related
Musculoskeletal Injuries: Examining the Research Base, which was held on August 21 and 22, 1998, and on
follow-up deliberations of the steering committee, reflecting its own expertise. We note the limitations of the
project, both in terms of time constraints and sources of evidence.

Although reports on the number of work-related musculoskeletal disorders vary from one data system to
another, it is clear that a sizable number of individuals report disorders and lost time from work as a result of
them.1 For example, the Bureau of Labor Statistics (1995) has reported that in one year there were 705,800 cases
of days away from work that resulted from overexertion or pain from repetitive motion. Estimated costs associated
with lost days and compensation claims related to musculoskeletal disorders range from $13 to $20 billion
annually (National Institute for Occupational Safety and Health, 1996; AFL-CIO, 1997). The multiplicity of
factors that may affect reported cases—including work procedures, equipment, and environment; organizational
factors; physical and psychological factors of the individual; and social factors—has led to much debate about
their source, nature, and severity. In light of the ongoing debate, an extensive internal review of the
epidemiological research was recently done by the National Institute for Occupational Safety and Health
(Bernard, 1997). That study is part of the work that was considered by the steering committee.

The charge to the steering committee, reflected in the focus of the workshop, was to examine the current state
of the scientific research base relevant to the problem of work-related

1 We use the World Health Organization's definition of work-related disorders (World Health Organization, 1985). It
characterizes work-related disorders as multifactorial to indicate the inclusion of physical, organizational, psychosocial, and
sociological risk factors. A disorder is work related when work procedures, equipment, or environment contribute significantly
to the cause of the disorder. There is great variation in the diagnostic criteria for musculoskeletal disorders, ranging from
clinical diagnoses based on symptoms and signs for some, to diagnoses based on structural and functional criteria for others.
We note that "disorder" is a broader category than "injury" and better captures the range of phenomena being considered.
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musculoskeletal disorders, including factors that can contribute to such disorders, and strategies for intervention to
ameliorate or prevent them. Approximately 110 leading scientists were invited by the steering committee to
participate in the workshop, and 66 were able to attend. The attendees represented the fields of orthopedic surgery,
occupational medicine, public health, epidemiology, risk analysis and decision making, ergonomics, and human
factors (see Appendix A). Several attendees presented prepared papers; many others presented oral and written
responses to the papers or comments on the field of inquiry. Two criteria guided the selection of invitees: that they
are involved in active research in the area and that the group, overall, represent a wide range of scientific
disciplines and perspectives on the topic.

In designing the workshop, the steering committee considered several approaches to framing the topics. After
careful consideration, we chose not to have the presentations focus on specific parts of the body and associated
musculoskeletal disorders. Rather, we organized our examination of the evidence—and the workshop discussions
(see agenda, Appendix B)—to elucidate the following sets of relationships between factors that potentially
contribute to musculoskeletal disorders: (1) biological responses of tissues (muscles, tendons, and nerves) to
biomechanical stressors; (2) biomechanics of work stressors, considering both work and individual factors, as well
as internal loads; (3) epidemiological perspectives on the contributions of physical factors; (4) non-biomechanical
(e.g., psychological, organizational, social) factors; and (5) interventions to prevent or mitigate musculoskeletal
disorders, considering the range of potentially influential factors. Our belief was that this approach would provide a
framework for reviewing the science base for each set of relationships, as well as the wider interactions among the
sets. This approach allowed us to take advantage of both basic and applied science and a variety of methodologies,
ranging from tightly controlled laboratory studies to field observations. As a result, we considered sources of
evidence that extend well beyond those provided by the epidemiological literature on which the public discussion
has focused.

Discussions in each of five of the topic areas (all but topic 4) revolved around a paper commissioned for the
workshop and comments of invited discussants; a panel format was used to address the epidemiology of physical
factors (topic 4), given the availability of recent reviews of literature on this topic.

The next section presents a conceptual framework integrating the factors thought to be related to the
occurrence of musculoskeletal disorders. We used this framework to select and organize topics covered in the
workshop.

FRAMEWORK OF CONTRIBUTORS TO MUSCULOSKELETAL DISORDERS

Figure 1 outlines a broad conceptual framework, indicating the roles that various work and other factors may
play in the development of musculoskeletal disorders. This framework serves as a useful heuristic to examine the
diverse literatures associated with musculoskeletal disorders, reflecting the role that various factors—work
procedures, equipment, and environment; organizational factors; physical and psychological factors of
individuals; non-work-related activities; organizational factors; and social factors—can play in their development.
Its overall structure suggests the physiological pathways by which musculoskeletal disorders can occur or,
conversely, can be avoided.
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FIGURE 1 Conceptual framework of physiological pathways and factors that potentially contribute to
musculoskeletal disorders
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The central physiological pathways appear within the shaded area of the figure. It shows, first, the
biomechanical relationship between load and the biological response of tissue. Imposed loads of various
magnitudes can change the form of tissues throughout the day due to changes in fatigue, work pattern or style,
coactivation of muscle structures, etc. Loads within a tissue can produce several forms of response. If the load
exceeds a mechanical tolerance or the ability of the structure to withstand the load, tissue damage will occur. For
example, damage to a vertebral end plate will occur if the load borne by the spine is large enough. Other forms of
response may entail such reactions as inflammation of the tissue, edema, and biochemical responses.

Biomechanical studies can elucidate some of these relationships. Biomechanical loading can produce both
symptomatic and asymptomatic reactions. Feedback mechanisms can influence the biomechanical loading and
response relationship. For example, the symptom of pain might cause an individual to recruit his or her muscles in a
different manner, thereby changing the associated loading pattern. Adaptation to a load might lead individuals to
expose themselves to greater loads, which they might or might not be able to bear. Repetitive loading of a tissue
might strengthen the tissue or weaken it, depending on circumstances. The symptom and adaptation portions of the
model can interact with each other as well. For example, symptoms, such as swelling, can lead to tissue
adaptations, such as increased lubricant production in a joint. These relationships can be described in
mathematical models that distinguish external load (e.g., work exposure) from internal (dose) load and illustrate
cascading events, whereby responses to loads can themselves serve as stimuli that increase or decrease the capacity
for subsequent responses.

The responses, symptoms, and adaptations can lead to a functional impairment. In the workplace, this might
be reported as a work-related musculoskeletal disorder. If severe enough, the impairment would be considered a
disability, and lost or restricted workdays would result.

To the left of the shaded area in Figure 1, the framework shows environmental factors that might affect the
development of musculoskeletal disorders, including work procedures, equipment, and environment;
organizational factors; and social context. For example, physical work factors (reaching, close vision work, lifting
heavy loads) affect the loading that is experienced by a worker's tissues and structures. Organizational factors can
also influence the central mechanism. Although little studied, hypothetical pathways also exist between
organizational influences and the biomechanical load-response relationship, as well as the development of
symptoms. For example, time pressures to complete a task might induce carelessness in handling a particular load,
with consequent tissue damage. The organizational culture can also create an incentive or a disincentive to report a
musculoskeletal disorder or to claim that the impairment should be considered a disability. Social context factors,
such as a lack of means to deal with psychological stress (e.g., no spousal support), might also influence what a
worker reports or even the worker's physiological responses.

To the right in Figure 1, the framework shows the influence of individual physical and psychological factors,
as well as non-work-related activities, that might affect the development of musculoskeletal disorders. For
example, psychological factors can affect a person's identification of a musculoskeletal disorder or willingness to
report it or to claim that the impairment is a disability. Physical factors might involve reduced tissue tolerance due
to age or gender or disease states, such as arthritis, which can affect people's biochemical response to tissue
loading.
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This framework can accommodate the diverse literatures regarding musculoskeletal disorders by
characterizing the pathways that each study addresses. For example, an epidemiological investigation might
explore the pathways between the physical work environment and the reporting of impairments or the pathway
between organizational factors and the reporting of symptoms. An ergonomic study might explore the pathways
between work procedures and equipment and the biomechanical loads imposed on a tissue. This framework also
focuses attention on the interactions among factors. For example, the combination of a particular set of work
procedures and organizational factors might produce an increase in disorders that neither would alone produce.

Looking at the evidence as a whole provides a sounder basis for understanding the overall dimensions of the
problem of work-related musculoskeletal disorders than restricting an examination to any one factor or kind of
evidence. It also places individual studies in context, by showing the factors and pathways that they do and do not
address.
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2

State of the Evidence

The goal of the steering committee was to examine the current state of the scientific research base relevant to
the problem of work-related musculoskeletal disorders. As mentioned, we identified five major topics, each of
which has been the subject of scientific examination. The resulting literature represents a wide variety of research
designs, measures, apparatuses, and modes of analysis. Our representation of the science base therefore covers a
wide range of theoretical and empirical approaches. For example, there are highly controlled studies of soft tissue
responses that are based on work with cadavers, animal models, and human biomechanics; survey and cross-
sectional studies that examine the relationship between musculoskeletal disorders and work, organizational,
social, and individual factors; and experimental, quasi-experimental, and time-series studies that are designed to
examine the effects of various interventions.

In order to make sense of such a multifaceted body of research, we have extended our analysis beyond the
traditional criteria used in epidemiological studies; we rely, instead, on five commonly accepted criteria for
establishing causal linkages among factors. Following the discussion of the causal criteria, this review of the
evidence is divided into five sections. The first, soft tissue responses to physical stressors, covers material that
corresponds to the load and response boxes in Figure 1. The second section, work factors and biomechanics,
discusses the biomechanics of the load-response relationship and examines the contributions of work procedures,
equipment, and environment to this relationship. The third section covers the epidemiological evidence relating
biomechanical factors at work to musculoskeletal disorders. The fourth section examines the state of the evidence
regarding the contributions of the nonbiomechanical factors listed in Figure 1—organizational, social, and
individual. The final section presents a discussion of workplace interventions; this section covers material relevant
to all factors represented in the figure.

CRITERIA TO DETERMINE CAUSALITY

Five criteria are normally considered in determining whether scientific evidence supports a causal claim as
internally valid—that is, that the purported cause was uniquely responsible for the effect (Campbell and Stanley,
1966; Cook and Campbell, 1979; Cordray, 1986; Einhorn and Hogarth, 1986).

•   The first criterion, temporal ordering, requires that the cause be present before the effect is observed. It
can be assessed by examining the type of control the investigator has over the timing and delivery of the
causal agent in an experimental study (e.g., conducted under controlled conditions) and the course of
events in an observational study (e.g., one involving systematic observation of events in the real world).
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•   The second criterion requires that the cause and effect covary. For example, when no force is applied to a
tendon, it remains in a relaxed state; in the presence of the cause (a force), the tendon responds.

•   The third criterion involves the absence of other plausible explanations for the observed effect. To the
extent that confounding factors have been controlled by the design of the experiment or observation,
other explanations for the observed effect are less likely. In some studies, it is possible to use random
assignment of participants to conditions to control the influence of other factors, but this is not the only
means for achieving control. In making a determination of whether factors other than the experimentally
manipulated factor (e.g., ergonomic redesign) offer plausible explanations for the observed effect (e.g., a
lower average level of sick days in the post-redesign period of observation), it is necessary to identify and
test whether other plausible factors might have been operative, mimicking the effect of the target cause
(e.g., change in sick leave policy, turnover in personnel). If no other such causes can be shown
empirically to be responsible for the effect, it is reasonable to attribute the effect to the cause under
investigation. Note that this criterion stipulates that other causal factors need to be plausible, not merely
logically possible. Claims of plausibility have merit to the extent that they can be empirically supported.

•   The fourth criterion, temporal contiguity, amplifies the first (temporal ordering). To the extent that the
effect follows the cause closely in time, the plausibility that other factors are operative is reduced. For
example, if a tendon reacts immediately to the presence of force, it is unlikely that other factors (e.g.,
gravitational pull) are responsible for the sudden elongation. On the other hand, if there is a delay
between the application of force and the response that cannot be explained by the biomechanical
mechanisms associated with tendon structures, other factors may be operative, weakening the strength of
the causal claim.

•   The fifth criterion is that the size of the cause is related to the size or magnitude of the effect: that is, there
is a congruity between the cause and effect. More specifically, a small force or small change in the
workplace ought to correspond to a small effect and a large force or major change (e.g., multiple
components of the workplace are altered) ought to be accompanied by a large effect (e.g., failure of a
tissue or a substantial reduction in work-related injuries). When results from experiments or quasi-
experiments violate these expectations, it is necessary to examine how the effect was modified (either
enhanced, in the case of a small cause that leads to a large effect, or dampened, in the case of a large
cause that produces a small effect). To the extent that a compelling explanation for these anomalies
cannot be provided (e.g., delays in the implementation of a workplace redesign), it is plausible to assume
that other processes (not related to the suggested cause) are responsible for some or all of the effect.

By applying these criteria to evaluate the credibility of scientific evidence, one need not place heavy
emphasis on the types of research design that have been used in a given study. It is a disciplined way to take
advantage of the research provided by a wide variety of methods and, thus, it has substantial implications for the
manner in which a science base is considered. Rather than focusing on a study's design features, one considers the
pattern of data for each study and its associated design on a case-by-case basis. For some studies, it is readily
apparent that even the minimal causal criteria cannot be substantiated (e.g., it is impossible to establish that the
cause came before the effect). For others, even when there is no conventional experimental control group (created
through random assignment), observations before and after the introduction of an
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intervention can produce valid claims if coupled with other evidence about the change and with probes concerning
the presence or absence of other plausible explanations.

In complex domains, single studies can seldom provide a conclusive verification of a causal proposition. It is
through replication and synthesis of evidence across studies, preferably with studies that use a variety of methods
(each with different strengths and weaknesses), that causal claims gain their inferential strength. In performing
such syntheses, greatest weight should be given to the evidence from studies that most completely satisfy the five
criteria specified above. Poorly conceptualized and executed studies may have little to offer for assessments of
causal claims. In contrast, the evidence from a few well-conceived and well-executed studies can strongly
outweigh the ''noise" created by a large number of studies that do not satisfy the five criteria for causality. (A
similar argument was made in deliberations about the evidence related to the effectiveness of a set of complex
public health programs; see Normand et al., 1995).

Finally, inferential strength is gained by examining the evidence from a variety of theoretical perspectives (as
well as a variety of research methods), as specified in the framework provided in Figure 1. Establishing that
biological and biomechanical processes influence tissues, that these forces are present in some work environments
or work-related tasks, that their presence is associated with musculoskeletal disorders, and that their influence can
be reduced by workplace redesign (or other interventions) should provide a greater understanding of the evidence
than can be gained by considering each factor separately. The findings presented in the rest of this section reflect
the steering committee's application of the criteria to the research literature.

SOFT TISSUE RESPONSES TO PHYSICAL STRESSORS

Several well-established findings are supported by the papers of Rempel et al. (1998) and Ashton-Miller
(1998), presented at the workshop. While certain loads can be tolerated and adapted to, all soft tissues, including
muscle, tendon, ligament, fascia, synovia, cartilage, intervertebral disc, and nerve, fail when subjected to
sufficient force. Data from cadaver studies provide ranges within which such failures occur, and animal models of
some tissue provide support for the laboratory data. Even at levels of force clearly below the failure level,
however, there is scientific evidence, from these types of studies, that tissue response to deformation can produce
inflammation, failure at microscopic levels, and muscle fatigue.

Injuries to muscle from single-event and repetitive contractions have been documented in humans and in
animal models. Local muscle fatigue occurs at low contraction levels when maintained for long periods.
Inflammatory muscle responses have been documented in humans subjected to repetitive or prolonged loading.
Muscles also are affected by individual factors, such as age and level of conditioning. These effects involve not
only the tissue, but also the neuromuscular control system.

Ligaments and tendons also fail from single or repetitive loading. For tendons, disorders can occur at the
insertion into the bone, in the tendon proper, or at the junction between tendon and muscle. Animal models have
demonstrated the development of inflammatory responses in the tendon sheath and insertion areas (tendinitis and
tendinosis).
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Cartilage is a tissue known to deteriorate when subjected to abnormal loads. Intervertebral discs, which are a
special type of cartilage, fail when loaded, as fissures develop within the substance. Age, gender, and other
individual factors influence these processes.

Nerves subjected to tension or compression will respond with pain, dysfunction, and ultimately permanent
tissue changes. There is good scientific evidence about both acute and chronic effects of nerve compression and
about the effects of vibration on nerves. Critical pressure and duration values have been established for acute nerve
compression, but they have not yet been established for chronic compression.

It is important to note that many of the well-designed experimental studies in animals and cadavers have been
successfully replicated. The applicability of their findings to humans in the workplace has been addressed by
observations of comparable effects in exposed humans. On all of these highly controlled studies, the causal criteria
are met: the load or stress occurs before the response, confounding factors are controlled to eliminate other
plausible responses, and the size and temporal proximity of the load and effect can be consistently measured and
predicted.

WORK FACTORS AND BIOMECHANICS

The relationships among external work factors, loads, and responses (see Figure 1) have been studied
extensively, using both theoretical models and human laboratory studies. Theoretical models make use of
mathematical models that are widely applied to design mechanical structures in aircraft, automobiles, bridges, and
buildings. Some human studies involve postmortem techniques to examine geometry and mechanical properties of
tissues and their response and adaptation to various loads. Other human studies use force gauges and
electromyography to directly measure forces produced in given activities. It has been shown that activities of
work, daily living, and recreation often produce loads that approach the mechanical limits of soft tissue (discussed
in the preceding section) and in some cases for some individuals exceed those limits. Up to certain limits, some
tissues, such as muscle tissue, are able to adapt to repetitive loading; while the ability of other tissues, such as
nerve tissue, to adapt is much less (see discussion of these in Radwin and Lavender, 1998). In general, the results
of human studies meet the criteria of temporal order, temporal contiguity, covariance, and the absence of other
plausible explanations.

Work entails positioning and exertion of the body to accomplish required tasks. In addition, exertion of the
body against an external object may impose significant contact stresses on the surface of the body, which are
transmitted to underlying tissues. If the work object vibrates, some of that vibration will be transmitted to the
body. Exertion, posture, contact stress, vibration, and varying temperatures are external stressors. The intensities
of the exertions are related to the weight, resistance, drag, inertia, and reaction forces of the work objects. Postures
are related to the geometry of the workplace and the size of the worker; they range from neutral positions to the
limits of the range of motion. Contact stresses are related to force and area of contact. Vibration is related to how a
tool is powered, balanced, and mounted. Low temperatures are related to ambient air temperature and to the
thermal conductivity of handles and gloves. If ambient air is cold or if a work object is cold, a worker's hand will
be cooled. The frequency and duration of exertions and postures are related to production rates and quotas.
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These exposures may occur not only at work, but also in various activities of recreational and living
activities.

These relationships are supported by basic Newtonian mechanics, and they can be observed directly (Chaffin
and Andersson, 1990). For example, posture is related to the location of parts, assemblies and controls, size and
shape of handles, orientation of work objects, and visual requirements. Posture is also affected by obstructions that
workers must see or reach over, under, or around. Posture variations can be observed within a given work
situation, but this variation is small in relation to that attributed to the workstation. If work is located overhead, as
often occurs in manufacturing settings, workers will have to stand with their hands above their heads. If the work
is located on the floor, workers may have to bend or stoop. It has been observed that work capacity is greatly
reduced at very high and very low locations (Snook and Ciriello, 1991; Marras et al., 1997).

It can be shown that the force required to support a work object is related to weight and friction (Armstrong,
1985). Similarly, forces required to depress the keys on a keyboard are related to the stiffness of the keys
(Armstrong et al., 1994). However, there may be significant variations from person to person; one worker may
strike the keys of a keyboard very forcefully, while another uses a light touch.

It can also be shown that the frequency and duration of exertions are related to work standards and quotas.
Production rates are based on estimates of the time required to perform a given task. Allowances may be added to
provide time for process variations and to provide sufficient recovery time. Pay incentives, which encourage faster
work, may result in insufficient recovery time. The effect may be compounded by production quotas that
necessitate overtime. Although external stresses can be produced by activities of recreation and daily living, the
duration of exposures rarely equals the 40-60 hours per week that commonly occur in work settings.

External loads impose internal loads on underlying tissues (e.g., muscles, tendons, tendons sheaths, bones,
ligaments, and nerves). The relationship between external and internal loads has been demonstrated with
biomechanical models and observed using instrumentation. For example, intervertebral disk pressures of the
lumbar spine up to 1.6 MPa have been calculated and measured. Internal finger flexor tendon tensions have been
shown to be three to five times greater than external finger forces (Chaffin and Andersson, 1990).

The relationship between external and internal loads is also based on Newtonian mechanics. Internal loads
have been shown to produce mechanical, physiological, and psychological responses, such as tissue deformation,
altered metabolism, altered circulatory patterns, and perceived exertion (see discussion of soft tissue responses
above). Depending on the duration and intensity of the loads and recovery time, the responses may cause
discomfort and impair performance. Fatigue is one such example. While fatigue can significantly affect worker
comfort and impair work performance, it is a transient response that dissipates rapidly when work stops. In some
cases, however, loads are large enough or last long enough to stimulate acute tissue disorders. Although damaged
tissue stimulates a healing response, healing may not occur if the loads continue to be applied.

These processes have been studied in all parts of the body. For example, exertions of the hand entail a
complex mechanical equilibrium of the muscles in the forearm and hand that open the fist and those that close the
fist. Exertions of the trunk entail a complex equilibrium among all of the muscles in the back and extremities.
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The relationships among external loads and internal loads and mechanical, physiological, and psychological
responses have been studied extensively, using simulation, direct instrumentation, indirect instrumentation, and
epidemiological studies. The studies support several important conclusions that are in accord with the proposed
multifactorial framework presented above (see Figure 1) and that provide a basis for evaluating and controlling
biomechanical stresses in the workplace:

•   There are numerous ways of measuring and characterizing external loads. For example, force can be
measured in terms of the weight of parts, tool reaction force, perceived exertion, muscle electrical
activity, or observer ratings. Posture can be measured in terms of joint angles, perceived exertion,
observer ratings, or work locations (e.g., keyboard height).

•   Internal loads can be estimated by using external loads. For example, a worker must bend or stoop to lift
an object from the floor; a worker will exert more force on a stiff keyboard than a light touch keyboard.
Understanding these relationships allows prediction of internal loads.

•   Predicted internal loads generally agree with measured internal and external loads. For example,
measurements of pressure at the L5S1 intervertebral disk agree with predicted values (Marras and
Granata, 1997). Predictions of finger flexor tendon loads generally agree with measurements of tendon
loads. Measurements of muscle loads using electromyography generally agree with predicted values.

•   The importance of a particular response varies from one part of the body to another. For example, tensile,
contact, and shear loads and fluid pressures are particularly important in the wrist. It has been shown that
internal loads produced on tendons by repetitive handwork are sufficient to cause significant elastic and
viscous strain. These loads can be associated with pathological changes in adjacent synovial and nerve
tissues. Muscle force and interjoint pressures are particularly important in the low back.

•   Although external loads can be measured on continuous scales, most epidemiological studies consider
only two levels of exposure—high and low. This approach reflects the operational realities of field
studies, which are often limited by availability of workers, exposure groups, and stability of work
settings. However, continuous scales would be useful for primary prevention and work design.

EPIDEMIOLOGICAL EVIDENCE THAT PHYSICAL FACTORS CAN CAUSE
MUSCULOSKELETAL DISORDERS

One of the factors prompting our review of the scientific relationship between biomechanical stressors at
work and the occurrence of musculoskeletal disorders has been controversy regarding human studies in working
populations. These studies, although numerous, have used diverse methods for measuring both exposure to
mechanical factors and the health outcomes of interest. As results have not converged in every regard, some
individuals have discounted some or all of the collective evidence.

In an effort to clarify this situation, the National Institute of Occupational Safety and Health (NIOSH)
undertook a review of the epidemiological literature (Bernard, 1997), with the intent of examining critically the
strengths and weaknesses of available studies. The study attempted to identify both those areas for which there is
strong evidence for convergence of
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results linking an exposure to musculoskeletal disorders and those areas for which the evidence is weaker or
divergent.

A highly representative sample of respected epidemiologists was invited to the workshop to discuss the
NIOSH review and the epidemiological studies considered. Seven of these experts from within and outside the
field participated in a panel discussion. Both written and presented comments of the panel have been further
considered and extensively discussed by the steering committee (using the approach to evidence outlined above).
See Evanoff, 1998; Franzblau, 1998; Gerr, 1998; Punnett, 1998; Sandler and Blume, 1998, and Wegman, 1998.

These presentations and discussions led us to the following summaries of the scientific evidence:

•   Strong associations between measured biomechanical stressors at work and musculoskeletal disorders
were observed in most studies; however, temporal contiguity between the stressors and onset of effects,
as well as evidence of amelioration after reduction of stressors could not always be established, nor could
the clinical course of the observed effects. This shortcoming, though inherent to practical requirements of
such research, makes it difficult to make strong causal inferences on the basis of the evidence from any
individual study.

•   Methods used for the assessment of exposures and health outcomes vary, rendering the task of merging
and combining evidence more challenging than in some other areas of occupational risk assessment. But
this variability does provide the benefit of multiple perspectives on a common set of problems.

•   It is not feasible to assess the relative contribution of task and other factors to musculoskeletal disorders in
the general population. In addition, high rates of workplace participation complicate characterization of
the nonworking population (e.g., the prevalence of health-related reasons for not working). Therefore,
evidence about the prevalence and incidence of even the most common musculoskeletal disorders in
nonworking populations, which could be readily compared to results of epidemiological studies of
workers, is largely lacking.

•   Some published studies that show associations between biomechanical stressors and musculoskeletal
disorders are difficult to interpret because of the possibility that plausible but unmeasured factors could
explain some or all of the observed differences in rates of musculoskeletal disorders. In other words,
whether biomechanical stressors or something else have caused higher rates of musculoskeletal disorders
could not be definitively answered. This problem is common to epidemiological research in general.

Despite these limitations, however, the steering committee reached the following conclusions:

•   Restricting our focus to those studies involving the highest levels of exposure to biomechanical stressors
of the upper extremity, neck, and back and those with the sharpest contrast in exposure among the study
groups, the positive relationship between the occurrence of musculoskeletal disorders and the conduct of
work is clear. The relevant studies have not precisely determined either the causal mechanical factors
involved nor the full clinical spectrum of the reported musculoskeletal disorders (which have often been
lumped together nonspecifically as musculoskeletal disorders of a body region); nonetheless, those
associations identified by the NIOSH review (Bernard, 1997) as having strong evidence are well
supported by
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competent research on heavily exposed populations. Examples include the excesses of musculoskeletal
disorders of the upper extremities among sawyers and auto assembly workers and the excesses of
musculoskeletal disorders of the back among materials handlers and health care workers who lift
patients.

•   There is compelling evidence from numerous studies that as the amount of biomechanical stress is
reduced, the prevalence of musculoskeletal disorders at the affected body region is likewise reduced. This
evidence provides further support for the relationship between these work activities and the occurrence of
musculoskeletal disorders.

•   Evidence of a role for biomechanical stress in the occurrence of musculoskeletal disorders among
populations exposed to low levels of biomechanical stressors remains less definitive, though there are
some high-quality studies suggesting causal associations that should serve as the basis for further
investigation. In cases of low levels of biomechanical stress, the possible contribution of other factors to
musculoskeletal disorders is important to consider. Many of these factors are discussed below.

EPIDEMIOLOGICAL EVIDENCE THAT NON-BIOMECHANICAL FACTORS CAN CAUSE
MUSCULOSKELETAL DISORDERS

The framework in Figure 1 shows individual, organizational, and social factors as sources of variation that
might directly affect the physiological pathways leading from tissue load, through impairment, to disability. This
section examines the evidence for and against these relationships.

We note two points about most musculoskeletal disorders: (1) it is highly unlikely that all individuals have
equal susceptibility to any disorder, and (2) it would be unusual if organizational aspects of the workplace and
social support factors had no role in either the incidence or the time pattern of a disorder. The issues of interest are
the magnitude of such effects, relative to biomechanical effects, and the nature of interactions between
biomechanical, individual, organizational, and social factors.

The literature on non-biomechanical factors is highly variable in a number of ways that complicate
comparisons across studies. First, the number of non-biomechanical factors is potentially unlimited, and different
studies typically have examined different, although often overlapping, sets of factors. Second, many of the
variables of interest, such as job content, job control, or social support, lack consensus on standard measurement
and procedures. Measurement scales are often borrowed from studies of conditions other than musculoskeletal
disorders. As a result, different studies of the same topic use different measures and even different disorders, or
different precursors and endpoints for the same disorder. Third, both cross-sectional and longitudinal research
techniques have been used, with a variety of sample sizes and with different criteria for causality. This variability
is a barrier to mechanical aggregation of studies, a task that requires careful attention to sample size and
measurement error. Diversity, however, can be an asset if the findings of a variety of studies reinforce one
another. Testing for such convergent validity requires an interpretative framework that acknowledges the
potentially complementary strengths and weaknesses of different research methodologies.
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Below we review the evidence on individual, organizational, and social factors (see Faucett and Werner,
1998, for supporting material). No evidence was presented that malingering is a large contributor to the overall
incidence of musculoskeletal disorders, although it is likely there are individuals who abuse the medical and social
systems in this way.

INDIVIDUAL FACTORS

Faucett and Werner (1998) and the workshop discussants agreed that individuals differ in their susceptibility
to the incidence, severity, and etiology of musculoskeletal disorders. Most of the reviewed papers studied upper-
extremity musculoskeletal disorders, although some focused on the low back. For some individual factors (age,
prior medical conditions) there is high plausibility for the influence of biological mechanisms that could account
for the strong relationships observed in epidemiological studies. For a number of other factors, there is equally
strong epidemiological evidence, but the mechanism is less clear (body mass index, gender). Still other factors are
less well established (genetics, general conditioning) or are limited to a single disorder (wrist physical dimensions
for carpal tunnel syndrome).

Overall, the studies complement and reinforce one anothers' conclusions for particular variables that have
been studied repeatedly (e.g., aging). However, it is important to note that these relationships, although often
statistically significant, rarely show high predictive value. Most studies explain a relatively small percentage of the
overall variance in the outcome measures. This is not a paradoxical result, but simply a reflection of the fact that
even weak predictors will be statistically significant if they are measured well in large samples.

ORGANIZATIONAL AND SOCIAL FACTORS

A number of studies have grouped non-biomechanical factors at the workplace and within social support
groups as "psychosocial factors." These are often the factors directly associated with levels of workplace stress,
such as job content and demands, job control, and social support. However, variables such as job satisfaction or
job enjoyment have also been included. The effects associated with these factors have been examined in the
NIOSH review (Bernard, 1997), the commissioned paper prepared for the workshop (Faucett and Werner, 1998),
and in a number of other recent comprehensive reviews (particularly from Europe), with quite similar conclusions
(see, e.g., Bongers et al., 1993).

Organizational variables of job content and job demands include such factors as job variety, job identity,
workload, and time pressure. In the study and evaluation of these variables, both objective measures and subjective
perceptions of workers have been used; the latter have been collected in the form of workers' responses on scales.
Generally speaking, poor job content (e.g., poor task integration, lack of task identity) and high job demands have
been found to be related to higher rates of musculoskeletal disorders. In some cases, these factors covary with
physical factors. For example, high levels of time pressure can increase speed of movement and hence the dynamic
forces acting on tissues. The effect of job control, also called decision latitude, on reports of musculoskeletal
disorders has received moderate support from the literature.

Social support is seen as a mediating variable in studies of psychological stress; it finds strong support in the
NIOSH review and the commissioned review, but somewhat less in other
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reviews presented by workshop discussants. Across organizational and social variables, psychological stress has
some causal plausibility, but in general its biological plausibility is weaker than for some other individual and
biomechanical factors. Again, the conclusion is that even when statistically significant, these factors are not large.

INTERVENTIONS

There are a variety of actions that can be taken in the workplace to eliminate or reduce the risk of
musculoskeletal disorders. According to the commissioned paper by Smith et al. (1998:2): "These include
engineering redesigns, changes in work methods, administrative controls, employee training, organized exercise,
work hardening, personal protective equipment, and medical management to reduced exposures." Numerous
assessments have been undertaken to determine whether such actions, singly or taken as a program of risk
reduction, actually do result in observed benefits to employees and employers.

Intervention studies differ from their epidemiological counterparts in at least one fundamental way: in
intervention studies, the effects of occupational risk factors are examined by manipulating attributes of the work
condition. One approach is to use the standard experimental paradigm. This involves creating an intervention
group that receives one or more of the actions listed above and a control group that receives alternative forms of
the intervention or "business as usual." Another research design is the before-and-after paradigm. When multiple
observations are obtained before and after introduction of the intervention, the before period serves as the control
condition from which the effects of changes in musculoskeletal disorders in the post-intervention period can be
assessed. This design is referred to as an interrupted time-series quasi-experiment (Campbell and Stanley, 1966).
Although it does not involve random assignment to conditions, it represents a relatively strong research design
that is often able to provide internally valid evidence about the causal effects of an intervention. That is, because
of the control that is exercised over the presentation of the cause (e.g., a work-related design), intervention studies
generally fulfill the temporal ordering criteria (i.e., the cause precedes the effect).

Exposure to the cause can be controlled either through random assignment of conditions or through timing of
the introduction of the intervention. As with most intervention research, an investigator's ability to control the
influence of all plausible threats to validity is reduced as the site of the study moves from the laboratory to the
workplace. However, generalization (i.e., external validity) is enhanced for studies conducted in "real-world"
settings. Thus, there is a constant tradeoff between internal and external validity.

Overall, there is a great deal of diversity regarding the nature and quality of research methods used in
intervention studies (Smith et al., 1998). There are a number of laboratory studies involving the use of random
assignment of participants to interventions. However, these studies often involve participants who differ from the
target workers of interest on key attributes (e.g., study participants have included well-conditioned athletes).
Furthermore, the experimental arrangements are not always representative of the types of work-related tasks that
are of most interest. The duration of exposure to a stressor is often short and therefore unrepresentative of the
duration and intensity of exposure in workplaces. In assessing the effects of exposure to an intervention,
laboratory-based studies often have to rely on short follow-up assessments and
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measures that reflect symptoms rather than the end-states of most interest (e.g., sick days). As such, the relevance
of these studies, despite some of their desirable features (e.g., random assignment), is often questioned.

Field studies conducted in work environments overcome some of the shortcomings of the laboratory studies
because of greater realism of the interventions that are tested, longer exposure to the redesign efforts, longer
follow-up intervals, and the measurement of important end-states. A few of these studies are classified as true
experiments (i.e., experimental versus control conditions); the remainder are designated as less well-controlled
studies. But within this latter group, several high-quality quasi-experiments have been undertaken that provide
relatively convincing evidence about the effects of multicomponent intervention actions (Aaras, 1994; McKenzie
et al., 1985; Jones, 1997). Not only do these studies provide data for extended periods before and after the
introduction of the intervention package, they often provide additional evidence about the operation of the causal
factor (e.g., workplace redesign) in reducing the amount of load or stress on muscles. Moreover, the patterns of
outcome data fulfill the conditions for causal inference: that is, they show sharp reductions in end-state measures
following introduction of the intervention (indicating covariation, temporal ordering, temporal contiguity), the size
of the reduction (effect) corresponds to the size of the cause (indicating cause-effect congruity), and few (if any)
rival explanations can be invoked to explain the effects.

Another class of field studies involves comparisons of alternative forms of intervention (e.g., back school
versus exercise) rather than pure control group conditions, where the participants receive little or no specialized
attention. Given that two or more interventions are contrasted, each of which might have beneficial effects, there is
an increased chance that the results will show no comparative advantage of either intervention or mixed results,
where one intervention is superior on some but not all outcome measures.

In field settings, it is not uncommon for an intervention to involve multiple actions to participants in the
intervention group. Under this circumstance, it is difficult to determine which of the actions was responsible for
any observed effect. It may be tempting to criticize a study because the individual influence of each action could
not be uniquely identified. However, from the perspective of the internal validity of the study, this criticism is not
strictly applicable. Rather, it is possible to conclude that the design of the study produced valid findings about the
"package" of actions. Labeling the specific cause of the findings is an issue of construct validity, a standard that is
unlikely to be achieved in actual workplace environments.

The available reviews of the literature (Smith et al., 1998; Lahad et al., 1994) have not examined all of the
studies (experiments and quasi-experiments) that have appeared in the literature to date. As such, it is not possible
to characterize the quality of the evidence for the full collection of studies. However, there are a number of high-
quality studies that can be used to determine whether interventions can reduce the risk of musculoskeletal
disorders.

The literature provides evidence that interventions, of various types and complexity, can prevent the
development of musculoskeletal disorders in specific industries and occupational groups. For example, there is a
set of well-controlled studies that show that hospital workers, nurses aides, and industrial workers benefited from
extended exercise programs (Lahad et al., 1994). Among these benefits were greater strength, less absenteeism,
and fewer days of reported lower back pain. These effects have been seen for workers with and without prior
histories of back pain. Other, less well-controlled studies revealed similar benefits. There is also some minimal
evidence pointing to a positive benefit of educational strategies. Other examples are
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found in the poultry processing and telecommunication industries, where interventions resulted in reductions in the
total number of recordable repetitive trauma disorders (according to the criteria of the Occupational Safety and
Health Administration [OSHA]), lost workdays, number of days of restricted activity, and employee turnover. In
these latter examples, there is also some evidence that the interventions were cost beneficial for employers.

Further evidence for effective intervention is found in several well-designed studies that show that alternative
hand tool designs result in improved hand and wrist posture, thereby minimizing the risk of musculoskeletal
disorder. And there is some evidence that weight handling devices reduce the risk of musculoskeletal disorders
(Smith et al., 1998).

Most of the industry-specific studies used multicomponent interventions (e.g., engineering controls, training,
medical management, employee empowerment). Although these studies attempted to provide insights into the
relative importance of each component, it is often not possible to identify those features of the overall intervention
that are most critical in achieving the observed benefits.

FUTURE RESEARCH

Although the research base contains valuable information and shows consistent patterns regarding the
relationships between stressors and musculoskeletal disorders, additional research would provide a better
understanding of the processes involved. Looking across the areas defined in the framework, there are five
interrelated and fundamental issues that deserve additional attention by researchers:

1.  In all areas, additional research would shed light on the models and mechanisms that underlie the
established relationships between causal factors and outcomes. For example, it is obvious that a tissue
will fail when loaded above its ultimate strength. How tissue responds to repetitive loading, what
triggers inflammatory responses, and how these are influenced by individual factors have not been
explained in detail. A similar argument can be made for intervention studies, especially those that
involve multiple components. Here, the literature shows that a "bundle" of actions can reduce the risk
of musculoskeletal disorders and associated outcomes (e.g., sick days). What is less clear are the
mechanisms by which changes to work procedures, equipment, environment, and organization, as
well as to social and individual factors, produce the benefits.

2.  Along with a better understanding of the mechanisms that produce tissue failure and mechanisms that
produce reductions in risks, the relationships between symptoms, injury reporting, impairment, and
disability should be clarified, as well as how these relationships are influenced by individual, social,
legal, and environmental factors. That is, there is a need to conduct more studies that consider
multiple factors—workers generally are exposed to multiple factors—and there is likely to be
significant interaction between factors.

3.  The literature identifies a range of procedures and equipment-related intervention strategies that can
be effective. It would be helpful to know more about the relationships between incremental changes
of the environmental load and incremental responses. Knowledge of these relationships could help to
define more efficient and better targeted interventions.
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4.  In order to improve the ability to assess mechanisms, change processes, and interactions among
factors, it would help to have more standardization and greater detail in injury reports, better
measurement of the attributes of contributors and risks, and better measurement of outcomes and
other relevant variables.

5.  Although a good deal is known about musculoskeletal disorders, a better understanding of the clinical
courses of these disorders would be possible with improved models and measures. Better
understanding of the course of these disorders would provide information that would assist in
formulating strategies for tertiary intervention, by altering the clinical and economic impact of
musculoskeletal disorders once they have become manifest. One potential area for research is the
contribution of physical conditioning and exercise to developing human resistance and resilience.

STATE OF THE EVIDENCE 18

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.



Copyright © National Academy of Sciences. All rights reserved.

Work-Related Musculoskeletal Disorders: A Review of the Evidence
http://www.nap.edu/catalog/6309.html

3

Seven Questions Posed by Congressman Robert Livingston

The material in Section 2 puts in perspective the state of the evidence with respect to the range of factors that
could be contributing to musculoskeletal disorders and describes the extent to which there is a scientific basis for
concluding that such disorders originate in the workplace and can be reduced through programmatic interventions.
This section presents the steering committee's response to the seven questions posed by Representative
Livingston. As our analysis has been at the level of the family of musculoskeletal disorders, our response will be
provided across disorders.

Question 1: What are the conditions affecting humans that are considered to be work-related
musculoskeletal disorders?

The musculoskeletal conditions that may be caused by (non-accidental) physical work activities include
disorders of inflammation, degeneration, and physiological disruption of muscles, tendons, ligaments, nerves,
synovia, and cartilage involving limbs and trunk. These entities are included in categories 353-355, 722-724, and
726-729 of the International Classification of Diseases (commonly referred to as ICD-9) (World Health
Organization, 1977). Not every disorder in these categories may be caused by mechanical stressors, but all the
major musculoskeletal disorders of interest are included in these groupings. Common examples are low back
strain, tenosynovitis, and carpal tunnel syndrome.

Question 2: What is the status of medical science with respect to the diagnosis and classification of such
disorders?

There is great variation in the diagnostic criteria for the many musculoskeletal disorders, ranging from
clinical diagnoses based on symptoms and signs for some, to diagnoses based on structural and functional criteria
for others. The diagnostic criteria used in epidemiological studies are often different from those used to make
treatment decisions. This difference can lead to classification of cases for research that would be unacceptable
when invasive treatment alternatives are considered, but it has little influence on the conclusion of appropriately
designed epidemiological surveys. In the classification of back pain, a symptom classification is often used
because the precise etiology of the painful process often cannot be identified. For specific disease entities, such as
herniated disks, there are accepted diagnostic criteria that are based on clinical symptoms and signs, as well as
imaging information. Similarly, there are disease entities for upper extremities for which there are accepted
diagnostic criteria; for other disease entities, they are classified broadly on the basis of clinical symptoms and
signs.
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Question 3: What is the state of scientific knowledge, characterized by the degree of certainty or lack
thereof, with regard to occupational and nonoccupational activities causing such conditions?

The relationships among work factors, biomechanical loads, and responses are supported by mathematical
models and direct measurements. The mathematical models are widely accepted and applied to design mechanical
structures in aircraft and automotive design. Direct measurements have been used to a lesser extent than modeling
because they are potentially injurious to human subjects; however, when they have been used they generally
support the biomechanical models.

It has been shown that the load forces encountered over time in normal work activities often approach the
physiological and mechanical tissue limits. Limits may be exceeded as a result of a single high force or as a result
of repeated loads over time. Some tissues have a greater ability to adapt to repeated loads if there is sufficient
recovery time between successive loads, while other tissues, e.g., nerves, are less able to adapt.

Biomechanical loads are encountered in activities of work, daily living, and recreation. The contribution of
these activities to tissue response is related to their relative duration and intensity. For most people, their main
exposure is at work. There is a substantial body of epidemiological literature that shows a disproportionately high
incidence of musculoskeletal disorders of all types among persons exposed to high biomechanical loads. Although
there can be debate about acceptable exposure limits, there can be little disagreement about the fundamental
relationship between extreme work exposures and musculoskeletal morbidity.

Question 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?

Data at the population and industry level have been collected for a variety of purposes by different groups
using different methods. Some data are based on survey results, some on clinical or medical diagnoses, and some
on compensation claims. In the judgment of the steering committee, it is not possible to make useful comparisons
on the basis of these data.

The incidence of musculoskeletal disorders in any specific occupational group can be expected to reflect the
tissue loads imposed by the work, the tissue tolerances of the mix of individuals doing it, and the other activities in
their lives imposing related loads. The relative contribution of the different factors in any occupational group
depends on (1) the strength of these relationships across the ranges of individuals and activities in that group and
(2) the variability of the individuals and activities. For example, gender will not be an important predictive factor
if men and women do not, on average, have different tissue tolerances for the loads imposed in that occupational
group or if workers in the group are overwhelmingly men or women. The relative contribution in a specific
industry will, similarly, depend on the mix of individuals and tasks in it. Unfortunately, measurements of the
relevant features of individuals and tasks are typically unavailable, limiting our ability to assess the relative
contribution of different factors across groups. The evidence shows that the incidence of musculoskeletal
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disorders is higher among individuals who perform activities that exceed tissue tolerances. Generally speaking, the
more that they perform those activities, the greater are their risks for such disorders.

Question 5: What is the incidence of such conditions in (a) the general population; (b) specific
industries; and (c) specific occupational groups?

Current knowledge about the incidence of each of the conditions described in Question 1 in the general adult
population is limited because (1) the conditions are clinically diagnosed, typically in doctors' offices; (2)
diagnostic criteria for these conditions are not uniformly applied; (3) there are no data collection systems to
capture such diagnoses in the health care system; and (4) two-thirds of the adults in the general population are
employed, with variable occupational risks. Those who are not employed, including those with various chronic
conditions and disabilities, are not a suitable reference population. Data on industry and occupational groups are
based on a wide variety of methods that have been collected for different purposes. It is the steering committee's
judgment that it is not possible to make useful comparisons on the basis of these data.

Question 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) specific occupational groups?

Specific interventions can affect the reported rate of musculoskeletal disorders in specific industries and for
specific occupations. Interventions can also reduce reports of musculoskeletal disorders, the presence of risk
factors, and the reporting of comfort and pain associated with work. It is also clear that the effectiveness of
interventions can be improved if they are tailored to specific occupations and work settings. There is a dearth of
data on interventions in the general population.

Question 7: What scientific questions remain unanswered, and may require further research, to
determine which occupational activities in which specific industries cause or contribute to work-related
musculoskeletal disorders?

Looking at this web of evidence, we have reached three major conclusions:

•   Musculoskeletal disorders are a serious national problem: estimates of costs range from $13 to $20 billion
annually.

•   These problems are caused by work and non-work activities.
•   There are interventions that can reduce the problems.

We have also identified some focused research projects, the results of which could increase the efficacy of
interventions. Some of these projects would produce useful results
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within specific research areas; others would increase the connections among the areas. It is a strength of the
science that it points to these specific opportunities (see the discussion of future research above).
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4

Conclusions

The steering committee has explored the complex problem of musculoskeletal disorders in the workplace. We
have supplemented our professional expertise with workshop presentations, commissioned papers and other
submissions, and discussions with invited workshop participants. We find very clear signals on some topics and
weaker signals on others-but little in the way of contradiction. Thus, while there are many points about which we
would like to know more, there is little to shake our confidence in the thrust of our conclusions, which draw on
converging results from many disciplines, using many methods:

•   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
employed 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 reduce the reported rate of musculoskeletal
disorders for workers who perform high-risk tasks. No known single intervention is universally effective.
Successful interventions require attention to individual, organizational, and job characteristics, tailoring
the corrective actions to those characteristics.

•   Research can (1) provide a better understanding of the mechanisms that underlie the established
relationships between causal factors and outcomes so that workers who are at risk can be identified and
interventions undertaken before problems develop; (2) consider the influence of multiple factors
(mechanical, work, social, etc.) on symptoms, injury, reporting, and disability; (3) provide more
information about the relationship between incremental change in load and incremental biological
response as a basis for defining the most efficient interventions; (4) improve the caliber of measurements
for risk factors, outcome variables, and injury data collection and reporting systems; and (5) provide
better understanding of the clinical course of these disorders.

By and large, the controversies that we observed reflect the usual disputatiousness of science, which advances
when speculative challenges lead to new and clarifying results. One feature of the discourse around
musculoskeletal disorders is that it sometimes involves individuals from one discipline (or sub-discipline) who
reject entirely the legitimacy of research from another. The steering committee understands the claims made by
these often forceful advocates of particular research ideologies. However, we respect the contributions of properly
designed research conducted by the variety of disciplines needed for the topic.

The steering committee's task has been to examine the state of the evidence. As such, we have tried to assess
the plausible ranges of effects for the various factors that have been studied systematically. We have, however,
deliberately avoided providing recommendations for action for three reasons:
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1.  The risk of musculoskeletal disorders depends on the interaction of person and task, as does the
effectiveness of options for reducing those risks. A full specification would require much more
detailed treatment of person-task combinations than is possible here. We have, instead, focused on the
scientific principles that should guide the prediction and prevention of problems.

2.  We have not reviewed the full range of consequences of musculoskeletal disorders and interventions
related to them. For example, we have not evaluated the effects of ergonomics programs on employee
productivity, turnover, and morale. Nor have we examined the effects of musculoskeletal disorders on
the economic and psychological well-being of injured individuals and their families. Rational decision
making must consider the full set of relevant consequences.

3.  Rational decision making also depends on the relative importance attached to the different
consequences. Different people and institutions will have different values and different opportunities
for action, at the governmental, employer, and individual levels.
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Appendix A

Invitees and Participants, Workshop on Work-Related
Musculoskeletal Injuries: Examining The Research Base

PARTICIPANTS

Jacqueline Agnew, Johns Hopkins University
Thomas Albin, 3M Company, St. Paul, Minnesota
Kai-Nan An, Mayo Clinic and Mayo Foundation, Rochester, Minnesota
Gunnar Andersson,* Rush Presbyterian-St. Luke's Medical Center, Chicago, Illinois
Thomas Armstrong,* University of Michigan, Ann Arbor
James Ashton-Miller, University of Michigan, Ann Arbor
Bruce Bernard, National Institute for Occupational Safety and Health, U.S. Department of Health and

Human Services, Cincinnati, Ohio
Sidney Blair, Loyola University Medical Center
Donald Bloswick, University of Utah, Salt Lake City
Paulien Bongers, TNO Prevention and Health, Leiden, Netherlands
Stephen Burastero, Lawrence Livermore National Laboratory, Livermore, California
Dennis Carter, Stanford University, California
Martin Cherniack, University of Connecticut Health Center, Farmington, Connecticut
Linda Cocchiarella, American Medical Association, Chicago, Illinois
David Cochran, Occupational Safety and Health Administration, U.S. Department of Labor, Washington, DC
David Cordray,* Vanderbilt University, Nashville, Tennessee
Theodore Courtney, Liberty Mutual Insurance Company, Hopkinton, Massachusetts
Mark Cullen,* Yale University School of Medicine, New Haven, Connecticut
Carlo De Luca, Neuro Muscular Research Center, Boston, Massachusetts
Raymond Donnelly, Occupational Safety and Health Administration, U.S. Department of Labor,

Washington, DC
Colin Drury,* State University of New York, Buffalo
Bradley Evanoff, Washington University School of Medicine, St. Louis, Missouri
Julia Faucett, University of California, San Francisco
Lawrence Fine, National Institute for Occupational Safety and Health, U.S. Department of Health and

Human Services, Cincinnati, Ohio
Baruch Fischhoff,* Carnegie Mellon University, Pittsburgh, Pennsylvania
David Florence, American Academy of Orthopedic Surgeons, Eauclaire, Wisconsin
Alfred Franzblau, University of Michigan, Ann Arbor
Steven Garfin, University of California, San Diego
Arun Garg, University of Wisconsin-Milwaukee
Robert Gatchel, University of Texas, Dallas
Fredric Gerr, Emory University
Ronald Gray, Johns Hopkins University

*Member, Steering Committee for the Workshop on Work-Related Musculoskeletal Injuries: The Research Base.
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Manny Halpern, New York University Medical Center
Steven Johnson, University of Arkansas, Fayetteville
Brad Joseph, Ford Motor Company, Dearborn, Michigan
Bentzi Karsh, University of Wisconsin-Madison
Waldemar Karwowski, University of Louisville
Michael Kerr, Institute for Work and Health, Toronto, Ontario, Canada
W. Monroe Keyserling, University of Michigan, Ann Arbor
Karl Kroemer, Virginia Tech
Mary Laedtke, U.S. Army Center for Health Promotion and Preventive Medicine, Aberdeen Proving

Ground, Maryland
Wendi Latko, Xerox Corporation, Webster, New York
Steven Lavender, Rush Presbyterian-St. Luke's Medical Center, Chicago, Illinois
Steven Lehman, University of California, Berkeley
Thomas Mayer, PRIDE, Dallas, Texas
Susan Mackinnon, Washington University School of Medicine
William Marras,* Ohio State University, Columbus
Gary Mirka, North Carolina State University, Raleigh
Samuel Moon, Duke University Medical Center
Steven Moore, Texas A&M University, College Station
Robert Morency, L.L. Bean, Inc., Freeport, Maine
Francisco Moro, University of Wisconsin-Madison
Peter Nathan, Portland Hand Surgery Rehabilitation Center, Oregon
Robert Norman, University of Waterloo, Ontario, Canada
Lida Orta-Anés, United Automobile Aerospace and Agricultural Implement Workers of America, UAW,

Detroit, Michigan
Richard Pew,* Independent Consultant, Cambridge, Massachusetts
Malcolm Pope, University of Iowa
Laura Punnett, University of Massachusetts, Lowell
Robert Radwin, University of Wisconsin-Madison
Mark Redfern, University of Pittsburgh
David Rempel, University of California, San Francisco
David Roy, Travelers Insurance, Hartford, Connecticut
Howard Sandler, Sandler Occupational Medicine Associates, Inc., Melville, New York
Scott Schneider, Laborers' Health and Safety Fund of North America, Washington, DC
Margaret Seminario, AFL-CIO, Washington, DC
Barbara Silverstein, Washington State Department of Labor and Industries, Olympia
Mary Lou Skovron, Genentech, Inc., South San Francisco, California, and New York University School of

Medicine
Michael Smith, University of Wisconsin-Madison
Moshe Solomonow, Louisiana State University Medical Center, New Orleans
Carolyn Sommerich, North Carolina State University, Raleigh
Robert Szabo, University of California, Davis
David Wegman, University of Massachusetts, Lowell
Richard Wells, University of Waterloo, Ontario, Canada
Robert Werner, University of Michigan, Ann Arbor

APPENDIX A 29

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.



Copyright © National Academy of Sciences. All rights reserved.

Work-Related Musculoskeletal Disorders: A Review of the Evidence
http://www.nap.edu/catalog/6309.html

INVITEES WHO WERE UNABLE TO ATTEND

Peter C. Amadio, Mayo Clinic, Rochester, Minnesota
Mohamed M. Ayoub, Texas Tech University
Susan Baker, Johns Hopkins University
Stanley J. Bigos, University of Washington
Claire Bombardier, Institute for Work and Health, Toronto, Ontario, Canada
Patricia Buffler, University of California, Berkeley
Donald B. Chaffin, University of Michigan, Ann Arbor
Harvey Checkoway, Yale University
Jerome Congleton, Texas A&M University
Thomas Cook, University of Iowa
Marvin J. Dainoff, Miami University, Oxford, Ohio
Richard Deyo, University of Washington
Michael Feuerstein, Uniformed Services University of the Health Services, Bethesda, Maryland, and

Georgetown University School of Medicine
Adam Finkel, Occupational Safety and Health Administration, U.S. Department of Labor, Washington, DC
Gary Franklin, University of Washington
Andris Freivalds, Pennsylvania State University
John Frymoyer, University of Vermont
Nortin Hadler, University of North Carolina School of Medicine, Chapel Hill
Hal Hendrick, Consultant, Englewood, Colorado
William Howell,* Arizona State University, Tempe
Morton Kasdan, Physician, Louisville, Kentucky
Jeffrey Katz, Brigham and Women's Hospital, Boston, Massachusetts
Jennifer Kelsey, Stanford University
Jess F. Kraus, University of California, Los Angeles
Steven Lamm, Consultants in Epidemiology and Occupational Health, Inc., Washington, DC
Tom Leamon, Liberty Mutual Insurance Company, Hopkinton, Massachusetts
Steven Linton, Orebro Medical Center Hospital, Sweden
Paul Marxhausen, University of Nebraska at Lincoln
Stuart McGill, University of Waterloo, Ontario, Canada
Steven Newell, Organization Resources Counselors, Washington, DC
Robert Ochsman, Consumer Products Safety Commission, Lovettsville, Virginia
Suzanne Rodgers, Consultant, Rochester, New York
Steven L. Sauter, National Institute for Occupational Safety and Health, U.S. Department of Health and

Human Services, Cincinnati, Ohio
Stover H. Snook, Harvard School of Public Health, Boston, Massachusetts
Carol Stuart-Buttle, Stuart-Buttle Ergonomics, Philadelphia
David Vlahov,* Johns Hopkins University
Kathryn G. Vogel, University of New Mexico
Laura Welch, Washington Hospital Center, Washington, DC
Savio Woo, University of Pittsburgh
Craig Zwerling, University of Iowa
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STAFF

E. William Colglazier, Executive Officer, National Research Council
Barbara Boyle Torrey, Executive Director, Commission on Behavioral and Social Sciences and Education
Alexandra Wigdor, Director, Division on Education, Labor, and Human Performance
Anne Mavor, Study Director, Steering Committee for the Workshop on Work-Related Musculoskeletal

Injuries
James McGee, Senior Research Associate, Steering Committee for the Workshop on Work-Related

Musculoskeletal Injuries
Renae Broderick, Writer/Editor, Cornell University, Ithaca, New York
Susan Coke, Administrative Associate, Steering Committee for the Workshop on Work-Related

Musculoskeletal Injuries
Susan McCutchen, Senior Project Assistant, Steering Committee for the Workshop on Work-Related

Musculoskeletal Injuries
Nat Tipton, Senior Project Assistant, Division on Education, Labor, and Human Performance
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Appendix B

Workshop on Work-Related Musculoskeletal Injuries:
Examining the Research Base

August 20-21, 1998
Auditorium, National Academy of Sciences

2101 Constitution Avenue, N.W., Washington, DC

AGENDA

Thursday, August 20

7:30 a.m. Continental Breakfast
Room 250: Participants A-J
Room 280: Participants K-Z
Public: Cafeteria is available to purchase breakfast

8:30 a.m. Welcome and Introduction
William Colglazier and Richard Pew

8:50 a.m. BIOLOGICAL RESPONSE OF TISSUES TO STRESSES: MUSCLES, TENDONS, AND NERVES
INVITED PAPER ON MUSCLES AND TENDONS: James Ashton-Miller
Panel Discussion: Kai-Nan An, Sidney Blair, Dennis Carter, Carlo De Luca, Steven Lehman, Steven Moore,
Moshe Solomonow
Questions from Invited Participants
INVITED PAPER ON NERVES: David Rempel
Panel Discussion: David Florence, Steven Garfin, Thomas Mayer, Susan Mackinnon, Robert Szabo
Questions from Invited Participants

10:50 a.m. Break
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11:15 a.m. WORK FACTORS, INDIVIDUAL HOST FACTORS, AND INTERNAL LOADS: BIOMECHANICS OF
WORK STRESSORS
INVITED PAPER: Robert Radwin and Steven Lavender
Panel Discussion: Arun Garg, W Monroe Keyserling, Robert Norman, Mark Redfern, Carolyn Sommerich,
Richard Wells
Questions from Invited Participants

12:30 p.m. Lunch
Room 250: Participants A-J
Room 280: Participants K-Z
Public: Cafeteria is available to purchase lunch

1:30 p.m. EPIDEMIOLOGY: PHYSICAL FACTORS
Panel Discussion
Moderator: Ronald Gray
Panelists: Bradley Evanoff, Alfred Franzblau, Fredric Gerr, Laura Punnett, Howard Sandler, David
Wegman
Questions from Invited Participants

3:30 p.m. Break

4:00 p.m. General Discussion with Paper Presenters: Invited Participants and Public

Friday, August 21

8:00 a.m. Continental Breakfast
Room 250: Participants A-J
Room 280: Participants K-Z
Public: Cafeteria is available to purchase breakfast

9:00 a.m. NON-BIOMECHANICAL FACTORS POTENTIALLY AFFECTING MUSCULOSKELETAL
DISORDERS
INVITED PAPER: Julia Faucett and Robert Werner
Panel Discussion: Jacqueline Agnew, Paulien Bongers, Robert Gatchel, Michael Kerr, Samuel Moon, Peter
Nathan
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Questions from Invited Participants

10:15 a.m. Break

10:45 a.m. INTERVENTIONS TO CONTROL MUSCULOSKELETAL DISORDERS
INVITED PAPER: Michael Smith
Panel Discussion: Donald Bloswick, Stephen Burastero, Martin Cherniack, Linda Cocchiarella, Brad
Joseph, Lida Orta-Anés, Scott Schneider, Barbara Silverstein
Questions from Invited Participants

12:00 p.m. Lunch
Room 250: Participants A-J
Room 280: Participants K-Z
Public: Cafeteria is available to purchase lunch

1:00 p.m. Panel on the Integration of Workshop Presentations and Discussions
Chair: Colin Drury
Panelists: Jacqueline Agnew, Sidney Blair, Donald Bloswick, Alfred Franzblau, Fredric Gerr, W. Monroe
Keyserling, Susan Mackinnon, Steven Moore, Peter Nathan, Barbara Silverstein, Robert Szabo, Richard
Wells

2:00 p.m. Questions and Comments from Invited Participants and Public
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