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CHAPTER 1
INTRODUCTION

TH I S C H A P T E R begins with a discussion indicating that much is unknown about

low back pain causality, especially its relationship to work. This chapter is intended to

calibrate readers’ expectations so that they understand the difficulties in making definitive

statements about low back pain causality due to work. Second, an argument is made for why

we must view the body of knowledge as a series of puzzle pieces that must be put together to

form a “picture” or system. This section indicates that this will be done in a relatively

nontechnical manner and the audience for the book is identified. Third, a discussion

indicates that there are several work (physical, psychosocial, and organizational) factors

aswell as nonwork (genetic) factors that constitute the“puzzle pieces.”Workers are exposed

to these factors regularly and the key to understanding is to determine how these factors

interact and lead to back pain. Fourth, a high level conceptual model is proposed that

suggests how physical and nonphysical work factors might interact with personal factors to

affect the forces that are experienced by the spine subsequent back pain. Finally, the

organization of the book is discussed and the reader is reminded that the book will provide a

framework for how one should think about low back pain causality. The objective of the

book is to place the reader in a position to reason through variousworkplace design issues as

opposed to providing a “cookbook” formula for low back pain prevention.

What causes low back pain? Does work cause low back pain or would it occur regardless of
work activities? No one knows the answers to these questions beyond a shadow of a doubt. I
repeat, no one knows for sure! Numerous publications have attempted to explain various
causes of back pain (referred to as causal pathways) including genetics, stability, acute
trauma, repetitive stress to the tissue (cumulative trauma), aging, cardiovascular problems,
psychological problems, organizational and social (psychosocial) problems, among others.
However, no one has been able to prove or definitively disprove any of these theories.
Realistically, the causal pathways are probably more complex than any single one of these
pathways suggests. In all likelihood, there are probably numerousmeans bywhich low back
pain can be initiated. Furthermore, one would expect that many of these pathways develop
simultaneously and perhaps even interplay with each other.

The focus of this book concerns the many factors that can contribute to low back
pain. However, this book is unique because it concentrates on the factors that lead to
low back pain from a multidisciplinary and interdisciplinary perspective. While thousands
of books have been written about the treatment of low back pain and how to manage back
pain once it occurs, this book is different in that it is concerned with the ways in which back
pain can be initiated and considers the factors that arewithin our control tominimize the risk
of an initial or recurring back problem due to work-related factors.

The Working Back: A Systems View, by Williams S. Marras
Copyright � 2008 John Wiley & Sons, Inc.
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Causality of health problems, such as lowback pain, in real-life situations is extremely
difficult to study and prove for a variety of experimental and ethical reasons. Some
suggest that causality can be proven in what are referred to as randomized controlled trials
such as what is done to test the efficacy of a new drug. In a typical randomized controlled
trial, a population of people with an ailment is divided into different groups. Some are
randomly given the drug of interest and others are randomly given a placebo. If the
improvement rate among the “drug” group is statistically better compared to that of the
“placebo” group, then the drug is deemed effective.

However, causality of a back disorder is very different from treatment of a low
back disorder. Causality cannot be proven in the sameway as the effectiveness of a drug can
be proven. The literature over the past 50 years has suggested that many factors may
influence low back pain. Therefore, it is difficult to isolate the issues that increase risk. In
addition, contemporary studies are indicating that many of the categories of risk factors
interact strongly. Thus, it becomes evenmore difficult to understand how these factors react
in combination with each other. Furthermore, there are several scientific, practical, and
ethical problems with applying such a model to low back causality and specifically to
workplace interventions in the actualworkplace. For example, almost everyoneworks, ages,
and is exposed to a variety of forces through work, sports, accidents, and so on. It, therefore,
becomes nearly impossible to compare people who are exposed to these multidimensional
risk factors to those who are not, as would be necessary to prove causality in a randomized
controlled trial. So how does one isolate the potential effect of forces resulting from work
compared to spine forces resulting fromother exposures? It becomes extremelydifficult and,
potentially, unethical to do so.

In addition, not many employers are willing to allow their facilities to be used
in long-term studies of low back pain. The priority in industry is to make money. Very
few industries are amenable to exposing part of their work force to different work risk
conditions to prove a scientific point.Would you allow half of your employees to be exposed
to suspected risk factors while not allowing the other half? Besides, word travels quickly in
work environments, and psychological effects would quickly contaminate the study.

Similar problems also exist in drug treatment studies. Since few researchers are
able to accurately and quantitatively measure the extent of low back pain, how does one
assure that everyone starts the study at the same state of impairment? You cannot.
Instead one must recruit very large populations of patients and hope that the samples are
large enough so that low back pain severity is equally likely in each group. Finally, few
physicians are willing to randomize treatments among their patients. Could you imagine
going to your physician to have your back pain treated and then finding out that your
treatment was part of a placebo group? Recently, a study randomized surgical treatment
versus conservative treatment for back pain. Those patientswho agreed to the randomization
of treatment were enrolled in the “randomized” study where they did not become part of an
“observational” group. Different effectiveness of surgery was reported depending upon
group membership (1,2). However, it was clear that those in the observational group had
much more severe pain than the randomized group. This study illustrates the difficulty with
randomized controlled trials.

Hence, the traditional “rules” of science are difficult to apply in this complex,
multidimensional problem we call low back pain in the “real-world” environment.
Since low back pain is so complex, no one study will ever prove or disprove the causal
pathway. Most individual studies simply explore one or, in rare cases, the interaction
between two potential causal pathways. One way to gain faith in a causal mechanism is to
repeat studies several times and observe whether the studies all arrive with the same
conclusions. This way of thinking (looking for many studies arriving at the same
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conclusion) is called looking at the preponderance of evidence. While a preponderance of
evidence assures us that a risk factor is important, this type of rationale is often unable to
assess and account for the interaction of various causal factors. A major tenet of statistical
reasoning states that the interaction of causal factors can be far more powerful in
determining the outcome than any single causal factors. In other words, it is common
for factors to combine in unique ways and dictate the effects of causal factors. Therefore,
instead of looking at low back pain causality from a singular, myopic viewpoint, we will
examine the potential interactions in risk factors by examining the pattern of evidence
associated with work-associated low back pain. It will try and build a case for how the
multidimensional components of low back pain can interact and most likely influence low
back pain risk.

My experience in low back pain and work comes from 25 years of research into low
back biomechanics, experience examining hundreds of jobs associated with back pain,
practical experience changing the jobs, and determining what works and why it works in
reducing back pain risk atwork, aswell as personal experiencewith lowback pain. Thus, this
book is a practical explanation of the factors that influence the low back pain experience and
a discussion of what tools and ability we have to influence a certain percentage of back pain
that may be due to work.

The goal of this book is to provide the reader with a functional understating of howwe
think back pain is influenced by various work and nonwork factors. While various
assessment tools will be discussed, it should be obvious that there are no “cookbook”
solutions or “magic bullets.” However, if one has a reasonable understanding of the causal
pathways involvedwith low back pain aswell as an appreciation for how these pathways can
be activated by various individual and workplace exposures, then one should be armed with
the knowledge to assess a given work environment and prescribe effective interventions
given the situation.

1.1 AUDIENCE FOR THE BOOK

This book is intended for a diverse audience. This book is intended to interpret the science in
such a way that it is understandable for people of diverse backgrounds. The key to
understanding low back pain causality is to understand how the various concepts fit together
and interact as opposed to understanding the sophisticated scientific techniques that form the
basis of the individual studies. These scientific techniques are simply tools to mine
the knowledge that is inherent to the study. Thus, instead of delving into the minute details
of thevarious studies, an attemptwill bemade to showhowthemajor contributionsofvarious
studies fit together to form a pattern or picture of how low back pain might occur.

Hence, this book is intended for a broad audience consisting of anyone interested in
low back pain causality. The book should be of interest to several groups including

1. those who either design work, dictate work processes and schedules, or perform the work
that might lead to low back pain;

2. thosewho attempt to determine how return toworkwill influence the risk of low back pain
recurrence or exacerbation;

3. those suffering from low back painwho are interested in themechanisms behind low back
pain; and

4. researchers who are interested in a more global view of how low back pain might be
associated with work.

AUDIENCE FOR THE BOOK 3



1.2 APOLITICAL CAUSALITY ASSESSMENT

Besides being difficult to explore from a scientific inquiry perspective, the low back pain
causality controversy is also clouded by political and monetary incentives. Low back pain
can be very expensive and can cost companies and medical providers millions of dollars.
Low back treatment is also big business with surgical supply companies charging huge
amounts for equipment, implants, and treatment procedures for low back pain. Since large
amounts of money are at stake, workers’ compensation insurance and legal issues can
become the objective of a workplace risk assessment instead of attempts to resolve and
mediate the risk of low back pain associated with a job task. In addition, once monetary
incentives are in place, compensation rather than resolution of the back pain can become the
objective (3,4). This makes some suspicious that those suffering from low back pain are
malingering or striving for secondary (oftenmonetary) gain. The suspicious nature of awork
investigation can further escalate the level of distrust among theworker and further magnify
the emotional component of the pain and serve to further enhance the pain. Hence, the low
back pain business is costly for all involved.

The costly nature of the work-related low back pain environment provides an
opportunity for low back pain experts to cash in on their opinions. Experts claiming that
thework task was a likely cause of a low back disorder can secure a lifetime settlement for a
worker. Likewise, experts who contend that there is no relationship between work and low
back pain can potentially save a company millions of dollars in workers’ compensation
costs. Eitherway,when large sumsofmoneyare involved there are always incentives for bias
on the part of the experts. In addition, national politics have also been entangled in the
debate. Large corporations and unions have a great deal of money at stake and both groups
place political pressure on elected representatives to “spin” the science in a direction that
benefits their cause. Thus, rulemaking is often influenced by politics more than scientific
integrity (5).

This book will strive to set aside political and monetary incentives, cut through the
literature base that is motivated by such concerns, and provide a realistic view of how the
various bodies of knowledge regarding low back pain causality might fit together to form a
logical explanation of how lowback pain occurs underwork conditions. Aswewill soon see,
there is evidence to support the contention that there are numerous pathways to low back
pain. The work task might be simply the initiating event in a long chain of events leading to
low back pain and the work can either mediate or enhance the problem.

1.3 A SYSTEMS VIEW OF LOW BACK PAIN CAUSALITY

While many of the studies that form the underlying logic in this book involve complex
methodologies and techniques, the basic concepts underlying the ideas are fairly straight-
forward. The point of the book is to show how various influences or risk factors might
be considered collectively, or in combination, to influence the risk of low back pain at work.
The idea here is to assess how themultiple dimensions of risk can interact and combine to set
the stage for lowback pain to occur. One can consider this type of thinking as a jigsawpuzzle
with the different pieces of the puzzle representing the different aspects of risk.When pieces
of the puzzle are viewed in their correct orientation and in perspective, the overall picture, or
in this case, causality pathway becomes clearer. It is the goal of this book to show how the
pieces of the puzzle or the pattern of evidence fit together so that wemight better understand
low back pain causality at work.
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1.4 THE REALITY OF WORK

To be realistic, the pattern of evidence associated with exposure to physical work must
consider not only the effects of exposure to physical work characteristics also the effects of
many other factors that might exacerbate or mediate the influence of physical work
characteristics. The effects of exposure to the organizational stress issues associated with
work as well as the unique characteristics of the individual worker and their individual
response to physical and psychological stresses should be considered. This book is about
considering how these factors can interact in a systematic manner.

Individual characteristics of theworkermaymediate or accentuate the intensity of the
load imposed upon a tissue due towork and may also play a role in how theworker’s tissues
are able to tolerate the tissue load. Tomakematters worse, it is possible that this relationship
can change over time. Age, conditioning, genetics, lifestyle habits, psychological state,
personality, and the current state of tissue degeneration can all influence the rate at which
tissue is stressed and how the body tissues handle the stress. The ability of the body to induce
forces upon a tissue as well as the ability of the body to withstand tissue load have all been
well documented in the literature (6), but their interactive influence of loads in combination
with psychological stress and individual variation in responses has not been well docu-
mented in the literature and is not well understood.

The influence of time can also profoundly affect the influence of physical loads
imposed on the body. The ability of the body to withstand physical loading can change
dramatically over time. Cumulative loading and adaptation to loading can alter our
interpretation of risk depending upon the magnitude of the accumulated load, the temporal
nature of the cumulative exposure, and the ability of the body to compensate for the
tissue insult.

Factors such as physical factors, psychosocial factors, and organizational factors can
all play a role in defining risk. Traditionally, it has been the physical workplace factors that
have been explored and associated with increased tissue loading, particularly when the
biomechanical characteristics of the work were properly and specifically addressed (6).
However, there continues to be controversy as to the contributions of psychosocial factors
andorganizational factors. Somehaveargued that increases in lowbackpain reporting canbe
explained through work dissatisfaction, organizational factors, or the availability of com-
pensation (7). However, most studies have not considered the explanatory power of these
factors relative to that of the load–tolerance relationship. Some of the classic psychosocial
studies,when re-examined, have been found to explain avery small percentage of variability
in low back pain reporting (8). Analyses have shown that when biomechanical evaluations
are considered collectively along with psychosocial evaluations, the explanatory power
associated with the psychosocial studies is greatly reduced (9). More recent findings have
also shown that psychosocial factors have an interactive effect with biomechanical loading
(10) and that individual factors, such as personality, can explain much of the variation in the
magnitude of the loading forces experienced across individuals (11).

Collectively, this pattern of evidence suggests that no single factor fully explains the
presence or absence of cumulative trauma and its association with low back pain. Further-
more, it is also clear that researchers often find onlywhat they are looking for. If one does not
bother to properlymeasure the influence of a potential risk factor, they certainlywill not find
a significant association with that factor, and they are therefore, not justified in suggesting
there is no causality associated with a factor they did not properly explore.

Traditionally, the literature has taken the approach of examining single-risk factors in
isolation, in trying to explain back pain. Large bodies of literature exist that argue for the
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influence of each type of risk factor independently. However, if we consider the components
of the system, it is likely that physical factors, individual characteristics, organizational
factors, and psychosocial factors all influence the load–tolerance relationship that is at the
core of cumulative trauma. The evidence suggests that cumulative exposure to loads when
combined with other risk factors can contribute to low back disorders above and beyond the
influence of aging or genetics alone. However, the magnitude of the effect of cumulative
trauma above and beyond aging and genetics is not well understood. In addition, it is not
known how cumulative trauma responds in conjunction with other risk factors.

The pattern of evidence suggests that we must consider how the system behaves in
order to appreciate the influence of any one or any combination of risk factors in the etiology
of lowbackpain. Instead of continuing to explore lowbackpain causalitywithin the confines
of specific disciplines (e.g., biomechanics, psychosocial, physiology, genetics, etc.), we
must more fully explore the interactions between these disciplines as proposed in Fig. 1.1.
The pattern of evidence suggests that the explanatory power inherent to the interaction
between these disciplines may very well overpower the influence of anymain effects. Thus,
in order to understand the amount of variability that is accounted for by any one of the risk
factors we must also understand the nature of the interactions between the risk factors. The
research community has alreadybegun toquantify thedegreeof interactionbetweenmanyof
these risk factors, yet much more work is required before we fully understand these
interactions. These interactions represent the current research “gaps” as well as opportu-
nities for future research direction.

When considering the pattern of evidence for low back pain, if all the components of
plausibility are considered in perspective, a picture emerges that logically supports the
relative influence of various risk factors associated with the etiology of low back disorder.

1.5 HOWMIGHT THE DIFFERENT ASPECTSOFWORK BE ASSOCIATED
WITH BACK PAIN

How could a conceptual model be developed that can integrate the different bodies of
literature associatedwith lowback pain occurrences? This issuewas debated by theNational
Research Council and the Institute ofMedicinewithin the National Academy of Sciences in
two studies exploring the work relatedness of musculoskeletal disorders (6,12). In these
studies, the literature was thoroughly evaluated and explored and a unifying model was
developed based upon the interaction of potential causal factors suggested by Fig. 1.1. This
model is further expanded inFig. 1.2.Thismodel suggests a pain pathway that is shown in the
right hand box labeled “PERSON” in Fig. 1.2. The PERSON box indicates the possible

Social
factors

Personal
factors

Physical
factors

Figure 1.1 Interaction betweenvarious dimensions of risk factors contributing to cumulative trauma
and low back pain.
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work-related pathways and processes that could occur within the person including the
biomechanical load–tolerance relationship and the factors thatmaymediate this relationship
(e.g., individual factors and adaptation). This pathway suggests that at the heart of this
system,work-related lowbackpainmust be initiatedbyabiomechanical response (forces) to
one ofmany (physical, psychological, psychosocial, etc.) conditions found in theworkplace
that is capable of exceeding a tissue tolerance. The biomechanical load “box” indicates that
physical force and motion factors must be of sufficient magnitude to cause the body to
develop sufficient internal (to the body) forces upon the spinal tissues. These can often be
magnified bymuscle coactivation, hence, biomechanical analyses must be sensitive enough
to consider this means of loading in order to accurately consider work-related spinal tissue
loading.

Forces or loads imposedon the back are compared to internal (tissue) toleranceswithin
the back. Tolerances can take many forms in this model including tolerances relative to the
structural strength of the tissues including endplate strength, disc fiber strength, ligament
strength, muscle tolerance, and so on that result in tissue strain. Another form of tolerance
that must be considered is biochemical tolerance. Structural tolerances are most likely
preceded by biochemical reactions. For example, cytokines are strong initiators of inflam-
matory responses that can be upregulated by repetitive insult to a tissue. In addition, as we
will see, these responses can be mediated or exacerbated by physiologic adaptation, former
experiences that altermuscle recruitment, and cognitive factors. Hence, “internal tolerance”
in this model can include many forms of tolerance.

The next block in this sequence suggests that pain can result from these tolerances
being exceeded. The inflammatory responses, tissue damage, and so on can lead to pain-
sensitive tissues (nociceptors) being activated,which initiates the sequence of pain. It should
also be noted that arrows flow in both directions in these last two boxes. This indicates that
the individual tolerances and pain experiences can be either exacerbated once exposed or
may help adaptation. In either case, significant feedback loops can complicate the sequence
of events.

Themodel inFig. 1.2 shows that the painpathway just describedcan alsobe influenced
by the specific characteristics and conditions of the individual. These conditions and
characteristics include genetic factors, personality, physical capacity and conditioning,
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Figure 1.2 Conceptual model relating potential workplace risk factors to the development of low
back pain. (Adapted from reference 12).
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psychological state, biochemical response, cardiovascular response, and so on. There is
strong evidence that individual factors canmediate the response of eachof the components in
this pain sequence.

The dotted box in the left-hand portion of the figure indicates the potential influences
of the workplace. These include physical factors, organizational factors, and social
influences. Note that each of these factors has the potential to influence each component
of the low back pain pathway sequence and can interact with individual factors.

Thismodel is the governing concept behind this book’s logic. The chapters that follow
review the pattern of evidence that supports this means of considering low back pain
causality and work. While this model suggests many complex interactions through the
various “arrows,” one should not be overly concerned if this system of interactions is not
clear at this stage. This book will expand upon many of these interactions and demonstrate
how many of these factors can influence the system of factors that can influence low back
pain perception. The important thing to realize at this stage is that there are a variety of work
and nonwork factors that can play a role via this web of influences.

1.6 ORGANIZATION OF THE BOOK

The goal of this book is to explain the potential avenues of low back pain and show how they
could be related to work exposure. Our knowledge of low back pain has advanced rapidly
over the past several decades. It is unlikely that themajor cause ofmostmodernwork related
low back pain is simply lifting a load that is too heavy, which causes a structure to break.
While it is possible, for the majority of workers, this is probably not the mechanism of pain
for most work-related low back pain. The literature now suggests that there are numerous,
more complex, potential pathways of pain that may be associated with work tasks.

In order to effectively assess and design workplaces that minimize low back pain risk,
one must be armed with an underpinning of causal mechanism logic so that one could
understand the initiators of sequences of events that can lead to persistent low back pain.
Therefore, instead of simply listing the numerous pathways to low back pain, it is important
to develop an appreciation of how these pathwaysmight interactwith the physical and social
work environments as well as with the individual attributes of the worker. Hence, we are
talking about a system. Itwould be easy to simply list a set of rules of dos and don’ts forwork.
However, invariably, one will quickly run into a situation that has not been described in the
“list” and in reality the work situation would probably contain several different trade-offs
between risk factors. This situation would lead to a conclusion that one should automate the
process. Automation is costly and is often not effective from a production efficiency
standpoint.However, if one has an understanding of the spectrumof underlyingmechanisms
involved in lowback pain, it ismore likely that one can reason through thework situation and
devise a feasible intervention to minimize the pain. Therefore, this book will attempt to lay
the ground work for a systems approach to understanding the causes and pathways of low
back pain.

Given these goals, this book is organized in a manner that will provide the basis of
understanding in the spectrumof topics that are important tounderstandingwork-related low
back pain. While each chapter is designed to be relatively independent so that it can be read
by itself,maximumunderstandingwill be gained if one considers each chapter in the context
of the entire system and, thus, it is recommended that one read the entire book and build the
knowledge base as one progresses from chapter to chapter.

Chapter2 reviews themagnitudeof the lowbackpainproblemandexplores factors that
maycontribute to lowbackpain fromanobservational (as opposed to causal) standpoint.The
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chapter reviews statistics (in terms of magnitude, trends, and costs) indicating the extent to
which back pain impacts society. The chapter also reviews the epidemiologic (surveillance)
findings to suggest the degree to which physical, psychosocial, and individual risk factors
have been associated with low back pain. Epidemiology is the science of observing trends
in the workplace. It has the advantage of going beyond theoretical relationships and can
showthat if certainconditions arepresent, theprobability for lowbackpain increases.Hence,
strong relationships can be found. The disadvantage of epidemiology is that it is often
difficult to isolate a specific risk factor of interest and it is often difficult to study interactions
between potential risk factors. In addition, the measurement tools used in epidemiologic
research are often fairly imprecise. Nonetheless, epidemiology can be a useful tool for
identifying historic trends in the workplace. However, as with all scientific approaches, one
must consider the limitations of the tools and view the information in perspective.

Chapter 3 will present the basics of anatomy of the low back in a functional manner.
Anatomy is presented along with a description of why the anatomy is important to the
functioning of the back and spine. An appreciation for anatomy is essential for the
understanding of which structures could be involved in the various pathways of injury.
Along the same lines, Chapter 4 reviews the mechanisms of pain transmission in the human
body. The goal is to help the reader understand that pain perception is influenced not only by
physical loading but also by prior (cognitive) experiences. This chapter will show how pain
occurs and the roles that physical loadandmemoryplay in thepain experience.The influence
of biomechanical loads imposed upon tissues and biochemical reactions is discussed in
terms of their ability to initiate pain perception.

Based upon the previous three chapters, Chapter 5 articulates the various pain
pathways that are possible as a function of work exposure. The chapter begins by discussing
howour understanding about back pain perception has changed over the years and discusses
why traditional views (suggesting that tissue damage must be present) may not be realistic.
This chapter outlines thevarious sequences of events thatwe believe occurwithin the human
during the back pain experience and, where available, thresholds for tissue damage and pain
initiation are described. The chapter describes howmuscle tensions within the low back can
activate the various pain pathways. This chapter also establishes that understanding how
work and nonwork factors influence muscle tensions is the key to understanding pain
pathway initiation.

Chapter 6 provides an overview of occupational biomechanics. Biomechanical
analyses are often used to assess workplaces in order to assess risk of low back pain.
However, biomechanical assessments have evolved rapidly over the past few decades. This
chapter reviews the progressionof commonlyusedbiomechanical assessments and concepts
and will discuss state-of-the art techniques that have the ability to precisely evaluate tissue
stress associated with various work-related exposures.

The results of biomechanical assessments performed on potential physical work
factors will be reviewed in Chapter 7. This chapter will show how physical work factors
affect both spine forces and muscle tension.

Psychosocial and organizational influences on the biomechanics of spine loading and
muscle recruitment patterns are discussed in Chapter 8. Several recent studies have shown
that these cognitive environment factors affect spine loading and muscle activities in much
the same way as physical load exposure.

Chapter 9 reports on the biomechanical behavior of the spine that is associated with
individual factors such as gender and personality. Since the systems approachmust consider
biomechanical effects of the unique characteristics theworker brings to the job, this chapter
evaluates the extent to which tissue loads are influenced by these unique individual
characteristics.
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The next chapter, Chapter 10, reviews the quantitative biomechanical literature that
has been able to investigate the interaction between the workplace factors, psychosocial/
organizational factors, and individual factors. This chapter emphasizes that the low back
pain is the result of a system of interactions that must be considered if back pain is to be
controlled in the workplace.

Interventions intended to control low back pain are discussed in Chapters 11 and 12.
We have no ability to control individual factors at work, so the focus in these two chapters is
on what we can control from a work perspective. Chapter 11 discusses ways that one can
control and intervene in the physical risk factors associated with work, whereas Chapter 12
discusses the options for controlling the psychosocial and organizational environment at
work.

Chapter 13 will show case studies of how physical and psychosocial/organizational
aspects the workplace have been manipulated to minimize the occurrence of low back pain
and lead to optimal working health.

Amajor challenge to theworkingenvironment involvesassimilatingworkersback into
the workplace once low back pain has occurred. Chapter 14 will review some of the
biomechanically relevant literature associated with the previously described pain pathways
and secondary (recurring) low back pain. Finally, Chapter 15 consolidates the information
from theprevious chapters into system logic to stimulate the reader to considerwhatevernew
(yet unexplored) factors might also influence this systems approach to understanding low
back pain.
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CHAPTER 2
BACK PAIN MAGNITUDE
AND POTENTIAL RISK FACTORS

TH I S C H A P T E R reviews work-related low back pain statistics from an
observational (as opposed to causal) standpoint. It documents the frequency of back
pain occurrences in society and reviews the literature indicating associations with the
presence of potential work factors. Thus, there are two main thrusts to the chapter. The first
thrust reviews statistics (in terms of magnitude, trends, and costs) indicating the extent
to which back pain impacts society. The second thrust reviews the epidemiologic
(surveillance) findings to suggest the degree towhich physical, psychosocial, and individual
risk factors have been associated with low back pain.

2.1 WHAT IS BACK PAIN?

According to the American Society of Orthopaedic Surgeons (1), back problems can take
many forms, including degenerative and rheumatic disorders, disk problems, and injuries
such as sprains, strains, and fractures. Many of these disorders can contribute to back pain.
Hence, back pain definitions cover a broad range of pain-generating sources that can
encompass everything from a mild muscle strain to serious disc problems. This broad
definition of low back pain also makes it difficult to study and interpret.

2.2 HOW COMMON IS BACK PAIN?

Back pain is extremely common. Some believe that because it is so common, we should be
accepting low back pain as just part of life. Others believe that because of the back’s unique
structure, where forces are concentrated in a small area, the spine is more vulnerable to pain
and, thus, one could design activities to minimize the magnitude of the load imposed on the
spine and the resultant risk of low back pain. Much of what follows in the forthcoming
chapters will address these issues.

The following are some facts and figures indicating how common back pain has
become. These details are presented to help place the magnitude of the low back pain
problem in perspective.

. Over the course of a lifetime, up to 80% of Americans will suffer from at least one
episode of back pain (2).

. Lowback pain represents the secondmost common symptom-related reason for visits
to a physician (3).

The Working Back: A Systems View, by Williams S. Marras
Copyright � 2008 John Wiley & Sons, Inc.
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. Fifteen to twenty percent of Americans will report back pain yearly (2).

. In 1998, total health care expenditures incurred by individuals with back pain in the
United States reached $90.7 billion (2).

. Those with back pain incurred health care expenditures about 60% higher than
individuals without back pain (2).

. Back pain results in a loss of over 100 million workdays per year (4).

. Twenty-one percent of workers with back reports were away fromwork for 3–5 days,
14.3% reporting back problems lost 6–10 days of work, and 29.6% of workers
reporting back pain missed 3 or more weeks away from work (5).

. In 2002, there were over 345,000 back injuries requiring time away from work (5).

. Between 20% and 35% of Americans report experiencing severe low back pain in the
past 3 months. Figure 2.1 shows that low back pain reports are extremely common
regardless of age, gender, race, or income level (6).

. Nearly 21million physicianvisits for back pain occurred in 2003. Table 2.1 shows this
breakdown according to gender and office visit category or code (1).

. Work-related low back pain represents about 20% of the Workers’ Compensation
Claims yet nearly 40% of the costs (7). Thus, low back problems are disproportion-
ately expensive.

2.3 BACK PAIN AT WORK

It should be stated up front that since most people work, workplace risk factors and
individual risk factors are difficult to separate (8). However, back pain patterns can be
identified through surveys of working populations. In the United States back disorders are
associated with more days away from work than lost workdays attributable to any other
part of the body (9). Recent studies of 17,000men andwomen of aworking age population
in Sweden (10) indicated that 5% of workers sought care for a new (no recurring) low back
pain episode over a 3-year period. They also found that many of these cases eventually
became chronic.

Evaluation of data from the National Health Injury Survey (NHIS), a large sample of
U.S. households, found that back pain accounts for about one quarter of the workers’
compensation claims in the United States (11). Two thirds of the low back pain cases were
attributed tooccupational activities. Prevalence (the percentage ofa population affectedwith
a particular condition at a given time) of lost workdays due to back pain were found to be

Figure 2.1 Age and gender of people reporting severe low back pain in past three months, 2003.
(From reference 6).
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4.6% (12). Certain occupations were also found to be significantly linked to greater rates of
low back pain reporting. Risk appeared to be highest for construction laborers (prevalence
22.6%) and nursing aides (19.8%) (11). Figure 2.2 summarizes the findings of a National
Institute for Occupational Safety and Health (NIOSH) analysis of work-related low back
disorders (9). This figure indicates that the proportion of people experiencing low back pain
at any one time (prevalence) was greatest in the service industry followed by the
manufacturing sector. These account for nearly half of all occupationally related low back
disorders. Further analysis also indicates that handling of containers as well as worker
motions and positions during workwere the conditions most often associated with low back
reports inU.S. industry.Hence, these cross-sectional data strongly suggest that occupational
factors appear to be related to risk of low back disorders.

2.4 EPIDEMIOLOGY OF WORK RISK FACTORS

Epidemiology is the science of exploring associations between risk factors and medical
conditions based on observations within the population of interest. A review of previous
occupationally related epidemiologic studies has demonstrated that the findings of epide-
miologic studies vary greatly depending on the dependent (observed) measure of interest
(e.g., discomfort versus incidence versus lost time, etc.). For example, Figure 2.3 indicates
how the percentage of positive associations between risk factor categories and low back pain
changes depending on whether low back pain is defined as the presence of symptoms, a self
proclaimed injury, a reported incident, an incident involving lost time or an incident

TABLE 2.1 Number of Physician Visits for Back and Low Back Pain in 2003 (From Reference 1)

Reason for visit (reason for visit code)
Total no. of
patients

No. of female
patients

No. of male
patients

Back symptoms (1905.0–1905.6) 20,845,000 12,425,000 8,420,000
Back pain (subset symptoms; 1905.1) 19,697,000 11,947,000 7,750,000
Low back symptoms (1910.0–1910.6) 10,665,000 6,448,000 4,217,000
Low back pain (subset symptoms; 1910.1) 10,429,000 6,304,000 4,124,000

Source: National Ambulatory Medical Care Survey (2003).
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Figure 2.2 (a) Number and distribution of back cases with days away from work in private industry
by industry division during 1997 (8). (b) Number and distribution of back cases with days away from
work in private industry by source of the disorder during 1997. (From reference 4).
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involving restricted time (13). Thus, depending on which measure one is studying, a very
different profile of low back pain can be observed.

A potential problem with some epidemiologic studies is that the observation point of
the study (discomfort versus incident versus lost time, etc.) all occur at very different times
during theprogressionof a lowback reports and are influencedby thedegree towhich the low
back pain interferes with the ability of the person to perform their job function (disability).
Figure 2.4 shows how the typical sequence of low back pain events occur over time. As can
be seen the different reportingmeasures (e.g., discomforts versus lost or restricted time) can
occur at very different points in time. Differences in job demands associated with various
professions can easily confound this picture. For example, a college professor may have the
same level of low back impairment as a laborer; however, the professormay not perform any
tasks that would exacerbate the discomfort and, thus, would never report the pain. Since the
pain never interferes with the job function, this back pain would go unreported. However, a
warehouse worker might be employed in a job that results in repeated exacerbation of the
symptoms due to the nature of the work resulting in increased levels of pain. It would be far
more likely for the low back incident to be reported as an incident or disability in this case or
the worker may simply quit the job due to pain and never report it.

Inmost epidemiologic study designs, it is difficult to investigate the interaction among
potential risk factors. This is particularly true given thevariable exposures andwork rotation
schedules present in the modern workplace. Hence, although epidemiologic studies can
provide valuable insight intowhich singular risk factorsmight be associatedwith risk of low
back pain at work, it is difficult for these study designs to account for the more in depth
interactions between classes of risk factors that might be responsible for the low back pain
report. The information derived from these studies very often does not address the

Figure 2.3 Percentage of positive findings and trend lines on all epidemiologic studies for each
surveillance measure and risk factor combination. Note the generally increasing percentage of
positive findings as the surveillance measure moves from discomfort/symptoms to incidence.
(From reference 13).
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multidimensional nature of the risk and, thus, interventions based on these single risk factor
studiesmay be insufficient to effectively control a complex,multidimensional problem such
as low back pain at the worksite.

Control of low back disorder risk in theworkplace requires knowledge beyond simple
identification and elimination of risk factors. It requires amuchdeeper understandingof how
risk of low back pain occurs in the work setting amongst all of the various physical and
nonphysical factors actively interacting. Control requires an understanding of “how much
exposure to the various risk factors is too much exposure.” In addition, one needs an
understandingof how the riskyexposure levelswould changewhen risk factors are present in
combination. Practically, our knowledge can only develop to this level of sophistication
whenwe are able to quantify themeans bywhich risk is increased. Our understanding of risk
also needs to progress to the point where we can begin to understand how and why some
people are at greater riskof developing lowbackpainwhen exposed to the same level ofwork
risk as others. In other words, we need to begin to develop a better understanding so that the
variability between individuals can be better understood. Only then can we answer the
question: how much exposure to risk is too much exposure to risk for a given individual?

Occupational risk control requires tools that have high levels of both sensitivity and
specificity. Sensitivity is a measure of how well the risk factor indeed identifies the risk for
the condition of interest (low back pain). Specificity, however, is a measure of how well the
measure can reject a situation where risk is not present. In other words, high levels of
sensitivitywould notmissmany situationswhere risk of lowback painwas present, and high
levels of specificity would not sound false alarms when the risk of low back pain was not
present. Measures of risk that are used to incorporate interventions for the control of
occupational low back pain that are not sensitive will not be able to identify those work
situations that would increase the risk to the worker. On the contrary, measures that are not
specific might suggest interventions that needlessly indicate that work situations need to be
changed. Given today’s highly competitive industrial society, it is important that interven-
tions are applied only when needed and are likely to be effective. Most industries can ill

Figure 2.4 Time progression of low back disorders. (From reference 13).
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afford to incorporate control measures that do not have both high sensitivity and specificity.
Such tools would waste valuable resources without justification. Recent studies have shown
that our current low back pain risk control tools need to be better developed and validated so
that risk can be optimally minimized (14,15).

2.5 EPIDEMIOLOGY OF PHYSICAL RISK FACTORS

Several epidemiologic reviews have identified specific individual risk factors that increase
the risk of low back pain in the workplace. The NIOSH performed a critical review of the
epidemiologic evidence associated with musculoskeletal disorders (16) (Table 2.2). Five
categories of risk factorswere evaluated. The critique concluded that strong evidence existed
for an association between low back disorders and lifting/forceful movements and low back
disorders and whole body vibration. Significant evidence was found for the associations
between heavy physical work and awkward postures and back problems. The review
concluded that evidence was insufficient to make any conclusions between static work
postures and low back disorder risk. In a methodologically rigorous review, one team of
researchers (17) were, in general, able to support these conclusions. They found that manual
materials handling, bending and twisting, and whole-body vibration were risk factors for
back pain.

While these studies haveverified the existence of physical risk factors, they have been
of limited usefulness in identifying the degree of exposure to a risk factor that becomes
problematic (dose). In addition, we would expect that the dose would vary on the basis of
different interactions with other factors.

Several studies have been carried out in search of a dose–response relationship among
work risk factors and low back pain. Two studies (19,20) suggest that cumulative loading of
the spine might be associated with risk of low back disorder at work. One study (21)
suggested that the relationshipmight not be as straightforward as a linear relationshipwould
suggest. When examining the relationship between back pain, history of physical loading,
and occupation in cadaveric specimens, the study concluded that the risk relationship
between low back disorder risk and loading was “J-shaped” with sedentary jobs being
associatedwithmoderate levels of risk, heavyworkbeing associatedwith thegreatest degree
of risk, and moderate exposure to loading being associated with the lowest level of risk
(Fig. 2.5). Another study (22) has recently suggested that the combination of occupational
lifting, trunk flexion, and duration of the activities significantly increased risk. This study
supports the idea that risk is interactive andmultidimensional in nature. Another review (23)
suggests little epidemiologic support for the notion that sitting at work was associated with
lowbackpain.These findings suggest that risk is certainly not linear and is indeed complex in

TABLE 2.2 Epidemiologic Evidence of Causal Association Between Physical Risk Factors and Low
Back Pain (From Reference 18)

Risk factor
Strong

evidence (+++)
Evidence
(++)

Insufficient
evidence (+/0)

Evidence of no
effect (�)

Lifting/Forceful movement
p

Awkward posture
p

Heavy physical work
p

Whole body vibration
p

Static work posture
p
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nature. Hence, we must begin to consider the collective and interactive exposure to risk
factors if low back pain is to be controlled at the worksite.

This review of the epidemiologic evidence associated with physical work factors
should serve to reinforce the view of low back pain risk as a pattern of evidence or jig saw
puzzle as described in the previous chapter. If one looks at the big picture, we can see that
most of the epidemiologic studies available today offer only a partial view of the risk picture
since the interactions between risk factors is not well documented by these studies.

Recent rigorous epidemiologic reviews of the literature performed by the National
Research Council (8) have also concluded that there is a clear relationship between back
disorders and physical load imposed by manual material handling, frequent bending and
twisting, physicallyheavywork, andwhole-bodyvibration.The risk attributable to these risk
factors is summarized in Table 2.3. This analysis indicates that the vast majority of high-
quality epidemiologic studies have associated lowback painwith these risk factors and up to
two thirds of risk can be attributed to physical activities. Hence, it is clear that at least a
portion of the risk of low back pain can be due to the nature of thework towhich workers are
exposed. As a result of these epidemiologic analyses, it was concluded that preventive
measures may reduce the exposure to risk factors and reduce the occurrence of back
problems.

The significance of considering the interaction of physical factors with other factors
has also come to the attention of epidemiologic studies. Themultidimensional nature of risk
can be reinforced by considering the effective preventive strategies for secondary prevention
of lowbackdisorder (preventing recurrent backproblems). Studies havebegun to explore the
interaction between low back pain, physical exposure factors, and psychosocial factors.
Several studies (25–27) have noted that much of low back pain treatment for recurrence is
multidimensional. Only recently have epidemiologic studies exploring the role of variables
in primary prevention of work-related low back pain suggested that multiple dimensions,
such as physical stressors and psychosocial factors, play a role in low back pain risk (28).
A recent study has also demonstrated that the interaction of low social support at the
workplace and bending at workwere strongly associated with extendedwork absence due to
low back pain (29).

Figure2.5 Suspected relationshipbetween the intensityof exposure toheavyworkand the riskof low
back pain.
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2.6 EPIDEMIOLOGY OF INDIVIDUAL (PERSONAL) RISK
FACTORS

One can also learnmuch about the factors associatedwith increased risk of low back pain by
examining the epidemiologic literature associated with individual or personal risk factors.
Several trends are apparent from this bodyofwork.First, personal factorsplay a role in riskof
experiencing a low back pain. It is important to separate personal factors from occupational
factors so that one can distinguish risk associatedwithwork from that associatedwith factors
that are inexplicably bound to the individual. A review of 57 original industrial-based
surveillance studies (30) indicated that personal factors were the most frequently investi-
gated risk factor for lowback pain. Of these studies, previous back injury history and income
were most often associated with risk (Table 2.4). Low back disorders typically begins at a
relatively young agewith the highest frequency of symptoms occurring between the ages of
35 and 55, while lost workdays typically increase with increasing age (31). Gender also
appears to be an interactive factor in determining who experiences low back disorders. The
risk formenpeaks at about 40 years of age,whereas thegreatest prevalence and incidence for
women occurs between the ages of 50 and 60.

2.6.1 Age

In general, the literature indicates that backpainbegins early in lifewith symptomsoccurring
between the ages of 35–55 (32). Recent studies have shown a link between age and spinal
instability (33) indicating that there are associations between muscle control and risk that
change over time. Figure 2.6 indicates how the reporting of low back pain changes as a
function of age for both males and females.

2.6.2 Gender

The literature regarding the influence of gender on low back pain reveals a mixed pattern. In
general, females report more back pain than males (34) (Fig. 2.1). However, when
occupation is considered, a review of the literature has concluded that there was strong
evidence that males are at a higher risk of low back pain than females (35). One study
concluded that females were at a higher risk of back pain in white collar work as well as blue

TABLE2.3 Summaryof EpidemiologicStudieswithRiskEstimatesofNull andPositiveAssociations
ofWork-Related Risk Factors and theOccurrence of BackDisorders (Adapted FromReference 24)

Risk estimate

Null associationa Positive association
Attributable
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

Notes: n¼ number of associations presented in epidemiologic studies.
aConfidence intervals of the riskestimates included thenull estimate (1.0). Inonly12of16null associationswas themagnitudeof the
risk estimate presented.
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collar work; however, the risk is equivalent among service industry workers (36). Some of
thismay be a result of documented differences in lifting patterns andworkmethods between
males and females (37,38).

2.6.3 Anthropometry

Anthropometry concerns the studyof thephysical size, shape, andmobilityof people. Several
studies have explored the relationship between physical body dimensions and low back pain.

TABLE 2.4 Percentage of Studies Finding a Positive Association with Personal Risk Factors (From
Reference 13) (Note: Headache Involved Only One Study with Two Outcomes)

Personal risk factors
% Studies finding
relationship

Age 35
Sex 8
Previous history 87
Intelligence/Education 40
Duration of pain *
Race 0
Number of years experience/Seniority 14
Marital status 25
Household income/unemployment 66
Exercise/Recreational activity 30
Smoking 44
Length of time off *
Headache 100
Distance to work *
Car ownership *
Total (percent positive)
Prospective studies (percent positive)

Note: References in the risk factor column were independent measures, covariates, or associated with another risk factor.

*One observation, therefore percentage was not calculated.

Figure 2.6 Changes in low back pain prevalence as a function of age for males and females in the
UnitedStates (Deyo,R.A. andY.J. Tsui-Wu,Descriptive epidemiology of low-back pain and its related
medical care in the United States. Spine, 1987, 12(3): p 264–268).
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One report suggests that relative risk of low back pain increased for males over 180 cm and
females over 170 cm tall compared to those 10 cm shorter (39). This study also suggests that
those with greater body mass are also at greater risk. A review of obesity and low back pain
(40) indicated that 32% of the studies show a significant but weak association between low
back pain and obesity. Another study (41) reports an association between low back pain and
body weight but only for the 20% most obese portion of the population. Leg length
discrepancies have also been considered as an individual risk factor for low back pain (42).

One study attempting to find physical correlates to back pain found that decreased
lateral range of motion, a long back, decreased lordosis (low back curvature), psychological
distress, and previous low back pain reports could explain up to 12% of first time low back
pain reports (43). Decreases in flexibility have been noted in low back pain patients but the
differences have been so small they are of little practical value (44). A study in a large
manufacturing facility concluded that low back pain symptoms associated with straight leg
raises were the only physical ability that was associated with future low back pain. This
relationshipwas enhanced inwomenwhen age andweightwere considered and inmenwhen
previous back complaints were considered (45).

It has been suggested (32) that individual factors simply set the stage for problems by
interacting with other types of risk factors as opposed to being the idiopathic initiator of low
back pain. Again, this view reinforces the multidimensional and interactive nature of low
back pain risk.

2.6.4 Fitness/Strength

Historically, an association between strength, fitness, and low back pain risk has been
assumed by many employers. This assumption has resulted in some employers performing
preemployment testing and hiring only workers who were the strongest workers or most fit
for employment.Whilemany studies have examined the association between recovery from
low back pain and strength and/or fitness, far fewer studies have explored the relationship
between these factors and the occurrence of an initial low back pain episode.

Two studies of fire fighters examined the relationship between low back pain
occurrence and fitness (46,47). Fitness measures included task-specific strength, spine
flexibility, isometric strength, and cardiovascular conditioning. Both of these studies
reported a monotonic relationship between increased fitness/strength and a reduction in
low back pain. A study of industrial workers reported a slight association between increased
isometric strength and increased reporting of lowback pain (48). However, this study did not
examine back strength relative to job demands.

Another study examined 27 years of field surveillance studies that attempted to
examine the relationship between back pain reports and back strength (49). This review
reported limited evidence that exercises to strengthen back or abdominal muscles and to
improve overall fitness can decrease the incidence and duration of low back pain episodes.
However, the study concluded that there was some evidence that exercise can prevent low
back pain in asymptomatic individuals.

Collectively, this information suggests that at least part of the low back pain causality
component concerns the strength and fitness of the worker. Thus, for optimal low back
health, it is important to maintain at least a basic level of fitness as defined by strength,
coordination, and cardiovascular fitness.

2.6.5 Alcohol

The role of alcohol in association with back pain has not been well established. The
literatures show both increased low back pain with increased consumption (50) and no
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association between low back pain and alcohol consumption (51). However, it is not
uncommon for back surgeons to encourage moderate alcohol consumption to help relieve
stress.

2.6.6 Smoking

Numerous studies suggest a link between cigarette smoking and low back pain. An
association has been identified between smoking and nonspecific low back pain (41,52),
smoking and sciatica (53), smoking and spine damage (54), and adolescent smoking and low
back pain (55). Smoking and degeneration of the entire lumbar spine can be responsible for
an 18% increase in disc degeneration (56).Most studies suggest that smoking interfereswith
nutrition delivery to the spinal structures. However, some analyses have not been able to
determine whether the smoking precedes the low back pain event (52). Such a trend would
make the trend more significant. Studies have also reported greater work absenteeism in
smokers as well as increased productivity and decreased absenteeism in former smokers
(57).

2.6.7 Heredity/Genetics

Much of the recent literature has attempted to assess the degree to which low back pain was
associated with heredity. A recent study (58) showed that disc height and disc bulge were
related to heredity.Disc degenerationwas studiedusingMRIamong twins. The combination
of genetics, age, and occupation was able to explain up to 77% of the variability in
degeneration in the upper lumbar spine. Leisure physical loading, age, and familial history
were able to explain 43% of the variability in the lower lumbar levels (59). Recent
investigations of genetics and back pain have reported that between 30% and 39% of back
problemscouldbe associatedwithgenetic factors dependingupon the definitionof backpain
(60). Others have also found a relationship between low back pain and heredity explaining
44% and 40% of the variability among males and females, respectively; however, a genetic
interaction with age was also emphasized (60,61).

Another recent reviewof the literature observedheredity factors anddisc degeneration
and found a large variation in the reported findings. However, this review suggested that
heredity can explain up to 74% of variability in disc degeneration observations (62).

While studies exploring the link between MRI findings and heredity are certainly
interesting and provoke some fascinating hypotheses, one must consider these findings in
light of the fact that very few (less than 20%) reports of lowback pain have imaging evidence
of pain (63).Until stronger links between pain andMRI findings are established,wemust not
over interpret the findings of such studies.

2.6.8 Social Class and Psychological Factors

Social class has been observed as a potential risk factor for low back pain. Low or
intermediate social class and blue collar occupations have been associated with increased
rates of hospitalizations for disc herniations in males. However, psychological distress has
been associatedwith increased reports in females (64).Mental stress has been associatedwith
sciatica in some patients (53). However, when assessing the role of social class, covariates
(relationships among factors that cause them to respond together) in riskmust be considered.
Most obvious is the fact that many work-related risk factors (e.g., lifting) are most often
associated with the work most often performed by those of lower socioeconomic classes.

Anextensive literature review (65) found that psychological factorsplayeda role inpain
perception and that stress, distress, anxiety,mood, cognitive functioning, andpainbehavior all
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couldbe significant risk factors for chronic andacute lowbackpain.This reviewalso indicated
that personality factors had mixed results. Psychological factors, by themselves, explained
only a small part of the variance. The review stressed that low back pain was a multivariate
problem that was only partly explained by most social and psychological factors.

Some believe that individual psychosocial factors such as depression or anxiety,
psychological distress, personality, fear/avoidance/coping behavior, and pain behavior may
be related to the incidence of low back pain. A review of role of individual psychosocial
factors in relation to lowback painwas published by theNationalAcademy of Sciences (24).
Table 2.5 shows the results of this review of 38 prospective studies. As was the case with
work-related physical exposure factors, this review calculated the attributable fraction of the
back pain thatwould be reduced if thesevariableswere not present. As can be seen, the range
of values associated with the attributable fraction are largewith variables ranging from 14%
to 63%. The large ranges of attributable fraction emphasize the necessity to consider the low
back pain as a multidimensional concern with individual psychosocial factors interacting
with other types of risk factors to ultimately define risk.

2.7 EPIDEMIOLOGY OF WORK-RELATED PSYCHOSOCIAL/
ORGANIZATIONAL FACTORS

A large body of literature has also suggested that work-related psychosocial factors and
organizational factorsmaybe responsible for lowbackdisorders.Work-relatedpsychosocial
factors are different from individual psychosocial problems in that they refer to the unique
managerial and time demand aspects of work that are unique to a particular organization.
One of the early efforts to assess the relationship between psychosocial factors and
musculoskeletal disorders reviewed previous studies regarding psychosocial factors (66).
This reviewof the literature suggested thatmonotonouswork, high perceivedwork load, and
timepressurewere related tomusculoskeletal symptoms. The reviewalso suggested that low
control on the job and lack of social support by colleagues are positively associated with
musculoskeletal disease. However, this review resulted in a hypothetical model suggesting
that individual characteristics and stress symptoms can modify the relationship between
psychosocial factors andmusculoskeletal disorders. The review also discussed the difficulty
in separating psychosocial factors and physical factors at the workplace since these factors
often occur simultaneously. Many of these inherent problems in assessing low back pain
causality have also been stressed by others (67–69).

TABLE2.5 Summaryof IndividualPsychosocialFactorsandBackPain inaReviewof38Prospective
Studies (From Reference 24)

Null Positive Attributable

association association fraction (%)

Individual psychosocial factor n n n Range

Depression or anxietya 5 17 6 14–53
Psychological distressb 0 11 4 23–63
Personality factors 3 4 4 33–49
Fear-avoidance-coping 1 8 1 35
Pain behavior/functionc 1 6 1 38

aSeventeen studies assessed depression only, two studies anxiety only, and three studies both depression and anxiety.
bNine studies assessed psychological distress and two assessed stress.
cFour studies assessed pain behavior and three assessed pain-related functioning.
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Much of the back pain research community took note of studies performed in large
manufacturing facilities where subjects who stated that they “hardly ever” enjoyed their job
tasks were 2.5 times more likely to report a back injury than subjects who “almost always”
enjoyed their job tasks. The study also reported a doubling of reporting for those subjects
having high levels of hysteria (70). However, latter reviews of this work suggested that the
factors identified accounted for only 7% of the variability in low back pain reporting (71).

As with other categories of risk factors, the National Academy of Sciences has
evaluated the attributable risk associated with work-related psychosocial factors through a
review of the literature (24). Table 2.6 shows that, similar to the other risk factors discussed,
work-related psychosocial/organizational risk factors may account for between 17% and
69% of the variability in reporting based upon a review of 21 prospective studies.

Over the past decade, several studies have assessed the impact of psychosocial factors
and some also observed physical factors in the workplace in relation to the risk of low back
pain (66,70,72–74). The studies confirmed that monotonous work, high perceived work
load, time pressure, low job satisfaction, and lack of social support are related to low back
disorder risk. However, an objective analysis of the literature (75) found that the impact of
psychosocial factors was diminished, yet still significant, once biomechanical factors were
accounted for in the study designs. Although several studies have identified these issues as
related to the risk of low back disorders, this review (75) pointed out that few of the studies
have properly evaluated physical work risk factors simultaneously. Consideration of
biomechanical influence can have a significant impact on the strength of the psychosocial
factor findings. Table 2.7 indicates a 20% increase in null results of psychosocial factors
when the studies control for biomechanical demands. Thus, it has been impossible to
separate the contributions of the physical workplace from that of the psychosocial compo-
nents of the work.

2.8 POTENTIAL INTERACTION OF PHYSICAL
AND PSYCHOSOCIAL FACTORS

As suggested earlier, there is sufficient reason to believe that many of the risk factor
categories associated with low back pain interact at different levels of risk factor intensity to
define overall risk. One potential way in which individual psychosocial factors and
workplace biomechanical factors might interact is depicted in Fig. 2.7. Few can argue that

TABLE 2.6 Summary ofWork-Related Psychosocial Factors and Back Pain: 21 Prospective Studies
(From Reference 24)

Null
association

Positive
association

Attributable
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
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heavy biomechanical loading can lead to high rates of low back pain. This trend is indicated
by the increasing trend in risk due to biomechanical workplace factors in the figure that
indicates at high physicalwork intensities risk is dominated by biomechanical loading due to
the work design. However, at low levels of physical work intensity, the figure indicates that
individual psychosocial- and personality-related factors may play a greater role in defining
low back pain risk. The interaction of the influence of these categories of risk factors yields a
J-shaped curve of risk that has been observed in epidemiologic studies (Fig. 2.5).

KEY POINTS

. Backpain is verycommonand thegeneral categorizationofbackpain referred to in the
literature encompasses thewhole spectrumof back pain fromminor sprains to serious
disorders requiring surgery.

. The costs associated with back pain are proportionally more expensive than those
associated with other musculoskeletal disorders.

. Over 100 million workdays are lost to back pain every year.

. TheU.S. government estimates that two thirds of low back pain cases are attributed to
occupational activities.

. Literature reviews indicate that the physical components of work are associated with
low back pain risk and include the factors of manual handling of material, frequent
bending and twisting, heavy physical work, and whole-body vibration. The relation-
ship between static postures and risk is less clear.

. Numerous literature reviews associate many individual (personal) factors with risk.
Among the more frequently cited risk factors are age, smoking, genetics, and
individual psychosocial factors (anxiety, distress, and personality). Some believe
that these individual factors “set the stage” for physical factors to becomemore potent
risk factors for some workers.

. A literature review has also demonstrated associations between low back pain and
organizationally based psychosocial risk factors. These psychosocial factors include

Figure 2.7 The relationship betweenworkplacebiomechanical factors andpsychosocial/personality
factors that may account for observed “J” relationship of low back disorder (LBD) risk and work
intensity.
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high job demands, low decision latitude/control, low social support at work, and low
job satisfaction. A review of the literature has also suggested that these factorsmay be
surrogates for physical work factors and that their influence would be diminished if
biomechanical demands were simultaneously evaluated.

. Collectively, the epidemiologic literature suggests that low back pain is multidimen-
sional in terms of risk and there may be significant interactions between these risk
dimensions.
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CHAPTER 3
FUNCTION, STRUCTURE,
AND SUPPORT OF THE BACK

TH I S C H A P T E R presents a basic overview of back anatomy in a functional
manner. Anatomy is presented along with a description of why the anatomy is important
to the functioning of the back and spine. This chapter assumes no prior physiology
or anatomy background. The goal is to present only enough detail so that the reader
can understand the causal pathways presented in later chapters.

This chapter is intended toprovide the readerwith abasic functional (yet nontechnical)
working knowledge of anatomy and function of the human back and spine. It is not intended
to be a comprehensive description of spinal anatomy. There are many books available
that have described the anatomy of the spine very well (1–4). Instead, the goal of this
chapter is to describe the functional structure of the spine in enough detail so that the reader
can appreciate how the anatomy might affect the functioning of the spine and potentially,
lead to back pain. In addition, it is important to understand the anatomy of the back so that
we can understand how work-related factors might be related to the experience of low
back pain.

3.1 BODY COORDINATES

To describe movements and motions of the body in precise terms, it is necessary to describe
the directions of motion relative to a coordinate system. Direction of motion is described
relative to the three cardinal planes (coordinate system) shown in Fig. 3.1. The sagittal plane
of the body divides the body into the right and left halves and describes movements such as
forward flexion and extension toward the rear. The lateral plane divides the body into the
front and back and is used to describe sideways or lateral motion to either the left or right.
Finally, the transverse plane separates the body into the top and lower halves of the body and
is used to describe twistingmotion, either clockwise (CW) or counter clockwise (CCW). By
describing movements in combinations of these planes, it is possible to describe any
movement or motion of the spine.

3.2 BONY STRUCTURES OF THE SPINE

The spine is constructed of a series of building blocks or vertebral bones that are
stacked upon one another to form the spinal column that runs from the pelvis to the
head. Twenty-six of these bones are vertebral bones. A vertebral bone or vertebrae is
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shown in Fig. 3.2. The large round portion of the bone is the vertebral body and is the
major load-bearing structure in the spine. The outer portion of this bone is constructed
of a thin layer of very strong and stiff cortical bone. Cortical bone, also called compact
bone, forms a protective outer shell around every bone in the body. Cortical bone has a
high resistance to bending and torsion and provides strength where bending would be
undesirable. The inner portion of the bone is spongy matrix of cancellous bone.
Cancellous bone is less dense and more elastic than cortical bone. This type of bone

Figure 3.1 The primary cardinal planes of the body.Movement of the body and specifically the spine
is referenced relative the sagittal, frontal, and transverse planes as shown. (NASA-STD-3000 260
(Rev A), msis.jsc.nasa.gov/sections/section03.htm)

Figure 3.2 Lumbar vertebrae and posterior elements.
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forms the interior scaffolding and helps the bone to maintain their shape despite
compressive forces. The bone is rigid but appears spongy. It is composed of bundles of
short and parallel strands of bone fused together.

Just posterior (towards the rear) of the vertebral body are bony structures that make up
the posterior elements and help form a protective channel or opening for the spinal cord.
These bony protrusions consist of the transverse processes and the spinous process. The
spinous processes are the bones that can be seen on a person’s back and appears to be a series
of “bumps” under the skin. The transverse processes and spinous processes form a guidance
system for the back that keep the bones aligned and also serve as mechanical “stops” to
prevent the spine from twisting excessively. In addition, they share in load support under
some conditions.

The posterior elements also provide attachment points for both ligaments that connect
bone to bone and tendons that connect muscles to bone. These muscles and ligaments
provide rigidity to the systemofbones aswell as provide feedback as tobody as to its position
in space by way of the muscles and muscle–tendon junction.

3.3 THE DISC (AND THE SPINAL JOINT)

The vertebral bodies are connected by disc that serve three purposes. First, they serve as
shock absorbers between thevertebrae. Second, they transmit loadbetweenvertebrae.Third,
they permit and govern motion between the vertebrae. The disc consists of two parts. The
outer portions of the disc consist of alternating layers of fibers that are oriented at a 65� angle
relative to the vertical. Seventy to 90 layers of fibers make up concentric “rings” that define
the disk also called the annulus fibrosus (Fig. 3.3).Within the annulus fibrosis is a gelatinous
core named the nucleus pulposus (Fig. 3.3). Collectively these structures form a shock
absorption system. However, the integrity of the system changes throughout the day. The
disk absorbs water while one is sleeping, whichmakes the system stiffer when onewakes up
in the morning. Conversely, when one is upright, water is squeezed out of the disk and the
structure becomes more lax.

3.4 FUNCTIONAL SPINAL UNIT

Two vertebral bones along with their connecting disc are referred to as a functional spinal
unit (Fig. 3.4). When these functional spinal units are considered along the length of the
spine, the spinal column is formed (Fig. 3.5). As shown in Fig. 3.5, there are four
subcategories of vertebrae (cervical, thoracic, lumbar, and sacral) that are associated with

Figure3.3 (a) Intervertebral disc structures including the annulous fibrosis and thenucleus pulposus.
(b and c) Alternating layers of disk fibers. (Courtesy of James Iatridis, http://www.cems.uvm.edu/~
iatridis/research)
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four physiologic curves. Seven cervical vertebrae comprise the neck, 12 vertebrae define the
thoracic spine, and 5 vertebrae form the lumbar spine. In addition, the sacrum is defined by
five immobile or “fused” vertebrae and the coccyx (often referred to as the tailbone) is a
fusion of four coccygeal vertebrae at the very base of the spine. Each vertebra is numbered
according to its vertical position along the spine (beginning with the vertebrae closest to the
head) along with the subcategory name of the vertebrae. Disk levels are also named relative
to the vertebral levels surrounding the disk. For example, the lowest lumbar vertebra (fifth
lumbar vertebra or L5) is adjacent to the first sacral vertebra (S1) and the disc between these
vertebra is referred to as L5/S1.

Several curvesare also apparent in theupright spine (Fig. 3.5).Thecervical and lumbar
curves are referred to as cervical lordosis and lumbar lordosis, whereas the thoracic and
sacral curves are called thoracic kyphosis and sacral kyposis since these curves bow in the
opposite direction of the lordotic curves. Collectively, these curves form a stable system that
maintain the center of gravity in a balanced state.

3.5 SPINE SUPPORT

The stack of bones comprising the spinal column is stable and strong while in compression
(see Fig. 3.6) but can be easily toppledwith a small force directed from the side (shear shown
in Fig. 3.6). Therefore, the integrity of the spinal column must be offered by supporting
structures within the trunk. Support for the spinal column occurs by way of the muscles and
ligaments connecting the vertebral structures and the pelvis. The structures stabilize the
spine by providing anterior/posterior (forward/backward) as well as lateral (sideways)
support inmuch the sameway as guywires support a tall antenna or stays support themast of
a ship (Fig. 3.7).

3.6 LIGAMENTS

Ligamentous support is provided by the anterior longitudinal ligament and posterior
longitudinal ligament that run the length of the spine in front and in back of the spine,

Figure 3.4 The functional spinal unit consisting of two vertebrae and one disc.
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Figure 3.5 The vertebral column with the cervical, thoracic, lumbar, sacrum, and coccyx vertebrae
identified. Note the curves of the spine also named according to region.

Figure 3.6 Loads imposed on the lumbar spine.
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respectively. These longitudinal ligaments are located close to the vertebrae and prevent the
vertebrae from separating aswell as contain the discwithin its space (see Fig. 3.8). However,
the posterior longitudinal ligament narrows considerably at the lower lumbar levels. Several
ligaments run between the vertebrae (intertransverse ligaments, interspinous ligaments,
supraspinous ligament, and facet capsulary ligaments). These ligaments resist forces that
would pull the spine out of alignment.

Another important supporting structure of the spine is the ligament flavum shown in
Fig. 3.8. This ligament provides support to the posterior elements of the spine and helps form
the spinal canal through which the spinal cord runs.

Ligaments provide passive support or force to the spine in that they only provide
support when they are under tension and usually provide force when the torso is in a
nonneutral or deviated posture. Recent studies have also shown that the ligaments are

Figure 3.7 Support for a tall structure such as amast is most efficiently provided by guywires called
stays and shrouds on a sailing ship. In a similar fashion, spine support is provided by the muscles
and ligaments that run the length of the spine.

Figure 3.8 Ligaments supporting the spinal vertebrae. (Courtesy of: Stewart Eidelson, MD).
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capableofproviding feedback to themusculoskeletal systemandcan actually initiatemuscle
activities if they are stretched sufficiently (5–7).

3.7 MUSCLES

The other support mechanism for the spine involves the muscles within the torso. There are
over 30 muscles that support and load the spinal column. Some of these muscles are large,
power-producing muscles that span large sections of the spinal column, while others are
small and attached between the vertebral segments. Some believe that these small muscles
are not powerful enough to apply significant force to the spine but simply serve as a
sophisticated feedback mechanism (4). The muscles that have sufficient mechanical
advantage to support or load the spine consist ofmultifidus, erector spinae, internal oblique,
external oblique, and the rectus abominus muscle pairs and are shown in Fig. 3.9. Note that
these muscles are located both posteriorly (behind the spine) and anteriorly (in front of the
spine), thereby surrounding the spine to offer support and stability. Given the distance from
the spine, each of these power-producing muscles has a different mechanical advantage
relative to the spine that permit it to both support and load the spine. One should also realize
that even though themuscle area is shown in cross section, themuscles are oriented at various
angles that allow them to impose compression, shear, and torsion forces on the spine.

Unlike ligaments, muscles provide active support to the spine. Muscles activate and
generate force in response to the loads imposed on a structure from outside (external to) the
body, such as when one is lifting or pushing a load. The muscles must counteract these
external forces and must do so while at a mechanical disadvantage (due to the shorter lever
arm relative to the spine). Therefore,muscles are capable of imposing very large loads on the
spine and are an important component in defining the loads that are experienced by the spine
during activities. Since there are many muscles within the torso, the sequence in which
muscles are recruited and exert force becomes an important factor in defining spine loading
during an exertion. The manner in which the muscles are recruited is referred to a motor
control. Motor control patterns vary greatly between individuals and are influenced by life
experiences and injury to the musculoskeletal system, training, the work environment, and
worker attitudes (8–10).Thepattern ofmuscle recruitment indicateswhether themuscles are
recruited in sequence or simultaneously. During heavy exertions or when highly controlled
exertions are performed, the torso recruitsmany of themuscles simultaneously in an attempt
to protect the spine or exert high levels of control on the movement. When muscles are
recruited simultaneouslyduring an activity, they canoppose or “fight eachother” (referred to
biomechancially as cocontraction or coactivation), which results in greater loading of the
spinal structures. Thus, understanding themotor control pattern associated with activities is
an important component of understanding how the spine is loaded during an activity.

3.8 FASCIA

Fascia can be defined as a sheet of fibrous connective tissue that envelops, separates, or binds
together muscles, organs, and other soft structures. Within the thoracolumbar spine, it is
believed that the fasciaplays a role in transmitting force and supporting the spine.Abdominal
fascia is shown over the rectus abdominis muscle in Fig. 3.10. The thoracolumbar fascia
consists of three layers that envelop themuscles. The anterior layer is thin and attached to the
quadratus lumborum. The middle layer lies behind the quadratus lumborum and is attached
to the lumbar transverse processes and attaching to the intertransverse ligaments. Finally, the
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Figure 3.9 (a) Back muscles, (b) abdominal muscles, and (c) a cross-sectional view of muscles that
support (and load) the spine. Note the different lever arm distances and the differences in mechanical
advantage of the various muscles in (c).
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posterior thoracolumbar fascia surrounds thebackmuscles. It begins at the spinousprocesses
andwraps around the backmuscles and joins with the throacolumbar fascia along the lateral
portion of the iliocostalis lumborum. It is the posterior layer of the fascia that is believed to
play the greatest role from a biomechanical standpoint (11,12).

3.9 NERVES

An elaborate network of nerves passes along the length of the spine. The main communica-
tion connection between the brain and the rest of the body consists of the spinal cord that
resides within the spinal canal. The spinal canal is located just behind (posterior to) the
vertebral bodyand in front of theposterior elements formingachannel along the lengthof the
spine. Nerves branch out at each level of the spine forming nerve roots that distribute and
receive information to and from the various tissues of the body (Figure 3.11a). Above the L1
level, nerve roots branchoff from the spinal cord andpass through an area called the radicular
canal beyond which the nerve branches out further to form of peripheral nerves and serve
various parts of the body. The lumbar nerve roots are labeled relative to the vertebral body at
which they exit the spinal canal. Thus, the nerve root exiting just below the second lumbar
vertebrae is called the L2 nerve root.Within the lumbar spine, the nerve roots exit the spinal
cord at L1 and continue individually as nerve roots within the spinal canal down the lumbar
spine to form the cauda equina.

The spinal cord is connected to the spinal nervesby thedorsal root andventral root.The
dorsal root transmits afferent (traveling to the brain) sensory information to the brain,
whereas the ventral root transmits efferent (away from the brain) motor control information
to the muscles. Just before the dorsal root and ventral root exit the intervertebral foramen,
they join to form the spinal nerve root, which is very short. However, just before the roots
unite, a bump is seen on the dorsal root called the dorsal root ganglion (see Fig. 3.11b). The
dorsal root ganglion consists of cell bodies of the sensory fiberswithin the dorsal root. As the
spinal nerve exits the spinal column, it immediately divides again into the ventral ramus and
dorsal ramus. After this point, peripheral nerves are formed that serve specific parts of the
body. Figure 3.12 shows the spinal nerve roots and the parts of the body that are affected by
damage to the nerve root at each level.

Within the lumbar spine, as the dorsal rami exit the spinal column, they form nearly
right angles from the lumbar spinal nerves. As they move toward the transverse processes,
the dorsal rami between L1 and L4 divide into two to three branches that are presented at
each level. This arrangement may provide opportunities for pressure to be imposed on the
nerve.

Nerve intervention to the disk was originally thought to be nonexistent. However, we
now know that the outer third of the annulus contains a network of complex nerve endings

Figure 3.10 Fascia within the trunk helps connect tissue.
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Figure 3.11 The organization of the spinal nerves (a) along the length of the spine and (b) as they
surround the torso.
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that are capable of transmitting pain signals. Pain receptors are not uniformly distributed,
with the greatest number of endings residing in the lateral regions of the disk.

3.10 BLOOD VESSELS

Blood delivery is important to maintain the health of biologic tissue. In addition, blood
regulation is involved in the perception of pain. It is important to appreciate the anatomy of
blood supplywithin the spine. Lumbar spine blood supply is provided by the lumbar arteries
and drainage is accomplished via the lumbar veins (Fig. 3.13).

A pair of lumbar arteries originate from the back of the aorta in front of the lumbar
vertebrae. The lumbar arteries then run backward around the vertebral body. Once the artery
reaches the point of the intervertebral foramen, it further divides into several branches.
Lateral branches of the artery continue on to the psoas and quadratus lumborum muscles.
Other branches run along side the ramus and dorsal ramus of the spinal nerve and innervate
the paravertebral muscles. The posterior branches of the lumbar artery form a network of
bloodvessels around the zagapohysial joints. Threemedial branches initiate from the lumbar
artery. One of these branches crosses the disk and circumvents the pedicle to form a network
along with vessels from higher segments.

Figure 3.12 Nerve intervention of the spinal column. This figure indicates how function can be
effected if the various spinal nerves are compromised (from The Merck Manual of Medical
information - SecondEdition, p. 562, edited byMarkH.Beers. Copyright 2003 byMerck&Co., Inc.,
Whitehouse Station, NJ. Available at http://www.merck.com/mmhe/sec06/ch093/ch0932.html)
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A number of veins surround the lumbar spine and serve a drainage mission. These
veins include the lumbar veins and the venous plexuses. The lumbar veins drain into the
inferior vena cava. The venous plexus is a variable series of vessels that interconnect to the
lumbar veins. Blood supply to the spinal nerve roots is received form the vessels emanating
from the spinal cord and from radicular branches of the lumbar arteries.

3.11 END PLATES AND NUTRITION

An important consideration for low back pain generation is the nutritional supply to the
intervertebral disk. Although the annulus fibers are biologically active and require nutrition
for their survival, the intervertebral disks have no arterial supply. Only small branching
arteries innervate the very outermost fibers of the annulus. Thus, to remain viable, the
intervertebral disk must receive nutrition via diffusion from the outer annulus and from
the capillary branches beneath the vertebral end plates. Hence, for nutrition to reach the
nucleus pulposus, nutrition in the form of oxygen, sugar, and other molecules must diffuse
across the end plate or through annulus fibrosus. Motion of the vertebral bodies relative to
the disk appears to play a positive role in diffusion and the delivery of nutrients to the
intervertebral disc (13).

3.12 FACETS

The joints compromising the posterior elements of the spine are referred to as the articular
facet joint. These joints are engagedwhen spinal curvature in present in the lumbar spine and
become disengaged when the spine is flexed. When engaged, these joints are capable of
bearing about one third of the load of the spine. However, when disengaged, all the load
supported by the spine is transferred to the disk. Because of their ability to support load as

Figure 3.13 Artery and venous blood supply delivered to the spinal cord, nerve roots, and
surrounding muscles and tissues.

40 CHAPTER 3 FUNCTION, STRUCTURE, AND SUPPORT OF THE BACK



well as guidemotion, these joints play an important role in defining contact forceswithin the
bones, ligament, muscles, and ultimately, the loading experienced by the nerves.

3.13 THE SYSTEM

This brief description of spinal and back anatomy should emphasize that although there are
many individual components that define the anatomy of the back, there are many oppor-
tunitiesforthesecomponentstointeract.Thefunctioningofanyoneofthevariouscomponents
can have an impact on the functioning of the other components. Thus, when considering the
anatomyof the back,wemust consider this an active system and the interaction of thevarious
system components must be considered when assessing function.

KEY POINTS

. The anatomical features of the spine and trunk form a complex and intricate system of
support and movement within the back.

. A series of bony structures (vertebrae) define the spine and provide structural support,
limit motion, and protect the nervous system residing within the structure. Due to the
complex, multifunctional nature of the system, there are many opportunities to
compromise nerves, blood supply, and active and passive support tissues.

. The many muscles within the trunk represent the only truly active generators of force
within the trunk.The recruitment pattern of thevariousmuscles dictates the loadhistory
experienced by the various structures of the spine. Passive support is provided
primarily by the ligaments, fascia, facet joints, and elongated muscles.

. The disk separates the vertebral bodies, provides shock absorption, and permits spine
motion. Disk damage results in the potential to compromise nerve volume. The end
plates play a key role in disk nourishment and disk health. However, because of a
greatly reduced intervention of nerves within the disk, perception of spine load is
greatly compromised.
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CHAPTER 4
THE PROCESS OF PAIN

PA I N P E R C E P T I O N is discussed in this chapter. The goal is to help the reader

understand that pain perception is influenced not only by physical loading but also by

prior (cognitive) experiences. Difference between peripheral and central pain is

discussed and the ability of the various spinal structures and tissues to experience pain

is considered. Finally, the influence of biomechanical loads imposed on tissues and their

biochemical reactions is discussed in terms of their ability to initiate pain perception.

4.1 WHAT IS PAIN?

To understand how back pain might be related to the work we do, we must first understand:
what is pain? Pain is a rather complex reaction to tissue state that is also influenced by
cognition (the way you think), emotion, and behavior. Pain has been described as “an
unpleasant sensory and emotion experience associated with actual or potential tissue
damage, or described in terms of such damage” (1). In other words, pain is a perception,
just like sound or sight. It is not a sensation. Pain perception involves sensitivity to chemical
changes in the tissue and an interpretation of these tissue changes in such away that they are
judged to be harmful. Since pain is a perception, the perception is realwhether or not damage
has occurred to the tissue (2). It is possible to experience pain as a result of damage to a tissue,
but it is also possible to experience pain once the tissue damage has healed.

Cognition refers to the mental processing that occurs in the brain in light of a persons
experiences, beliefs, and desires. Cognition can influence or shape the perception of pain.
Therefore, cognition can lead to emotional and behavioral reactions to tissue stimulation (2).
We have all heard of heroic sports feats where a sports figure successfully completes an
athletic event only to find out that she had finished the event with a broken bone. This
demonstrates howourmindhas the ability to filter sensations and refocusour attentiononour
goals. Similarly, in the absence of such goals or objectives, it is also possible to refocus onour
attention on our well-being and magnify the perception of pain. Hence, it is important to
realize that even though much of the pain experience can be initiated by a physical insult to
the biological system, it is also possible for pain to be perceived due to a disturbance of any
part of the biopsychosocial system we call the human experience. As we shall see, when
assessing risk of low back pain related towork, wemust consider thework requirements, the
person’s perception of the situation, and their interpretation and beliefs relative to the
causality of the pain.

The Working Back: A Systems View, by Williams S. Marras
Copyright � 2008 John Wiley & Sons, Inc.
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4.2 ORIGINS OF PAIN

Pain can originate from injured tissue or it can be experienced in the central nervous system
(CNS). Pain originating from a damaged tissue site is called peripheral pain or nociceptive
pain. To experience peripheral pain, a tissue must be connected to the nervous system. This
type of pain is often referred to a joint or muscle pain and indicates tissue disruption in these
structures. This typically originates in the motion-associated components of the musculo-
skeletal system such as the muscles, tendons, and ligaments or in the peripheral nerves.

Nociceptors (pain sensors) reside in different parts of the body at different densities.
The sensory endingsof thenociceptors arevery thin fibers andare embedded in the tissue.Fat
tissue has very few nociceptors and is thus insensitive to mechanical load. However, the
interface between ligament and bone or tendon and bone is richly innervated with
nociceptors, making these insertion points prime pain-generating locations. Nociceptor
pain is believed to be primarily responsible for work-related pain to the low back.

Central pain originates in the nerves and is typically due to a dysfunction of the CNS.
This can be due to maladaptive cognitive processes resulting in psychogenic pain, but most
likely it is due to structural changes in the spinal tissues as a result of spinal cord injury,
multiple sclerosis, stroke, or epilepsy (3). Thus, central pain is typically associated with a
lesion or dysfunction of the CNS. Neuropathic pain refers to pain occurring at structural
or functional nervous system adaptations that are secondary to injury and take place
either centrally or peripherally (4). Neurogenic pain refers to an injury to the peripheral
nerve without any neuropathy or degeneration of the nervous system. Neuropathic pain
is often described in terms of abnormal sensations such as cold, shocking, burning,
or numbness.

One of the problems associated with chronic work-related musculoskeletal pain such
as back pain is that once the pain sequence has been initiated, and if it continues, the pain can
become persistent pain. Persistent pain may continue even in the absence of the initiating
stimulus (after the tissue has healed) because of a CNS dysfunction. However, CNS
dysfunction is secondary to long-term peripheral pain. In other words, if pain is consistently
perceived fromnociceptors, it can result in changes in theCNS that can change the pain from
peripheral pain to central pain. Hence, persistent back pain can be complex and can expand
from the original sites of pain to more central pain “persistent” sites.

4.3 PAIN TRANSMISSION

Nociceptive pain occurs when normal nerves transmit information to the CNS about trauma
to the tissue. Nociceptors are pain-sensing receptors located in the skin, muscles, viscera,
blood vessels, bones, and joints, which, when stimulated, transmit a signal to the brain (see
Fig. 4.1). Nociceptors can be as long as 1m between the receptor site with their synaptic
ending located in the dorsal horn of the spinal cord. The cell body (somata) of most
nociceptors is located at the dorsal root ganglion (DRG) on either side of the vertebrae.

A nociceptor’s function is to trigger biochemical responses.When nociceptors signals
are blocked, wound healing is delayed. Thus, nociceptors appear to play a role in healing as
well as neuroimmune responses. Activation of nociceptors can also initiate a release of
vasoactive peptides that instigate redness and increase permeability of the blood vessels.
Since nociceptors can serve deep tissues that provide convergent input to the spinal cord, this
organization is also believed to be responsible for referred pain or pain felt at a site other than
where the cause is situated.

44 CHAPTER 4 THE PROCESS OF PAIN



The nocicpetor’s sensory ending typically respond to strong stimuli. When a strong
stimulus activates a sensory cell, the stimulus typically acts directly on a transduction
channel by opening the channel resulting in depolarization and electrical excitation of the
neuron. Different types of transduction channels are activated by heat, mechanical stimula-
tion, or chemical stimuli. Low back painwould be expected to involve primarilymechanical
stimulation that would be expected to activate specific mechanically sensitive transmission
channels (degenerin or DEG).

Pain-sensing nociceptors are also capable of activatingwhen the stimuli are not strong
if the nociceptors become sensitized. Sensitization occurs through inflammation of the
tissues at the site of the nociceptors. When inflammation occurs, the sensory endings are
much more reactive to stimulation to the point where normally nonpainful stimuli become
painful (allodynia) andperceptionof painful stimuli becomes intensified (hyperalgesia). It is
believed that this sensitization is a result of the chemical modification of the transduction
channels at the sensory endings. Inflammatory mediators such as bradykinin and prosta-
glandins can enhance sensitization though this mechanism, thereby increasing pain
perception (5).

Synapses fromthenociceptorsoccurwithin thedorsalhornof the spinal cord (Fig. 4.2).
Here, the pain signal enters the central nervous system. Voltage-gated calcium channels are
opened when neurotransmitters are released and synaptic transmission of the pain signal
occurs. However, the pain transmission is modifiable at this point. The synapse is controlled
by a system shown in Fig. 4.3. Specific interneurons within the dorsal horn are able to use
endorphins as transmitters that act to block the transmission of the pain signal. The
interruption of the pain signal is mediated by morphin receptors that act by inhibiting
presynaptic activity of the voltage-gated calcium channels (5).

Figure 4.1 (a) Nociceptors’ peripheral pain route and (Illustrations by Donald Bliss, NIHMedArts,
with permission) (b) path to the central nervous system.
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4.4 THE PAIN PROCESS

Our understanding of themechanisms involved in back pain has advanced significantly over
thepast decade.Wenowunderstand that backpain is a set of complexcellular,molecular, and
functional adaptations that are initiated by stimulation of nociceptors at the peripheral
nervous system site.Nociceptors trigger a signal that ascends to the dorsal ganglion neuronal
cell body and adjacent dorsal horn palisading interneurons, then to the brainstemmedullary
structures, and finally projects signals to widespread regions of the cortical and subcortical
central nervous system. Pain is fundamentally a sensitization of tissue. However, this
sensitization canoccur at the pain receptor or the sensitization can extend through thevarious
components of the nervous system and even affect the brain responses. Thus, while pain
appears to be initiated by compromise of tissue through the application of force, this is only

Figure 4.2 Dorsal horn of spinal cord where signals enter the central nervous system. Note the
close tight fit of the dorsal root ganglion as it enters the spinal canal. (From reference 5).

Figure 4.3 The nociceptor – spinal cord synapse is controlled by a system shown here. Specific
interneurons within the dorsal horn are able to use endorphins as transmitters that act to block the
transmission of the pain signal. (From reference 5).
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the beginning of a system of responses that we interpret as pain.While older theories of pain
sensitization considered sensitization as anatomic variations and injuries, newer theories
consider pain sensitization to be functional in nature and thereby shaped by the person’s
exposures and experiences. Pain can be thought of as a continuum that can progress from
peripheral pain to chronic pain. The characteristics of each type of pain described in this
section along with the probable pain mechanisms are summarized in Table 4.1.

Peripheral pain is typically the simplest pain and indicates that the nociceptive
receptors in the peripheral nervous system are being exposed to a stimulus. Nociceptors can
be stimulated either directly or can be trigged by adjacent or even remote tissue injury.
Nociceptor stimulation projects toward and is altered by a dynamic and complex CNS
system that interprets the experience of pain. To understand the influence of work in back
pain, it is important to recognize that the nociceptor is the initiating factor of pain and it can
initiate central pain responses.However, it is also important to understand that the nociceptor
is just one component of a multidimensional interactive nervous system.

Neuropathic pain describes pain that is typically initiated by stimulation of peripheral
tissue or a nerve injury, yet stimulation of the tissue is no longer necessary to maintain the
pain sensation. Hence, pain persists with this condition, even though the magnitude of the
tissue or nerve stimulus would not be expected to result in a painful response. Under these
conditions, the stimulus is often repetitive in nature. Thus, the tolerance to stimulation is
significantly reduced under these conditions.

Pain is referred to as central pain when abnormally behaving neurons are located
within and throughout the CNS. Thus, central pain refers to central nervous system

TABLE 4.1 The Relationship Between Sources of Pain and the Various Types of Pain

Pain

Acute Chronic

Pain Mechanism Peripheral Neuropathic Central

Direct tissue stimulation of
nociceptors at site of tissue insult

X

Adjacent or remote tissue
stimulation (increased stimulation via
involvement of more nociceptors)

X

Cytokine upregulation (increased
sensitization via biochemical response—
nociceptors react more easily)

X X X

Tissue stimulation no longer necessary

Inflammatory cascade (increased
sensitization via biochemical sensitization
and increased pressure on nociceptors)

X X

Tissue stimulation no longer necessary

Pain response patterns imprinted in brain X

Tissue stimulation no longer necessary

�
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sensitization. The key to understanding pain is to understand how sensitization can occur.
Sensitization can occur peripherally or centrally.

4.5 THE INFLAMMATORY PROCESS (CYTOKINES)

One of the more important discoveries regarding back pain in recent years has been the
defining the roles of cytokines. A cytokine is a regulatory protein, such as interleukin (or
lymphokine), that is released by cells of the immune system and acts as intercellular
mediator in the generation of an immune response. Studies have found that when
cytokines are upregulated, a cascade of inflammatory responses are initiated that can
enhance the sensitivity of nociceptors (6–10), and thus, result in a greatly increased
sensitivity to pain. Specifically, within the spine, interleukin-1 a/b (IL-I a/b), interleukin-6
(IL-6), and tumor necrosis factor alpha (TNF-a) have been found to greatly increase pain
sensitivity (8).

The logic of how cytokines play a key role in the development of musculoskeletal
disorders have been well described (6). According to this theory, loads imposed on tissues
due to activities provoke physiological responses that can influence the tissue tolerance.
Loads imposed on the tissue below the tissue tolerance preserve the integrity of the tissue.
However, loads imposed above the tissue tolerance initiate a series of physiologic responses
that can lead to inflammation. This sequence of events is referred to as the overexertion
theory of musculoskeletal disorders. Tissue microtruama can result in an inflammatory
reaction of the tissue. In the case of repetitive tasks (such as highly repetitivework tasks), the
tissue loads are superimposed on the inflamed tissue where the increased pressure leads to
increased nociceptors stimulation. A cycle of injury, further inflammation, and motor
dysfunction follow. It is this inflammatory response of the tissue that leads to a vicious
cycle or cascade of chronic tissue sensitivity and a reduction of tissue tolerance to the
repetitive task.

The role of tissue inflammation is to protect tissue from further damage and initiate
tissue regeneration. Inflammation attempts to engulf anddestroy a hostile threat to the tissue.
Phagocytes are released that serves as an important bodily defense mechanism against
infection bymicroorganisms and against occlusion of mucous surfaces or tissues by foreign
particles and tissue debris. During repetitive tasks that may or may not include high force
exertions, tissues are overstretched and/or compressed, and these tissue loads can lead to
oxygen deprivation in the tissue (11). This tissue abuse can cause mechanical disruption of
the cellularmembranes and intracellular structures, leading to a localized release of proteins
including cytokines. The extent of tissue damage and the length of time since damage
occurred dictate the nature of the inflammatory response (6).

Initial acute inflammation typically occurs suddenly and follows the sequence
described in Fig. 4.4 (6). According to this sequence, small artery twigs in the capillary
bed (arteriolar) are initially constricted, followed by vasodilation, which increases perme-
ability of the endothelium, diffusion of fluid and plasma proteins, and migration of
leukocytes from the vessels into the injured tissues. The vasodilation results in tissue heat,
redness, and an increase in tissue mass. The increase in tissue pressure on the nerves (due to
edema) can result in pain and loss of function.One of themore long-term results of increased
vascular permeability is the influx of inflammatory mediators such as TNF-a and IL-1
released from injured cells whenvessels have been overstretched or compressed. Since IL-1
and TNF-a are proinflammatory agents, several reactions can occur. First, neutrophils
respond during the acute inflammatory response within the first 24 h and can be present for
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up to 5 days. Neutrophils arewhite blood cells that are highly destructive tomicroorganisms.
When a tissue is damaged, neutrophils go to the site of the injury anddefend the injured tissue
from invading bacteria. In this context, neutrophils can be thought of as the body’s “security
force.” Second, the neutrophils also signal macrophages to clean up the injury site.
Macrophages consume dead and damaged tissue so that the remaining healthy tissue can
regenerate.Monocytes andmacrophages, the predominant immune cells, respond to tendon
and muscle injuries within the next 24–48 h. Changes in chemical concentrations resulting
from these reactions can increase concentrations of cytokines such as IL-1a and IL-6 that can
cause further inflammation. Finally, the tissue can undergo adaptation. The inflammation
and tissue damage are eventually resolved and normal function is restored. However, if the
tissue is not able to adapt, persistent inflammationmay occur, which can result in additional
tissue damage and set the stage for chronic pain (12).

Acute inflammation can result in either (1) complete repair and return of function, (2)
healing alongwith scar formation, or (3) development of chronic fibrosis. Withmild insult to
the tissue, complete repair is often possible. However, scar formation can occur with more
significant tissue insult in tissues that have little capacity for regeneration. Such is the
situation in muscle tissue after long periods of edema. Formation of connective tissue can
further lead to new stress pointswithin the tissue and the further exacerbation of nociceptors,
which will be prolonged and result in chronic fibrosis.

Chronic inflammation can begin shortly after an acute response and can last for
years as a result of a continued exposure to the stimulus, repeated acute inflammation
events, or interference with normal healing. Systemic effects due to acute and chronic
inflammation can expand the influence of cytokines to other parts of the body through the
circulatory system and can even cause fever if cytokines reach parts of the brain.
Ultimately, inflammation is intended to repair injured tissue or replace the tissue with
scar tissue. However, repeated insult to the tissue, inadequate blood supply, nutritional
insufficiency, infection, or metabolic disorders can mediate the quality of the healing
response (6).

There appears to be a clear link between biomechanical tissue loading and cytokine
response. Statistically significant correlations have been found between the level of
cytokines and the degree of tissue deformation at injury (13). This indicates a direct link
between the injury magnitude and nociception. Furthermore, much of the recent literature
has demonstrated how work-related activities can serve as the initiating stimulus behind

Figure 4.4 Cytokine upregulation and the role of the vascular tissue in the inflammatory process.
(From reference 6).
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the sequence of events involved in the inflammatory process and the increased sensitivity
to pain. Increased vascularity with accompanying edema, hypervascularization with
functional decline, and decreased tissue tolerance have been noted in tissues exposed
to mechanical loading (14–16). Chronic inflammation of the tendons and muscles has
been reported as a result of highly repetitive tasks (17–19). These studies have shown that
highly repetitive tasks, even without high force output, can result in increases in
inflammation in the involved muscles as well as those muscles that are not directly
involved in the task. These studies further demonstrate the systemic nature of the cytokine
upregulation influence.

The inflammatory process has been shown to clearly follow a dose–response
relationship (18). The literature demonstrates that tissue tolerance is influenced more by
an overexertion (increased load) than by increases in repetition (cumulative trauma).
However, both factors interact strongly. The inflammatory response of tissue has been
monitored and shows how tissue tolerance decreases gradually as a function of exposure to
high repetition tasks, and tolerance declines precipitously when the high repetition tasks are
combined with high force tasks (Fig. 4.5).

4.6 PERIPHERAL NERVOUS SYSTEM SENSITIZATION

Three primary neurophysiologic mechanisms have been identified following peripheral
nerve injury by which sensitization can occur (20). First, spontaneous discharge of
neighboring axons can occur. Neighboring axons can be chemically and electrophysiologi-
cally sensitized and begin to fire simply because of their proximity relative to the damaged
cells (21). As a result of this firing, the spinal cord dorsal horn becomes sensitized.
This sensitization, in turn, leads to a loss of firing inhibition and can result in chronic
pain (22).

Second, receptor sensitivity can increase and sensitize the peripheral tissue. This
occurs through a change in the biochemical behavior that governs the synapses at the
receptors. N-Methyl-D-aspartic acid (NMDA) and alpha amino-3-hydroly-5-methyl-4-

Figure 4.5 The relationship between long-term exposure to repeated tissue inflammation and
tissue tolerance (LRNF¼ low repetition, negligible force (baseline); HRNF¼ high repetition,
negligible force; HRHF¼ high repetition, high force). (From reference 6).
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isoxazole-propionic acid (AMPA) receptors can produce exaggerated discharge of
low-threshold receptors (20,23). Repetitive stimulation can activate automatic rhythmic
discharge in the dorsal root ganglion and can modify synaptic activity.

Third, neuronal sensitivity can increase through coupling of somatic primary afferent
and sympathetic neurons. This occurs interneuronally and through local blood flow resulting
in an increase in epinephrine output (20,24). This abnormal sympathetic neuronal activity
results in heightened sensitivity and is called complex regional pain syndrome. This
syndrome can include abnormalities in blood flow.

While these mechanisms are believed to enhance sensitization at the peripheral site, it
is not clear whether these responses are a result of exposure or predispose a person to these
reactions. It is also important to recognize that peripheral tissue stimulation is notmandatory
for CNS sensitization. Central mechanisms can be affected by a central processing disorder
such as myofascial pain.

4.7 NEUROPATHIC PAIN: THE CYTOKINE CASCADE
AND NERVE SENSITIZATION

Damage to peripheral tissue triggers a cytokine induced local physiologic response. For
example, a tear in the annulus can lead to cytokine upregulation at that site. The cytokine
upregulation can be a response to continual overactivation of the nerve and can cause the
peripheral nerve to behave abnormally. Proinflammatory cytokines act on the peripheral
neurons and the spinal cord dorsal horn to induce and facilitate inflammatory neuropathic
pain and causes excessive sensitization. When the peripheral nerve becomes overly
sensitized, it overstimulates the spinal dorsal horn lamina and can induce central sensitiza-
tion (20). Cytokines, such as TNF-a, can initiate an inflammatory cascade as it inserts across
the neuronal cell membrane and destabilize cellular ionic status and increases spontaneous
neuronal discharge (25). Animal models have demonstrated how TNF-a applied to periph-
eral nerves can cause neuropathic pain (26) and how blockage of TNF-a can relieve
neuropathic pain (27). Cellular response to proinflammatory cytokines can be further
amplified by abnormal efferent input, causing a cycle of pain escalation. The neuropathic
inflammation further aggravates the peripheral nociceptor by causing neuron-stimulated
release of evenmore inflammatory cytokines. Hence, a vicious cycle of pain can be initiated
and can be self perpetuating when cytokine-induced sensitization occurs at the peripheral
nerve.

4.8 PAIN MECHANISMS OF THE CENTRAL NERVOUS
SYSTEM

Repeated dorsal ganglion afferent discharge occurring at the dorsal horn can lead to
abnormal behavior of the central nervous system (20). As cytokines act to sensitize
peripheral neurons, the neurons can generate a cascade of abnormal nociceptive signals
to the dorsal horn of the spinal cord. These signals can then trigger abnormal medulary and
cerebral responses in the brain. This process represents the initiation of central sensitization.
Repetitive discharge of sensory fibers can cause escalation of action potential discharge that
can maintain hypersensitivity of the central nervous system (24).

Brainstem structures have also been implicated in facilitating the mechanisms of
chronic pain through chemical manipulation of pain-inhibiting pathways (28). These
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pathways can bemanaged through the use of antidepressants, thereby demonstrating central
sensitization involvement.

Central pain has also been documented via altered brain function activity in response
to peripheral nociceptive activation in patients with chronic low back pain. Changes in the
brain function in the cerebral regions of the brain in response tomechanical pressure pain as
well as imagined pain havebeendocumented through the use of functionalMRI (fMRI) (29).
Figure 4.6 shows the difference in brain activity between a patient who is overly sensitive to
peripheral pain compared to a patient who is not. This central pain response clearly is
manifested through changes in brain activity. When comparing normal patients to
those suffering from back pain and fibromyalgia, the patients suffering from back
pain and fibromyalgia report greater pain in response to similar mechanical pressure as
well as show very different brain mapping in response to the same peripheral nociceptive
stimulus (30).

Recent theories about brain functioning no longer consider the brain to be subdivided
into discrete centers that operate independently from sensory and emotional simulation.
Current thinking suggests that widespread areas of the brain are actively involved in nearly
all components of the conscious sensory and emotional experience. The brain continuously
modulates a stream of neuron regulatory input and therefore plays a major role in pain
perception. Thus, pain is a central nervous system process. The interpretation of pain is
determined only after the complex pathways project through the brain (20). Hence, once
the brain becomes sensitized to pain, the experience of pain can persist long after the
physical injury has healed. However, it is important to realize that the complex processes
described are initiated by a physical insult to the tissue. Neurophysiology suggests that “the
post injury central nervous system becomes sensitized by the injury or other predisposing
factors” (20).

4.9 ROLE OF THE ENVIRONMENT IN CENTRAL
SENSITIZATION

As has been demonstrated, pain is a complex and dynamic phenomenon that includes
peripheral stimulation of a nociceptor, sensitization at the peripheral site, and neuropathic

Figure 4.6 Difference in brain activity in subjects who are overly sensitive to peripheral pain
(left image) compared to a normal response (right image) (R.C. Coghill et al., Neural correlates of
interindividual differences in the subjective experience of pain. PNAS 2003, 100 (14), 8538–8542.
(Copyright 2003, National Academy of Sciences, USA.)
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and/or central pain pathways. Nerve cells can be either transformed by a prior injury or
predisposed to respond to sensations as abnormally painful.

Once the pain becomes central in nature, interactionwith brain activities can shape and
modulate the pain experience. Thus, it should be no surprise that anxiety and fear can lead to
exaggerated pain responses and fear-avoidance behavior. Emotion can activate the central
nervous system differently in response to somatosensory input compared to a less affect-
sensitive brain (31,32). Thus, to the extent that psychosocial and organizational factors in the
workplace can induce an emotion response, it is conceivable that the neural pathways
associated with central pain sensitization can provide a plausible pathways for work-related
back pain.

4.10 IMPLICATIONS FOR LOW BACK PAIN

The previous sections have reviewed the different types of pain that can be perceived by the
body. The following section shows how these concepts can be applied specifically to the
tissues believed to be associated with low back pain transmission.

4.11 NERVES AT RISK OF SENSITIZATION

To understand which tissues within the spine may be responsible for the initiation and
transmission of a pain stimulus, it is important to briefly describe the neuroanatomy of the
functioning spine. The spinal canal contains the spinal cord, and branches out at the various
levels of the spine into nerve roots. The dorsal root of the spinal nerve transmits information
from the sensory fibers running through the spinal nerve to the spinal cord. The ventral root
mostly relays information in the other direction from the spinal cord to the spinal nerve. The
dorsal and ventral nerve roots exit the spinal cord and join to form the spinal nerve as it exists
the spinal columnat the intervertebral foramen.The spinal nervesbranchout to servevarious
parts of the body,where there aremany opportunities for the nerves to become compromised
and potentially serve as sources for pain.As the nerve root exits the intervertebral foramen, it
branchesoff into theventral anddorsal rami.These anatomical constraints result inveryshort
spinal nerves that provide opportunities for stretching and compression of the nerves (33).

As the spinal cord branches out at each spinal level, one encounters an enlarged portion
of the nerve called the DRG. This structure contains cell bodies of the sensory fibers in the
dorsal root and has been described as “the brain of the functional spinal unit” (see Fig. 3.11)
(34). The DRG serves as a communication link between the internal and external environ-
ments and the spinal cord, since it receives information from the tissues and transmits this
information to the brain as well as back from the brain. However, since this structure resides
within the spinal column, it can easily be compressed by a bulging disc. Even slight pressure
on the DRG has been shown to increase nerve activity well after the nerve stimulation has
ended (35). TheDRG is important since it canmanufacture several neruogenic peptides that
can increase sensitivity to pain (34).

4.12 TISSUES AT RISK OF SENSITIZATION

Given that pain-generating tissues must be connected to the nervous system, it should be
possible to identify the specific tissues and structures that are capable of initiating pain in the
low back. Several studies have attempted to document the pain pathways in the low back by
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stimulating certain tissues and “mapping” the nature and location of the reported pain as a
result of the stimulation. One landmark study (36) studied the reactions of 193 patients who
were given progressive local anesthesia. The patients had undergone surgery for spinal disc
herniation,stenosis,orboth.Duringthesurgery, theseresearchersstimulatedvarioustissuesto
observe the sources of pain. The lumbar fascia was not sensitive to the stimulation when
touched or even cut. However, pressure on the supraspinous ligament produced some pain.
Nopain resulted frompressureappliedon themuscles.However,whenthebaseof themuscles
was touched at the intersection of themuscle andbone (myotendonous junction), particularly
at the site of blood vessels or nerves, localized pain was prevalent in the back.

These findings have lead to the belief that pain arises from blood vessels and nerves
as opposed to muscle tissue itself. A nerve root itself is typically insensitive to
pressure. However, if the nerve root has been exposed previously to continuous pressure,
stretching, and swelling, then stimulation of the nerve root will result in pain and sciatic
symptoms (37).

The disc has often been considered as a source of low back pain. However, only the
outer regions of the annulus are innervated by pain-sensitive nociceptors. As expected,
studies (36) verified that pain occurred only when the outer regions of the annulus were
stimulated. Buttock painwas producedwith pressure on either the outer annulus or the nerve
root. Local anesthesiawas often effective in blocking this pain.This study also demonstrated
that the central part of the annulus and the posterior longitudinal ligament were capable of
producing central back pain, whereas forces applied to the lateral aspects of the ligament
resulted in pain on the side where the stimulus was applied.

Further investigations found that the vertebral end plates were pressure sensitive and
insult to the end plate resulted in deep low back pain. The facet joints have also been
identified as a source of sharp and localized pain.However, the nature of the pain observed in
these investigations was not consistent with the often reported deep and dull pain believed
to be representative of facet pain. The specific structures found not to result in pain when
the ligamentum flavum, epidural fat, nucleus pulposus, bony lamina, the posterior dura, and
the spinous processes were stimulated mechanically.

Scarring has also been suggested as a source of pain. However, reports indicate that
scar tissue itself is not sensitive to pain compared to the nerve root. This suggests that the pain
sensitivity to a scar may be secondary to repair of the nerve that is sensitive to compression
and/or tension (37). Hence, this process suggests amajor role of the blood delivery system in
defining pain.

4.13 DISC AND NERVE ROOTS

Pressure on the disc has been observed to mimic low back pain similar to that of lumbago
(38). Some have hypothesized that the disc is most likely the origin of most low back pain;
however, evaluation of pain distribution indicted that pressurewithin the disc does not lead to
pain unless disc degeneration or annular disruption is present (39). Hence, themechanism of
pain generationwithin the disc and nerve roots ismore complicated than just the presence of
pressure itself.

4.14 FACET JOINTS

Over the last couple of decades, the facet joints havealsobeen implicated as a likely source of
low back pain. Neurologic studies have demonstrated that the facet joints contain an
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extensive distribution of small nerve fibers and endings, high threshold mechanoreceptors,
and nerves that become sensitivewhen exposed to inflammatory agents or algesic chemicals
(40). These nerves also innervate the surrounding muscles. The introduction of pressure on
the facet joint capsules can result in the production of pain typical of low back symptoms
including radiation of pain down the leg (41). However, studies that have blocked
communication with the facet through facet block injections have had mixed results
(41,42). Therefore, as with the disc and nerve roots, the pain-producing mechanisms
within this part of the spine cannot be described entirely on the basis of anatomic
compromise.

4.15 MUSCULAR-BASED PAIN

Sprains and strains of the low back represent the most common diagnosis for low back pain
(nonspecific low back pain) and are the most common work-related diagnoses for low back
pain (43). While it is now known exactly how muscle pain is involved in the low back pain
experience, it is generally thought that muscle pain is due to (1) fatigue, (2) fibromyalgia, or
(3) muscle damage.

Since there are hundreds of muscle in the body, the timing of muscle recruitment and
the magnitude of the force supplied by each muscle are important factors in ensuring a
smooth, energy-efficient utilization of the musculoskeletal system. However, the muscle
recruitment pattern can be greatly influence by fatigue (44).Nonoptimalmuscle recruitment
patterns can result in a risk of muscle injury.

Fatigue can be operationally defined as loss of muscle force production. Muscle
fatigue is believed to be a result of either central fatiguewithin the CNS or peripheral fatigue
that occurs outside theCNS. Fatigue is associatedwith a change in themotor unit firing rates
(rate of firing), recruitment of fibers, aswell as chemical changes in themuscle that affect the
muscle’s ability to utilize oxygen.

It has also been suggested that another potential injury pathway related that muscle
recruitment anomalies involves tension myositis syndrome (TMS). This concept (45,46)
suggests that increased states of muscle tension in the back can be initiated by way of the
autonomic nervous system. This increased muscle tension can significantly reduce blood
flow to themuscles, nerves, tendons, and ligaments, thereby depriving themof the necessary
nutrition needed to sustain healthy tissues. Oxygen deprivation can lead to several painful
pathways. First, muscle spasm can lead to acute pain. Second, Fig. 4.7 indicates that the
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Figure 4.7 The muscle’s energy system during work (Krebs cycle). (Adapted from reference 47).
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disruption of oxygen content can lead to a decrease in ATP, which is needed to produce a
significantmuscular contraction. Thus, the chemical balance of themuscle is disruptedwith
an increase in lactic acid leading to muscle discomfort. Third, oxygen deprivation is also
believed to be related to fibromyalgia. Fibromyalgia has been observed in those with low
back pain and can result in trigger points that have been identified as sites of increased
upregulation of cytokine which could lead to increased inflammation and increased
stimulation of surrounding nociceptors. Finally, muscle tension can deprive the nerves,
running through the muscle, of oxygen which can lead to significant pain. Nerves are far
more sensitive to oxygen deprivation than are muscles for normal functioning.

4.16 LUMBAR NERVE ROOTS

Nerve roots are typically not sensitive to pressure when stimulated (48). However,
compressed and inflamed nerve roots can become sensitive to mechanical manipulation
(49). It is generally accepted thatwhen anerve root is stretched, compressed, or swollen, pain
is reported by nearly all subjects. In addition, only when these compromised structures were
stimulated was sciatica reported by patients (36). Hence, for a nerve root to become a source
of pain, the nerve root must have experienced an insult and force must be imposed on the
structure.

4.17 RELATIONSHIP BETWEEN TISSUE LOADING
AND PAIN

Several studies have demonstrated how loads applied to various tissues within the spine can
affect neural responses in proportion to the magnitude of the biomechanical load. This has
been demonstrated for the sciatic nerve and the DRG (50), edema patterns (51), and nerve
root loading (52). Themagnitude of the load (injury) has also been correlatedwith the degree
of sensitivity (13). Specifically, “the greater the nerve root compression at injury, the
worse the clinical symptoms of behavioral sensitivity and pain” (13). Recent work has also
been able to define mechanical thresholds for pain based on the degree of nerve root
compression (11).

4.18 CONCLUSIONS

It should be clear from this discussion that pain is far from a simple perception of tissue
damage. It is also evident that we are in the early phases of understanding the potential
complex interactions associatedwith pain interpretation.While it is clear that injured tissues
are capable of being the source of pain, other factors such as psychological factors, the repair
process, task exposure, prior experiences, and physiologic responses to the upregulation of
proinflammatory agents can all influence the perception and duration of pain.

KEY POINTS

. Pain is complex and is mediated by cognition, emotion, experience, and behavioral
factors.
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. Pain can originate from either the muscle and joints (nociceptive pain) or from the
nervous system (central pain).

. Nonciceptors transmit information about tissue damage and are believed to be the
primarymechanism involved in the initiation ofwork-related pain. If the pain sequence
persists, pain can result from changes in the central nervous system even after the
original damaged tissue is no longer the source of pain.

. Pressure, stretching, and swelling of tissue normally precede pain generation, suggest-
ing that interference with blood flow to a tissue is often associated with pain.

. Compressionof the spinal nerves can result in pain. Spinal nerve compromise can result
in pain symptoms in different parts of the body (leg, buttock, back, etc.).

. Facet joints can produce deep and dull pain.

. Scar tissue can interfere with blood flow and can result in muscle pain.

. Muscle disruption can be a source of pain resulting from fatigue, fibromyalgia, and/or
muscle damage.

. Cytokine upregulation can lead to inflammation of tissue, interfere with oxygen
delivery, and increase nociceptor sensitivity, resulting in pain.

. Anxiety, chronic pain, depression, crises, and memories of pain can make one more
receptive to pain transmission.
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CHAPTER 5
POTENTIAL PATHWAYS TO BACK
PAIN

OU R U N D E R S T A N D I N G of back pain perception has changed over the years.

This chapterdiscusseswhy traditional views of lowback pain (suggesting that tissue damage

must be present) may not be realistic. A unifying model of low back pain pathways is

presented. Twomajor pathways are proposed that include (1) a support structure disruption

pathway and (2) a muscle function disruption pathway. Numerous minor pathways are

also contained within these two major pathways. The bulk of this chapter describes how

muscle tensions within the low back can activate the various minor pathways. This chapter

lays the ground work for later chapters that describe how both work and nonwork

factors influence muscle tensions and subsequent pain pathway initiation.

The goal of this chapter is to integrate our knowledge of back anatomy (Chapter 3) with
information about pain generation mechanisms (Chapter 4), so that we can understand the
ways in which pain can be developed in the back. To understand the role that modern work
can play in the development of back pain, we must consider the current thinking regarding
potential pathways bywhich pain can be initiated andgenerated in this complex and intricate
structure.

Physiologically, there is no single source of pain. Pain can be initiated by structural
damage to the musculoskeletal system, alterations to the nervous system, as well as
biochemical changes to the soft tissues of the back. However, these changes are also
part of a system. Physical and psychological environmental factors, genetic factors, as
well as previous experiences have the ability to intensify or modify the reaction of the
musculoskeletal system. Thus, to understand howwork influences pain, wemust understand
how the various system components are influenced individually and collectively in the pain
experience. This chapter describes, in more detail, the sequence of events that activate the
spine’s various pain-sensing pathways. An understanding of these pathways provides an
underpinning for an appreciation of how various aspects of work could contribute to low
back pain.

5.1 VIEWS OF BACK PAIN CAUSALITY

Several models describing theway in which back pain may be initiated have been discussed
and debated by those involved in low back pain research. It is highly likely that there are
numerous independent factors that can, by themselves or in combination with other risk

The Working Back: A Systems View, by Williams S. Marras
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factors, trigger a lowback pain event. Therefore, there is a benefit to examining thesevarious
pathways or theories of backpaindevelopment so thatwecouldunderstand the role thatwork
might play in influencing or initiating these various pathways.

The traditional model of low back pain causality, referred to as the “injury model,”
suggests that back pain andworkdisability are a result of exposure to physical factors such as
lifting heavy loads, bending, twisting, vibration, as well as slips and falls. This model
suggests that overloading of the spine’s musculoskeletal system can occur during a single
(acute trauma) event (suchas a lift) and can lead to structural damageof the bones, ligaments,
muscles, discs, and so on. Supporters of this theory point to the large literature base that
reports an elevated low back pain incidence rate when workers are exposed to these factors
compared to workers who are not exposed to these factors. For much of the public health
community, these epidemiologic studies present compelling evidence of risk association.
Themodel certainly is consistent with our knowledge of nociceptive pain transmission. This
pathway is also conceptually understandableby themillionsofworkerswhohaveexperience
with heavy lifting and have observed that when exposed to certain work conditions, they
seem to have more trouble with their backs at the end of the day. Just about anyone who has
performed such work has experienced or knows someone who has experienced back pain
after performingphysically difficultwork. For example, recent reports from Iraqhave shown
that back pain is a common problem for soldiers whowear heavy body armor andmust wear
heavy backpacks over extended periods (1,2).

However, work has changed over the years, and it is less likely that modern work
involves acute damage to the tissue. Yet this change in the nature of work in recent years has
not resulted in a corresponding change in low back pain reports. This can be explained
through the process of cumulative trauma (minor repeated trauma) as a source of low back
pain.The cumulative traumapathway suggests that structural damage to the spinal structures
occurs gradually over time and can occur at lowmagnitudes of loading. Cumulative trauma
reasoning argues that some of these disorders are rooted in the exposure to risk factors that
contribute to progressive “wear and tear” of the spine structures and tissues.

Significant insight regarding the prevalence of cumulative trauma can be gained by
examining the systematic pattern of evidence available from a large body of literature
exploring the elements of work-related musculoskeletal disorders. The pattern begins by
noting trends in the epidemiologic literature suggesting that cumulative trauma is a common
element found in many reports of low back pain associated with the workplace (3–6). This
observational literature suggests that cumulative exposure might explain at least part of the
low back pain picture. However, while the available epidemiologic evidence can suggest
which factors may be significant, it is unable to explain how these factors may interact with
other potential risk factors. Nonetheless, these studies do suggest that excessive cumulative
exposure to musculoskeletal loads can be considered a potential risk factor, since occupa-
tions in which there is cumulative exposure to repetitive biomechanical loading have been
shown to increase risk.

A biological plausibility argument also supports the epidemiologic finding. At the
heart of the logic of cumulative traumaplausibility is the relationshipbetween loads imposed
on a structure and the tolerance of that structure. This concept suggests that when the loads
experienced by a structure exceed the tolerance magnitude of a structure, damage occurs;
whereas, if the imposed load magnitude is below the structural tolerance magnitude, the
loading is safe. In classical mechanical terms, “damage” would indicate structural change,
which has been demonstrated to occur in the spine for human and animalmodels as a result of
cumulative trauma (7). However, the tissue load can exceed the tissue tolerance in twoways.
The load can increase or the tolerance can decrease. It is likely that under cumulative trauma
conditions, the tolerance decreases via tissue reactions. We know that with repeated
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exposure, the tissue response can change and initiate a pain response at amuch lower level of
load (lowered tolerance). This can occur due to a release of proinflammatory agents,
reduction of blood supply to a tissue, rupture of a muscle, cellular changes, or host of other
mechanisms that might lead to pain (8). Hence, exceeding a pain-producing tolerance can
trigger a sequence of events that can lead to pain, even though the imposed load is not
excessive. Thus, it is possible that moderate loads can exceed the tissue pain tolerance
when the ability of the tissue to withstand loads is exceeded because of these physiologic
changes.

This construct of back pain has been challenged by some over the last few years who
argue that low back pain is primarily hereditary and that back pain is a function of natural
aging. It has been suggested that low back disorders are idiopathic and constitute a normal
life experience. Somehave argued that if back pain is caused by exposure to physical factors,
one should find structural disruption evidence of damage in workers via imaging such as
X-ray, CT scan, or MRI spine imaging. These imaging techniques often show no obvious
damage to the spinal structures when people experience low back pain.

Some have speculated that the high rates of low back pain reporting are a result of
the way in which our workers’ compensation system is designed. The suggestion has been
made that back pain is a psychosocial and societal entitlement problem that claims that
work-related back pain is socially acceptable because compensation is available. Thosewho
take this view suggest a biopsychosocial model of pain and disability that views pain as a
complexanddynamic interaction amongphysiologic, psychologic, and social factors,which
perpetuates and can even worsen the clinical presentation (9). While the biopsychosocial
rationale has been proven effective as a pain management and treatment tool for low back
pain, some assume that this rationale should be extended to low back pain causality.
However, the biopsychosocial model does not necessarily translate into a causal model that
negates work as an initiating factor for low back pain. This model does not explain the
causal pathway to pain. Instead it can be viewed as a “black box” approach to explaining low
back pain.

One of the motivating factors for dismissing the injury model of causality in low back
pain involves the common lack of tissue damage as evidenced by imaging of the spine.
However, people often report that their back pain is exacerbated when people are exposed to
physically stressful conditions that impose larger than normal forces on the back structures
such as extended standing, bending, twisting, sitting, and so on.Yet, diagnostic images of the
back that presumably can identify structural problems in the spine are typically performed
with the patient in a supine (reclined) posture. In the supine posture, thevertebrae are aligned
well andminimal force is imposed on each of the individual spinal segments. There is a large
amount of soft tissue in the back that is capable of experiencing pain. However, in this
recumbent, “lying down” position, the potential to apply loads to this tissue and stimulate the
pain-sensitive tissues causing pain isminimized since the spine is not opposing gravity in the
same way it does in a typical standing or working posture. Figure 5.1 demonstrates this
difference. Thus, it is nowonder that few spine structural anomalies are notedwhen imaging
is performed on an injured worker. Unless natural loading is permitted in the positions that
exacerbate pain, itwould bepremature to conclude that structural problemsare not present in
the back. In addition, natural loading images are one of the key developments in modern
biomechanical modeling of the spine.

Detractors of the role of biomechanical loading as a source of low back pain have also
claimed that biomechanical assessments have been previously examined and little associa-
tionwith pain has been discovered.However, fewhave attempted to explore this relationship
using themodern day, sophisticated biologically drivenbiomechanicalmodels. This appears
to be a key to understanding low back pain causality as we shall soon discover.
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5.2 A UNIFYING MODEL OF LOW BACK PAIN PATHWAYS

Figure 5.2 represents anoverviewof potential pain pathways that canbe involved in lowback
pain development. As noted in the figure, these pathways begin with the influence of a
broadly defined “environment” to which the human responds. Environment may include
physical work, social conditions, organizational practices, and leisure activities. The
portions of the figure beyond the “environment” are influenced by individual differences
that include individual tolerances, unique muscle recruitment patterns, biochemical re-
sponses, psychological factors, and soon.There is evidence in the literature that eachof these
factors has the potential to influence the process described in Fig. 5.2. The response to the
environment is initiated in the brain of the worker where control over the musculoskeletal
system ismanaged through changes in the back’s tissue tension that is controlled viamuscle
activities. It is important to realize that the brain responds to both physical and cognitive
(psychosocial and organizational) factors in much the same way and involve changes in
muscle activities. Key components of these muscle activities involve both the magnitude of
the muscle response (force) and the pattern of muscle recruitment.

As indicated in the figure, feedback from the tissues is also capable of influencing
future muscle activities via a sophisticated feedback system. These muscle responses to the
environment can lead to the two major pathways that can result in pain. One pathway
involves disruption of the spine’s supporting structures; the other involves a disruption of the
back’s muscle functioning and “balance” between muscle intensities.

Both of thesemajor pathways terminate in a sequence of events that regulate pain.This
sequence is described in the lower portion of Fig. 5.2. As discussed in Chapter 4, a
biochemical upregulation of several cytokines is often observed as a result of tissue stress.
This upregulation leads to a more vigorous inflammatory response of the tissue. The
inflammation in turn can stimulate nociceptors and result in the perception of pain. If this

Figure 5.1 Differences in imaging of the spine in a recumbent (lying down) position compared to an
upright standing position. This demonstrates the importance of assessing loads on spinal structures in
physiologically meaningful postures. (Courtesy of Fonar, Inc.)
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pain persists, it is possible for changes to occur at the CNS level and the pain can become
neuropathic.

5.3 THE SUPPORT STRUCTURE DISRUPTION PATHWAYS

The support structure disruption path indicates that the loads imposed on the spine’s
supporting structures are large enough to cause breakdown of the tissue. Tissues influenced
by the structure loading can include bones, disks, ligaments, tendons, and nerves. The
“support structure disruption” sequence of events shown on the left side of Fig. 5.2 describes
this pathway. This pathway indicates that tissue damage can be either acute or cumulative.
System instability can also lead to an acute trauma event.

Acute trauma occurs when the load imposed on a tissue exceeds the tolerance of the
tissue. Typically, acute trauma refers to a tissue disorder that occurs as a result of a single
application of force, however, the distinction between acute trauma and cumulative trauma
becomes blurred when one considers the fact that even under cumulative trauma conditions,
the end point for tissue damage occurs acutely.

This type of trauma results in disruption of the tissue integrity. Under these conditions,
bones are cracked or broken, disc end plates suffer microfractures, muscles suffer from fiber
tears, and blood flow can be disrupted. In addition, many biochemical studies over the last
decade have demonstrated how these types of tissue insults can result in an upregulation of
cytokines. This upregulation results in tissue inflammation atmuch lower levels of load than
would occur under normal conditions. The inflammation, in turn, makes nociceptive tissues
more sensitive to pain. Hence, the pain end point.

The acute trauma pain pathway figure also indicates that there is a relationship
between spine instability and acute trauma. Stability refers to the ability of the musculo-
skeletal control system to respond to a perturbation and reestablish a state of equilibrium of
the spine after a perturbation. Static stability refers to the ability of the spine to refer to its
original position after a perturbation. Dynamic stability refers to the ability of the system to
reestablish a course of intended movement after a perturbation. Stability is important
because it is often the impetus for tissue damagewhen the system is out of alignment orwhen
the musculoskeletal system overcompensates for a perturbation. When the musculature
cannot offer adequate support to a joint (due to improper muscle recruitment, fatigue,
structure laxity, or weakness), the structure may move abnormally and create forces on a
tissue that are excessive.Hence, this pathway is very similar to the acute trauma pathway but
is initiated by a miscalculation of the muscle recruitment pattern.

Cumulative trauma can also be explainedvia the support structure disruption pathway.
As will be explained in more detail in the next chapter, cumulative trauma is distinct from
acute trauma in that while the loads imposed on the tissue may be low, the repeated
application of load gradually wears down the tissue to the point where the load exceeds the
toleranceof the tissue anddamageoccurs.One can thinkof cumulative traumaas a factor that
has the effect on the body of accelerated aging in that the tissues wear down much more
quickly than would be expected (Fig. 5.3). As shown in Fig. 5.2, once the tissue structure is
damaged, the remainder of the pathway is similar to that of acute trauma.

One important factor thatmust be considered in thesepathways thatmight help explain
the observed variation is the ability of the body to recover. Much of the biomechanical
research on tissue tolerance has been performed on cadaveric specimens. However, one
significant difference between cadavers and living tissues is the ability of the living tissue to
respond and adapt to loads. Wolff’s law states that exposure to loads makes a tissue or
structure stronger. However, adaptation has limits. Stress–strain relationships suggest that
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adaptation increases tissue strength up to and beyond the point at which failure occurs. Body
builders arewell aware of these concepts. Theybuildmuscles by stressing the tissue and then
allowing the muscle to rest for at least 24 h. Adaptation ensues and muscle bulk and bone
mass increase. However, with some types of repetitive occupational tasks, significant rest
may occur only to a limited degree betweenwork shifts and onweekends only if overtime or
recreational activities do not interferewith the rest. As is the casewithwork that consistently
exceeds the adaptation limit, the tissue tolerance could drop quickly, making it more
susceptible to injury. Therefore, cumulative trauma concepts are simply an extension of
accepted concepts of how biological tissue functions.

5.3.1 Support Structure Tolerance

Both the acute and cumulative trauma pathways suggest that the ability of the tissues to
withstand (or tolerate) load is exceeded under certain conditions. When tissues are loaded
beyond their normal physical strength or beyond their biochemical tolerance, the pain
sequence shown at the bottomof Fig. 5.2 can be initiated. This section briefly discusseswhat
is known about the structure tolerances of the spine.

The precise tolerance characteristics of human tissues such as muscles, ligaments,
tendons, and bones loaded under various working conditions are difficult to estimate.
Tolerances of these structures vary greatly under similar loading conditions. In general,
tolerance depends on many other factors such as strain rate (rate of loading), age of the
structure, frequency of loading, physiologic influences, heredity, conditioning, as well as
other unknown factors. Furthermore, it is not possible to measure these tolerances under in-
vivo (live) conditions. Therefore, most of the estimates of tissue tolerance have been derived
from various animal and/or theoretical sources. However, these data represent the best
estimates of tolerances we have to date for physical tolerance of structures.

The magnitude of spine loading must be compared to the tolerance limits of the spine
structures to appreciate causality and risk. Due to ethical considerations, direct tolerance
data have been derived from cadaveric tissue. The obvious downfall of this approach is that
in-vitro tissue is tested that does not have the ability to adapt or recover (and potentially
increase tolerance) asdoes thehuman in theworkplace. In addition, thematerial properties of
cadaveric tissue vary greatly depending on the specimen preparation. At least one study
suggests that tissue failure might occur at levels even below those observed in cadaveric
specimens (10). Keeping such potential limitations in mind, it is possible to establish
estimates of tissue tolerance that serve as benchmarks for risk. Our previous discussion
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Figure 5.3 Tissue tolerance behavior as a function of cumulative trauma and age.
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regarding pain pathways has established that there are many structures within the back that
have the potential for initiating chronic low back pain.

Muscle and tendon strain—The muscle is the structure, within the musculoskeletal
system, that has the lowest tolerance. The ultimate strength of amuscle has been estimated to
be 32MPa (11). In general, it is believed that the muscle will rupture prior to the (healthy)
tendon (12) since tendon stress hasbeenestimated at between60and100MPa(11,12).There
is a safetymargin between themuscle failurepoint and the failure point of the tendonofabout
twofold (12) to threefold (11).

Ligament and bone tolerance—Ligament and bone tolerances have also been esti-
mated. Ultimate ligament stress has been estimated to be approximately 20MPa. The
ultimate stress of bone depends on the direction of loading. Bone tolerance can range from
51MPa in transverse tension to over 190MPa in longitudinal compression.

A strong temporal component to ligament recovery has also been identified.One study
found that ligaments require long periods of time to regain structural integrity during which
compensatory muscle activities are observed (13–20). Recovery time has been observed to
be several times the loading duration and can easily exceed the typical work–rest cycles
observed in industry.

Contact force tolerance—Low back pain may also be a result of direct stimulation to
the facet joints, pressure on the annulus of the disc, or pressure on the longitudinal ligaments.
Evaluation of spine loads can assist in the assessment of how work might be related to
experiences of back pain. At these sites, inflammatory responses and algesic response
typically are involved in the development of pressure and pain. It is much more difficult to
specify load tolerance thresholds since the body’s individual response to the imposed load
collectivelydefine the pressure imposedon the spinal structure. Thus, the tolerance limits for
these structures is not well understood at this time.

Disc/end plate and vertebrae tolerance—End plate tolerance has been of particular
interest over the last several decades to those involved in low back pain investigations. Even
thoughwe can identify specific areas of the spine that experience pain, to properly appreciate
the cumulative trauma process, we must view the spinal structures as a system whose
components interactwitheachother. Figure5.4 shows the sequenceof events that are believed
to occur during degeneration of the spine. As indicated in the figure, excessive loading,
generated from both within and outside the body (internal and external forces), cause
microfracturing of the vertebral end plates. These end plates serve as a transport system for
nutrient delivery to the disc fibers. If this loadingbecomesexcessive andexceeds the endplate
tolerance, a microfracture occurs. This microfracture is typically painless since few pain
receptorsresidewithinthedisc.Thissequencerepresentsoneofthemajorpathwaysbelievedto
occur for low back disorder. The end plate is a very thin (about 1mm thick) structure that
facilitates nutrient flow from thevertebrae to thedisc fibers (annulus fibrosis). Thedisc hasno
direct blood supply so it relies heavily on nutrient flow and diffusion from surrounding
vascularized tissue for disc viability. Repeated microfracture of this vertebral end plate is
thought to lead to thedevelopment of scar tissue,which can impair thenutrient flow to thedisc
fibers.This, in turn, leads toatrophyof the fiber and fiber degeneration.Since thedisc contains
few nociceptors, the development of microfractures is typically unnoticed by the individual.
Sincescar tissueis thickeranddenser thannormal tissue, thisscar tissueinterfereswithnutrient
delivery to the disc fibers. Nutrient supply has been found to be critical to the viability of the
intervertebraldisc(21).This lossofnutrientresults inatrophytothediscfibersandweakensthe
disc structure.This process represents thebeginningof cumulative trauma to the spineandcan
result in disc protrusions, disc herniation, and instability of the spinal system.

One study (22) demonstrated how disc compression can initiate a number of harmful
disc responses that respondaccording to adose–response relationship, thusproviding further
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evidence of a cumulative trauma to the spine. In a normal disc, structural integrity is
maintained by the pressurewithin the disc, and this pressure is a function of the disc’s ability
to attract and retainwaterwithin the disc space. Proteoglycans are biochemicals that help the
disc resist compressive loads. These proteoglycans help pull water into the disc and thus
maintain disc pressure so that compressive loads can be supported. This pressure also tenses
the annulus and ligamentous structures surrounding the disc. These tensions work in
conjunction with the facet joints to develop normal spine motion. Thus, this system must
be in balance for the spine tomove properly and any disruption of the systemwill have a host
of detrimental effects resulting in an imbalance of the systemand an inability of the system to
support loads or move naturally.

Finally, the role of proinflammatory cytokines must be considered in disc degenera-
tion. Not only can cytokine upregulation lead to tissue degeneration (as described previ-
ously), but disc degeneration can also signal an increased upregulation of proinflammatory
cytokines. Thus, this can lead to a viscous cycle of degeneration resulting in pain.

Given this process, if one can determine the load level at which the end plate
experiences a microfracture, then one can use this information to minimize the effects of
cumulative trauma and disc degeneration.

Several studies of in vitro disc end plate tolerance have been reported in the literature.
Figure 5.5 shows the range of compressive strength lumbar segment tolerances that have
been used to establish tolerance limits for current lifting guides. As can be seen, the data on
which these limits are based are varied and often based on relatively small sample sizes.

Figure 5.6 indicates the levels of end plate compressive loading tolerance that have
traditionally been used to establish safe lifting situations at the worksite (24). This figure
shows the compressive force mean (column value) as well as the compression force
distribution (thin line and normal distribution curve) that would result in vertebral end
plate microfracture. The figure indicates that, for those under 40 years of age, end plate
microfracture damage begins at about 3432 N of compressive load on the spine. If the
compressive load is increased to 6375 N, approximately 50% of those exposed will

Figure 5.4 Sequence of events associated with repeated trauma leading to disc degeneration.
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experience vertebral end plate microfracture. Finally, when the compressive load on the
spine reaches a value of 9317 N, almost all of those exposed to the loading will experience a
vertebral end plate microfracture. It is also obvious from this figure that the tolerance
distribution shifts to lower levels with increasing age (25). In addition, it should be
recognized that this tolerance is based on compression of the vertebral end plate alone.

Figure 5.5 Compilation of cadaver compressive tolerance data. (From reference 23).
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Figure 5.6 Mean and range of disc compression failures by age. (Adapted from reference 26).
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Shear and torsional forces in combination with compressive loading could combine to
further lower the tolerance at the end plate.

This vertebral end plate tolerance distribution has been widely used to set limits
for spine loading and define risk. It should also be noted that others have identified different
limits of vertebral end plate tolerance. A review of the available spine tolerance data (27)
suggests other compression value limits. Their spine tolerance summary is shown in
Table 5.1. They have also been able to describe vertebral compressive strength based on
an analysis of 262 values collected from 120 samples. According to these data, the
compressive strength of the lumbar spine can be described according to a regression
equation:

compressive strengthðkNÞ ¼ ð7:26þ 1:88GÞ� ð0:494þ 0:468GÞA
þð0:042þ 0:106GÞC� 0:145L� 0:749S

where

A is the age in decade;

G is the gender coded of 0 for female or 1 for male;

C is the cross-sectional area of the vertebrae in cm2;

L is the the lumbar level unit where 0 is the L5/S1 disc, 1 represents the L5 vertebra, and so
on through 10 which represents the T10/L1 disc; and

S is the structure of interest where 0 is a disc and 1 is a vertebra.

This equation suggests that the decrease in strength within a lumbar level is about
0.15 kN of that of the adjacent vertebra and that the strength of the vertebra is about 0.8 kN
lower than the strength of the disc (27). This equation can account for 62% of the variability
among the samples.

It has also been suggested that spine tolerance limits vary as a function of frequency of
loading or loading cycle (28). The risk of disc herniation increases significantly when the
disc is subjected to repeated loading (29). Figure 5.7 indicates howspine tolerancevaries as a
function of spine load level and frequency of loading. This suggests that the tolerance is
modulated by additional factors that are significant for workplace assessment purposes.
Studies (28) havedocumented how the spine tolerance is reduced as the frequencyof loading
increases. Compressive strength of the vertebrae is reduced by 30% with 10 loading cycles
and by 50% with 5000 loading cycles. Based these data, a fatigue limit of 30% of ultimate
compressive strength has been suggested for living vertebrae (30). This suggests that if
workers were not exposed to compressive loading of more than this limit, no fatigue failures
would be expected. This work has attempted to address the cumulative trauma or degenera-
tive aspects of work.

The relative position or posture of the spinewhen the load is applied appears also to be
of great significance in defining spine tolerance as well as the ability of the spine to receive

TABLE 5.1 Lumbar Spine Compressive Strength (From Reference 27)

Strength in kN

Population N Mean SD

Females 132 3.97 1.50
Males 174 5.81 2.58
Total 507 4.96 2.20
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nutrients. A fully flexed spine is much weaker than a spine that is in an upright standing
posture (31). Studies (32) have shown that a flexed spinemaybe asmuch as 40%weaker than
during anupright posture.This point hasbeenemphasized in a recent study that examined the
failure strength of the lumbar spine during repeated loading in various lifting postures (33).
This study has shown a dramatic difference in spine tolerance as a function of the flexion
angle of the spine (Fig. 5.8). Collectively, these studies suggest that for spine tolerance to
accurately reflect risk, particular attention must be paid to the angle of the spinal segments
while the load is imposed on thevertebral body.As suggested inFig. 5.8, a load applied to the
lumbar spine while the spine is in an upright posture can be tolerated well whereas a load
applied while the spine is flexed can be devastating.

There is evidence that disc loading influences the health balance of the disc.A series of
studies has documented howmechanical loading of the disc influences mechanical damage
to the disc fibers, the electrical charge balancewithin the disc influencingwater content, and
the role of disc cell gene expression (34–38). These studies strongly suggest that physical
loading of the spine leads to damage in several ways.

Disc degeneration can lead to pain through chemical secretions of the disc leading to
an upregulation of cytokines and the subsequent sensitization of nociceptors.

Figure 5.7 Probability of a motion segment to be fractured in dependence on the load range and the
number of load cycles. (Adapted from reference 28).

0

2000

4000

6000

8000

10,000

12,000

45°22°0°

Torso flexion angle

C
yc

le
s 

to
 f

ai
lu

re

Figure 5.8 Spine tolerance as a function of repeated loading and spine flexion angle. (From
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Disc hydration has also been identified as an important tolerance factor related to the
time of day at which the disc is loaded. The water content of the disc can influence the load
sharing among thevarious structures of the spine. The spinal system is stiffer andmore at risk
early in themorning compared to later during theworkday and somehave recommended that
lifting not be performed early in the morning (39–41). Thus, tolerancewould be expected to
vary throughout the workday.

We have long recognized that three-dimensional loading of the spine is important for
assessing risk, yet tolerances have only recently been estimated for shear loading of the
spine. These are expected to occur between 750 and 1000 N (42). A summary of the static
tolerances of the spinal structures is shown inTable 5.2. These tolerances are also expected to
be reduced with repetitive loading. It is important to note that these non compression
tolerance limits are typically only a fraction of the tolerance due to compressive loading.

Tolerances to combinations of loading have been explored theoretically via finite-
element models (43), but little empirical work is available to support these estimates of
tolerance. These studies have helped us appreciate that tolerances are reduced when loads
occur in combination.

The vertebral spine can fail in several ways. Since vertebral end plate damage is
believed to represent a plausible pathway for the occupation-related cumulative trauma to
the spine, much of the focus of spine tolerance has centered on the magnitude of forces
necessary to result in end plate damage. A recent study has examined the pattern of end plate
fractures resulting from controlled loading of vertebrae (44). These are summarized in
Fig. 5.9. The study indicated that stellate end plate fractures were associated with increased
A–P shear forces and less degenerated discs. Fractures running laterally across the end plate
were associated with motion segments with larger interbody volume, and end plate
depression was more common in smaller specimens and those experiencing less A–P shear
force.Zygapophysial joint damagewasmore commonwhen the spinewas loaded in aneutral
posture. These results suggest that prediction of failure modes (e.g., specific end plate
fracture patterns) may be possible given knowledge of the spinal loads along with certain
characteristics of the lumbar spine.

The longitudinal ligament most frequently is subject to excessive tension resulting in
avulsion or bony failure as the ligament can tear away bone from its attachment (42). Faster
motions appear to increase the risk of these avulsions. However, the speed of motion

TABLE 5.2 Summary of Static Strength for Intact Spinal Segments (Adapted From Reference 30)

Loading mode Injury mode Average strength Notes

Compression Vertebral end plate
fracture

5.2 (�1.8) kNa,b Dependent on vertebral cross–
sectional area and bone density

Shear Neural arch, facet
joint fracture

1.0 kNc Uncertain

Flexion Posterior ligaments 73 (�18) Nm measured with 0.5–1.0 kN
compressive preload

Extension Neural arch 26 (�9) Nmd Anterior annulus may be damaged
Torsion Neural arch/facets 25–88Nme

Compression
plus flexion

Posterior annulus,
vertebral body

2.4 (�1.3) kNf Disc can prolapse under
hyperflexion

aBrinckmann et al. (1989a,b).
bHutton and Adams (1982).
cMiller et al. (1986) and Adams et al. (1994).
dAdams et al. (1988).
eFarfan et al. (1970) and Adams and Hutton (1981).
fGunning et al. (2001).
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necessary for such tears ismuchgreater than those typicallyobserved in theworkplaceunless
a sudden slip or fall is responsible for the motion.

The facet joint’s neural arch can withstand shear loads of about 2000N (45) and
can also fail in response to torsion loading (31). The loading of these structures
depends greatly on the posture of the spine throughout the range of motion. A review of
tolerances (46) suggests that significant load sharing occurs between the apophyseal
joints and the disc. The proportion of the shared load can change dramatically as the
spine changes positions.

5.4 DISC TOLERANCE SUMMARY

This review of the load tolerance literature and its relation to the sensation of pain indicates
that pain can be associated with physical loading at multiple sites along the spine. It is also
apparent that loading and tolerance are both three dimensional in nature andmust be viewed
as a system. It is obvious that tolerances to shear and torsion are much lower than those to
compression, yet historically our assessment techniques have only concerned themselves
with spine compression measures. To make matters more complicated, it appears that the
tolerances to injury are modulated by not only load level but also repetition, time of day, and
the posture of the spine when the load is applied. It is obvious from this discussion that
assessing low back pain causality and controlling risk is far more complex than simply
evaluating one dimension of spine loading at a single point in time. To advance our
understanding of causality and control of low back disorders, we must begin to develop
workplace assessment tools that are capable of realistically evaluating the three-dimensional
loading occurring on the spine dynamically throughout the workday in response to a task.
Thus,wemust abandon ouroverly simplistic analysis tools and assess lowback disorder risk
at the systems level.

Figure 5.9 Failuremodes of thevertebral end plate as a result of loading expected fromoccupational
lifting tasks. (From reference 33).
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Todate, only a limitednumber of studies havebeen able to evaluate risk as a functionof
the complex loading that occurs at the workplace. Quantitative workplace measures
(3,47,48) have evaluated the kinematic and kinetic factors associated with jobs that put
theworker at a high risk of LBP. These studies have evaluated the three-dimensional factors
that are associated with risk. The results of these studies agreewell with the issues that most
of the load–tolerance models address as well as with the modulating factors mentioned
above.

5.5 PAIN TOLERANCE

Over the past decade, we have learned that there are numerous pathways to pain perception
associated with musculoskeletal disorders (49–51). Pain tolerance mechanics have been
discussed at length in Chapter 4. It is important to understand these pathways since these
pathwaysmaybe able to beused as tissue tolerance limits as opposed to tissue damage limits.
Hence, one might be able to consider the quantitative limits above which a pain pathway is
initiated as a tolerance limit for ergonomic purposes.While none of these pathways has been
defined quantitatively, they signify an appealing approach since they represent biologically
plausible mechanisms that complement the view of injury association derived from the
epidemiologic literature.

Several categories of pain pathways are believed to exist that might be used as
tolerance limits in the design of the workplace. These categories include structural disrup-
tion, tissue stimulation and proinflammatory response, and physiologic tissue tolerance
limits.

Each of these pathways is expected to respond differently tomechanical loading of the
tissue and thus serve as tolerance limits. Although many of these limits have yet to be
quantitatively defined, current biomechanical research is attempting to define these toler-
ances and it is expected that one will be able to one day use these limits to identify the
characteristics of a dose–response relationship.

5.6 THE MUSCLE FUNCTION DISRUPTION PATHWAY

Figure 5.2 indicates that there are several mechanisms by which muscle function disruption
can initiate low back pain. From a diagnostic standpoint, by far the largest category of low
back pain involves nonspecific or muscle-based low back pain. Many people with low back
pain have no identifiable structural impairment, yet they appear to have a functional
impairment (52). This is often an indication that the pain is rooted in the muscle as opposed
to a supporting structure. Within the muscle-based low back pain category are several
interrelated potential low back pain pathways.

Myofascial trigger points (MTrPs) represent a generally underappreciated muscle-
related means by which work factors might result in low back pain. This pathway can affect
the muscle system behaviors that might lead to local muscle-based pain as well as referred
pain. MTrPs have been investigated as a source of musculoskeletal pain for the past century
but have not enjoyed the place in mainstream medicine that has occurred with other
disorders. The logic behind MTrP pathways related pain has been eloquently described
in the literature (53) and will be reiterated here.

The diagnostic history ofMTrPs suggests that pain is regional (and often located in the
low back) and has an onset consistent with (1) sudden muscle overload, (2) sustained
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muscular contraction while the muscle is in shortened positions, and (3) repetitive activity
where the symptoms increasewith increasing stressfulness of the activity. These factors are
consistent with much of the epidemiologically based risk factors associated with work
related low back pain (Chapter 2).

A symptom producing a central myofascial trigger point can be described as a
hyperirritable nodule of spot tenderness in a taut band of skeletal muscle. Figure 5.10a
shows that the trigger point typically consists of a nodule (called the central trigger point or
CTrP) that is in line with a taut band within the muscle. At the myotendonous junction
interfacewith the taut band are the attachment trigger points (ATrPs). It is interesting to note
that this interface is often the site of pain for manymuscular dysfunctions. Clinicians report
that pain onset is typically associated with either an acute or chronic muscle overload (53).
Chronic overload in this case is defined as either a sustained contraction of the muscle or
frequent repetitivemovement. It has alsobeennoted that latentMTrPs canbe associatedwith
the muscle activated in a shortened state. Figure 5.10b shows a magnified view of the CTrP
and indicate that the nodule consists of contraction knots in several of the individual muscle
fibers.

Myofascial pain resulting in trigger points has also been documented in the literature
and may represent a potential LBP pathway (53). In myofascial pain, an energy crisis is
believed to occur in the muscle that results in a sustained contractive activity or “trigger
point.” The sustained contractive activity increases the metabolic demands and challenges
the rich network of capillaries that supply the nutritional and oxygen needs of the tissue
region. Circulation in amuscle fails during a sustained contraction that ismore than 30–50%

Figure 5.10 (a) Relationship between a nodular central trigger point and attachment trigger point.
Dark band represents the palpable taut band running through the central trigger point and (b)
microscopicviewof thecentral trigger paointwith several contractionknots of individualmuscle fibers
with normal uninvolved muscle fibers among them. (From reference 53).
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of maximum effort. The combination of increased metabolic demand and impaired
metabolic supply is thought to produce a severe energy crisis leading to pain (54).

The sequence of events associatedwithMTrPs is described through the cycle described
in Fig. 5.11. This figure represents the “integrated hypothesis” that considers the sequence of
events in the development of trigger points (53,54). The sustained or repetitive use of the
muscle is believed to act on a centralmyofascial trigger point. This trigger point is initiated by
the release of excessive acetylcholine (ACh). Acetylcholine is a neurotransmitter that is
released at the ends of nerve fibers in the somatic and parasympathetic nervous systems and is
an essential component in the transmission of nerve impulses. This increased release of
acetylcholine represents the first step in the process described in Fig. 5.11. Increased motor
end plate noise is believed to be associated with this release (55).

The increased release of acetylcholine initiates the second step in the process that
involves increased fiber tension. This can lead to metabolic stress and fiber tension (56).

Next, local hypoxia (a lack of oxygen in the tissue) occurs. Directmeasures of hypoxia
in the lumbar paraspinal muscles have been noted (53) and serve as evidence of this
event.Thecenter of theMTrPnodulehasbeen identifiedas the regionofhypoxiaat the center
of the nodule. This effect appears to be exacerbated when the muscles are activated at a
shortened state.

Third, tissue distress occurs. Tissue ischemia and hypoxia lead to a reduction in the
production of adosine triphosphate, a chemical that is necessary for the proper contraction of
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Figure 5.11 Sequence of events associated with myofascial pain. (From reference 53).
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power-producing muscles (discussed in Chapter 4). The type of hypoxia seen here has been
shown to enhance sensitization of nociceptors during contractile activity (57). When this
contractile activity is combined with hypoxia of the muscle tissue, distress reactions are
intensified.

Fourth, there are interactions with the upregulation of cytokines in the muscle that
would increase inflammation and increase nociceptors stimulation (58). Significant differ-
ences in the presence of cytokines in subjects suffering from MTrPs compared to asymp-
tomatic subjects have been observed as a result of this process.

Finally, these processes can lead to autonomic nervous system influences on the
release of acetylcholine. This triggers a viscous cycle where the process described in
Fig. 5.11 is reinforced.

In addition, some have suggested that reprofusion of fluid into the trigger point may
occur during rest, resulting in additional stimulation of nociceptors.

Collectively, these steps outline a potential pathway for musculoskeletal pain due to
muscle activity in the back that makes sense from a “pattern of evidence” standpoint.

Sustainedmuscle tension refers to amuscle statewhere themuscle is in a constant state
of low-level tension that is sufficient to disrupt the nutritional cycle of themuscle. Sustained
muscle tension typically occurs when there is a high degree of constant coactivation in the
trunk musculature. Coactivation occurs when numerous (agonist and antagonist) muscles
surrounding the trunk are activated during a task execution even though only the driving
(agonist) muscles are needed to perform the task. This coactivation increases the tension in
the muscles since the muscles surrounding the trunk oppose or “fight” each other. This high
degree of coactivation has been widely observed in those complaining of chronic back pain
and results in a disruption of normal motions of the spine (Chapter 14). Cocontraction is
related to stability (59–61) and there are trade-offs between the beneficial effects of stability
in preventing acute injury events and the detrimental effects of sustained muscle contrac-
tions. An appreciation for cocontraction of the trunk musculature represents one of many
reasons why an understanding of the recruitment patterns within the trunk is crucial to
understanding back pain development.

In any case, this constant low level of contraction can disrupt the natural functioning of
the muscle through several potential mechanisms.

Muscle (fiber) damage—When muscles lengthen during the exertion of force, the
exertion is called an eccentric contraction. These contractions, while requiring less
metabolic energy expenditure on the part of the muscles (as when walking down hill),
impose relatively large forces on the muscle fibers. A number of studies have demonstrated
that when force is applied during these lengthening contractions muscle fiber is likely to be
damaged, especially when the muscles are in a lengthened (stretched) state, and the
likelihood of damage increases with the duration of the exertion (62–69). In particular,
swollen fibers are observed immediately after the activity with the inflammatory process
beginning within a few hours after the exertion (70). Damage appears to be a direct result of
the material fatigue properties of the muscle (sarcolemma) (71). The sarcomere portion of
the tissue can undergo extreme lengthening and the damage caused by this lengthening
permits the influx of calcium (66). This process can upset the balance of calcium in the
muscle (62,63,72) and result in muscle degradation. Recovery from eccentric contraction-
induced injuries has been shown to involve a prolonged recovery process (73).

Tendon overload—Recent studies have also pointed to the tendon as a potential source
of pain (74). Nitric oxide has been has been recognized as a regulator of biological processes
including tendon degeneration and healing. Current investigations have shown that nitric
oxide is upregulated during the chronic overuse of a tendon (74). This process may also
initiate inflammatory reactions and subsequent pain.
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Lack of rest—Under unstressed conditions, muscle units within the muscle fiber turn
on and off under an orderly recruitment strategy so that the muscle fibers can experience
adequate rest between firings and maintain their integrity. Typically, muscle recruitment
dictates that small motor units are recruited first followed by larger motor units that are
necessary formore substantial contractions.However, under prolonged low intensitymuscle
work “Cinderella” fibers have been identified (75). These fibers are low threshold small
fibers that are recruited first during an exertion. Under low force exertions, the larger motor
units do not engage, therefore, the Cinderella fibers must be constantly activated and do not
turn off or rest. TheseCinderella fibers are at greatest risk of injury during low intensitywork
and may experience fiber damage. Fiber damage (via rupture or edema) is repaired slowly
and may even be irreversible. The motor units may also be damaged under these circum-
stances in that the fibersmay lose their ability to contract in response to amotor neuron signal
(alpha motor neuron). Either mechanismmay result in an increase in cytokine upregulation
and greater nociceptor sensitivity. This mechanism suggests that frequent short breaks
during work are desirable to allow these fibers to turn off and rest.

Blood flow—Constant tension within the muscle can diminish the flow of blood
circulating through the capillaries to themuscles andnerveswithin themuscle.Whenmuscle
tension produces intramuscular pressure that exceeds the capillary closing pressure of about
30mmHg, muscle ischemia can result (76). The sustained muscular contraction and the
sustained reduction in blood flow to themuscle andnerves can result in a reduction of oxygen
delivery to themuscles and nerves. Damage according to thismechanismmost likely occurs
to small muscles (77) and slow twitch fibers (78) during sustained contractions. The
increased metabolic demand under these conditions in conjunction with the decreased
blood supply due to muscle pressure has been hypothesized to contribute to derangement in
intracellular pH/lactic acid, and calcium and potassium balance within the muscle (79–84).
Long-term damage as a result of this process can include microvascular and cellular
dysfunction (85–87). Chapter 6 also discusses additional pathways of how nutritional flow
can be disrupted or regulated through rest. The reduction in oxygen delivery to the muscle
can result in muscle spasms (88) and collection of waste products in the muscle (lactic acid)
(89), both of which can result in pain. In addition, the nerve is particularly susceptible to the
detrimental effects of oxygen deprivation compared to themuscle. A reduction of oxygen to
the nerve is believed to be the central problem in carpal tunnel syndrome (90–92). A similar
mechanism isbelieved to affect the nerves in the back.Chapters 7–9 showhowphysicalwork
factors, psychosocial/organizationwork factors, and individual characteristics can influence
the degree of coactivation occurring in the back, which can set the stage for this blood flow
disruption.

Inflammatory response—Another way in which muscle injury occurs is through
direct inflammatory response. It is well established that muscle injury can result in such a
response (93). Acute inflammation has been noted after eccentric exercise as well as
repetitive activity with reperfusion injury after prolonged muscle ischemia (85,87).
Recent studies have documented the degree of inflammatory response of the muscles in
response to exertions (94). Figure 5.12 shows the dramatic difference in tissue organi-
zation and inflammation before and after exertion and demonstrates the degree to which
muscles can be affected by prolonged tension that can result from cocontraction of the
muscles (94,95).

One hypothesis of muscle-initiated low back pain has been proposed (99–102) and
suggests that low level tension in themuscles can lead to tensionmyositis syndrome (TMS).
This hypothesis also suggests that mental states, such as anxiety and anger, can result in the
autonomic nervous system limiting the amount of blood available to nourish the muscles,
nerves, tendons, or ligaments and resulting in pain and other dysfunctions of the tissues
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(99–102). This pathway appears to be related to the development of fibromyalgia. Studies
have demonstrated that oxygenation of themuscle tissue is insufficient in patients diagnosed
with fibromyalgia and can result in tissue damage (103–105). While the direct relationship
with pain has yet to be explored with this pathway, the pathway certainly makes sense in
terms of the “pattern of evidence” criteria.

While myofascial pain sounds similar to fibromyalgia, there are distinct differences.
Fibromyalgia is characterized by intensification of nociception that causes deep tissue
tenderness that includes deepmuscles, whereasmyofascial pain is a hypersensitive palpable
nodule in a taut band of skeletal muscle due to central zones of oxygen deprivation.

Much of the current thinking of soft tissue disorders involves an increased inflamma-
tory response as a result of cytokine upregulation (increases). Cytokines are proinflamma-
tory agents that occur in the body as a result of both physical and mental loads. Studies have
demonstrated that cytokines upregulate as a result of exposure to both acute and cumulative
muscle trauma (8,106). Figure 5.2 suggests that constant muscle tension might also initiate
an upregulation of cytokine activity that can result in increased inflammation and a
subsequent increase in nociceptor stimulation.

Nerve damage—A final potential pathway to pain associated with muscle tension
involves the restriction of blood flow to the nerves. Nutritional transport to the nerves is
provided by a microvascular system of small blood vessels supplying nutrients from the
surrounding tissues. Since there are no lymphatic vessels to drain the space, when edema
forms, pressure can increase rapidly and interfere with microcirculation (107). Short-term
compression exposure of as low as 20mmHg has been reported to decrease microvascular
flow, and pressures of 30mmHgcan impair axonal transport of nutrients (108). Even at these
low pressure levels, formation of edema has been noted 24 h after termination of exposure.
Long-term exposure of nerve compression (for up to 2 h) has resulted in edemawithin 4 h of
exposure and damage to the nerve (axonal degeneration and demyelination) are observed
1 week after compression of the tissue (109,110).

While all of thesemuscle-relatedpathways canbeviewedas independent pathways for
pain, there is also some emerging evidence that they are indeed related (53).

5.7 THE ROLE OF INDIVIDUAL DIFFERENCES IN THE PAIN
PATHWAYS

A discussion of causal pathways would be incomplete unless the topic of genetic predispo-
sition is addressed. While Chapter 9 discusses individual differences in spine loading

Figure 5.12 Difference in tissue organization and inflammation as a function of the number of
stretch shortening cycles (SSCs) experienced by the muscle (96–98). (a) healthy muscle vs. (b) 3 days
following intense eccentric exercise (courtesy of T. Best).
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patterns and muscle recruitment patterns, this section examines the extent to which the
structures and muscle-based responses to these loadings are influenced by an individual’s
genetic profile (as described in Figs. 1.1 and 1.2).A number of studies have recently reported
the extent to which the various pathways to pain may be influenced by inherent (genetic)
factors that may be unalterable. Since differences in disease susceptibility and physical
characteristics are dictated by specific gene forms (polymorphisms), it is logical to expect
that low back pain might be, at least partially, influenced by one’s genetic make up.

A genotype refers to the genetic “constitution” of an individual, whereas phenotype
refers to the observable properties of an organism that are produced by the interaction of the
genotype and the environment. Much of the diversity among a population is believed to be
governedbygenetic loci that havequantitativeeffects onphenotype.These traits are referred
to as quantitative trait loci or QTLs. The number of QTLs related to physical performance
and health have been explored vigorously over the last several years. These investigations
resulted in a rapid increase in the discovery of QTL associations with muscle function over
the last few years. In 2000, 29 loci were mapped, in 2001, 71 loci had been included, and in
2002, 90 such QTLs were identified (111). However, in humans, few of the QTLs have been
classified as “major” loci, and muscle quantitative trait loci appears to be more complex in
humans than in animals (112).

Most of the studies that have explored genetic influences have assessed how genetic
classification states or gene forms called polymorphismsmight be associated with receptors
that governmusclemass, training, or upregulationofbiochemical processes such as cytokine
release. As an example of how this process works, Fig. 5.13 indicates how avariety of single
muscle-related polymorphism can influence motor neuron survival, muscle fiber develop-
ment, and muscle regeneration (112).

Genetic mapping is important because it may explain some of the variation in muscle
response to load as well as adaptation. Much of the research has endeavored to understand
howgenetically determined receptorsmight interactwith environmental factors and respond
to biochemicals such as cytokines. A major objective of genetics research is to understand
howmuch of an effect is provided by genetic predisposition. For example, it is of interest to

Figure 5.13 Summary of known associations between genetic polymorphisms and muscle
phenotypes. (From reference 112).
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determine what percent of low back pain (variation) is due to genetics versus occupational
factors.

Interleukin-15 is a cytokine that is thought to be associated with the construction
process of the muscle metabolism. Studies have shown that IL-15 can increase muscle mass
during training. The variation explained by IL-15 has been found to be between 7.1% and
10.6% of the increase in muscle mass (113).

The influence of interactions within the genetic code appear to be fairly complex and
situation specific. One recent study found that one ciliary neurotrophic factor receptor gene
was associated with increases in fat-free muscle mass and strength and was independent of
strength (114), whereas another study found that a similar QTL interaction with a cytokine
(interleukin-6 or IL-6) increased mean muscle mass in men but not in women (115). Still
another genotypewas found to be responsible for increases inmuscle strength inwomen, but
only explained2%of thevariation (116).Othergenotypes havebeen identified that influence
muscle function in later life (117). And yet another genotype has been identified that affects
response of human skeletal muscle to training and muscle overload (118).

Others have found no association between strength and genotype (119). However,
much of the literature assessing these associations has been plagued by an inability to
replicate findings, small sample sizes, inconsistent analysis methods, and inadequate
statistical power. Hence, the role of genetics in the pain pathway is far from clear.

Two interesting studies do indeed shed some light on the role of the interaction
between genetic factors and an inflammatory cytokine (120,121). These studies demon-
strated an association between interleukin-1 and a genotype in middle-aged men and
found that carriers of the gene increased their odds of back pain by two and one half times.
However, the studies also compared the role of different occupations and found higher
odds ratios associated with differences in occupations compared to differences in
genotypes (121).

These investigations confirm the interactive nature of risk factors and low back pain.

5.8 SYSTEM FEEDBACK

To appreciate the self-limiting nature of the low back pain pathways as well as the potential
for chronic low back pain, we must also consider the feedback loop (from pain to tissue
tension) described in Fig. 5.2. Given a pain experience, we have the ability to remember a
muscle recruitment response to a stimulus. Thus, as suggested in Fig. 5.2, when the
environmental conditions are received by the human and interpreted as potentially pain
provoking (based on the pain experience), the system will anticipate pain and begin
increasing muscle tension (in an effort to increase stability and limit nociceptors stimula-
tion). Hence, the pain pathways can be exacerbated by previous experiences as well as
environmental stimuli.

5.9 SUMMARY

Aparticularly appealing aspect of the lowback pain pathways presented by themodel shown
in Fig. 5.2 is that the various pathways have the potential to explain the injury, cumulative
trauma, and biopsychosocial views of low back pain. The common element is that all
pathways are controlled and activated through brain function that can be influenced by both
physical conditions and cognitive (psychosocial/organizational) conditions. Hence, the
pattern of evidence can be incorporated into this way of thinking.
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It should be clear from this discussion that the key to understanding how the spine
tissues are loaded during various work activities is to understand what influence those work
activities might have on the recruitment of the muscles and the muscles collective influence
on the nature and direction of the forces acting on the various pain-generating structures of
the spine. One should also be aware that the physical work factors interact with a worker’s
individual factors and psychosocial influences to ultimately define the risk associated with
the performance of work tasks. The following chapters will review the current state of
knowledge indicating how physical work factors, individual factors, psychosocial factors,
and these interactions can influence the force that is ultimately delivered to the pain-sensitive
tissue of the back.

KEY POINTS

. When back structure anatomy is considered along with pain generation processes,
several potential back pain pathways are possible.

. Thephysical andpsychological environment provides stimuli toour brains towhichwe
must respond through the recruitment of muscles in order to satisfy a particular
objective. The muscle recruitment pattern is unique to an individual. The musculo-
skeletal system response defines the forces or loads that act on the back's tissues.

. Tissue loadinghas thepotential to activate twopathways disrupting either the structural
support system and/or the muscle function. Muscle function disruption can influence
both muscle and nerve function.

. These pathways can result in an upregulation of cytokines leading to an inflammatory
response and a sensitization of nociceptors resulting in pain, or they can directly
compromise nerve function also resulting in pain.

. A large number of specific structural disruption pathways and muscle function
pathways have been identified. The structural disruption load tolerances have been
described in the literature, whereas many of the muscle function disruption pathway
tolerances have yet to be quantified.

. Genetic factors appear to play a role in defining someof the individual differences in the
muscle dysfunction pathways.
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CHAPTER 6
THE ASSESSMENT OF
BIOMECHANICAL FORCES ACTING
ON THE LOW BACK

TH E O V E R A L L goal of this chapter is to establish the ability ofmodern biomechani-

cal models to assess muscle tensions and the resulting spine tissue loads. An understanding

of how these muscle tensions and spine loads develop is essential to the understanding

of low back pain causal pathways since excessive tissue load initiates the pain signal. The

chapter begins with a review of how approaches to the assessment of spine tissue loading

have evolved over the years. Basic biomechanical principles are presented and the

discussion demonstrates how incremental improvements in model fidelity have made it

possible to develop person-specific spine models making it possible to assess the activation

of the causal pathways described in Chapter 5. These models enable one to identify

loads occurring on specific tissues within the back structures and tissues. The chapter

emphasizes that if we understand how muscles are recruited during an activity, it can be

possible to partition out the influence of various physical, nonphysical, and individual

factors.

It shouldbeclear fromour current understandingofpainpathways that painperception
associated with the low back is complex and can be influenced by many factors
including tissue loading, cytokine upregulation, previous pain experiences, and cognitive
processing that can intensify ormodify the perception of pain. It is also clear that before pain
perception can be shaped or mediated, some form of stimulus must be present and the
ability of the stimulus to initiate painvarieswidely depending on the specific conditions. The
initial stimulus is often a result of tissue loading or forces being imposed on the low
back. Hence, a physical stimulus is often necessary to initiate the sequence of events and
activate the pathway that can eventually result in low back pain. This chapter examines how
forces are imposed on the spine’s pain-sensitive tissues andwill review biomechanical logic
associated with the prediction of spinal loads.

Biomechanics isaninterdisciplinaryfieldinwhichinformationfromboththebiological
sciences and engineeringmechanics is used to quantify the forces present on the body during
work. Biomechanics assumes that, from a physics standpoint, the body behaves according to
the laws of Newtonianmechanics. Mechanics can be defined as “the study of forces and their
effects on masses” (1). The object of interest in occupational biomechanics is a quantitative
assessment of mechanical loading properties occurring within the musculoskeletal system.
The goal of such an assessment is to quantitatively describe the musculoskeletal loading that
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occursduringworkso thatonecanderiveanappreciationfor thedegreeof riskassociatedwith
work-related tasks. This high degree of precision and quantification is the characteristic that
distinguishes occupational biomechanics analyses from other types of analyses. Thus, with
biomechanical techniques, we can address the issue of “how much exposure to the occupa-
tional risk factors is too much exposure?”

The approach to a biomechanical assessment is to characterize the human–work
system situation through a mathematical representation or model. A model helps us
understand the nature of the forces acting on a tissue that could not be easily measured
by any other method. Models are simply the “glue” that hold our logic together and helps us
understand how the complex subsystems within a biomechanical structure interact and
ultimately stress a tissue. Albert Einstein suggested that explanations should be as simple
as necessary to describe a process, but no simpler. Thus, the same holds for
biomechanical modeling. While models can be complex, the goal of a model is to only
make it as complex as necessary to accurately represent the process of interest. By applying
these techniques towork situations, thesemodels can help us understand the degree towhich
the activities we perform (e.g., work) can result in forces on a tissue that may result in
the initiation of a pain response. Thus, biomechanical models allow us to assess forces
acting on the spine tissues under actual exposure situations; something that would be
impossible to do under real-life conditions any other way.

The advantage of representing the worker in a biomechanical model is that the
model permits one to quantitatively consider the trade-offs associated with workplace
risk factors to various parts of the body in the design of a workplace. It is difficult to
accommodate all parts of the body in an ideal biomechanical work environment since
improving the conditions for one body segment often make things worse for another part of
the body. Therefore, the key to the proper application of biomechanical principles is to
consider the appropriate biomechanical trade-offs associated with various parts of the
body as a function of the work requirements and the various workplace design options
and constraints. Ultimately, biomechanical analyses would be most effective in
predicting workplace risk during the design stage before the physical construction of
the workplace has begun.While the concept of a biomechanical model may seem complex,
many workplace assessment tools are based on model predictions. Thus, it is useful to
examine the degree to which these underlying models can accurately predict tissue load.

6.1 BIOMECHANICAL CONCEPTS APPLICABLE TO THE BACK

6.1.1 Load Tolerance

In biomechanical terms, loading refers to the forces that are imposed on a tissue. A
fundamental concept in the application of biomechanics to the assessment of spine loading
is that to quantify risk, the force or load imposed on a structure or tissue can be compared to
the tolerance of the structure or tissue to estimate risk. Figure 6.1 illustrates the traditional
concept of biomechanical risk (2). This figure illustrates howa loading pattern is experienced
by a structure and is repeated as thework cycles recur during a job. Structure tolerance is also
shown in this figure.When themagnitude of the load imposedon a structure is less than that of
the tissue tolerance, then the task is considered safe and the magnitude of the difference
between the load and the tolerance is considered the safety margin. Conversely, if the
imposed load exceeds the tissue tolerance, then the tissue is damaged. This concept has been
employed extensively in engineering and represents theway engineers design safe structures.
Consider the case of a bridge. Engineers consider the heaviest load that the bridge should be
able to support and then build in a structural strength several times that limit to ensure safety.
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Traditionally, tissue tolerancehasbeendefined as the ability of the tissue towithstanda
load without physical disruption or damage. However, given the current understanding of
proinflammatory responses, such as cytokines, this concept can be expanded to include the
tolerance defined as the point at which the tissue exhibits an inflammatory reaction.

A trend in modern work is that the tasks are becoming increasingly repetitive, yet
involve lighter loads. The conceptual load–tolerance model can also be adjusted to also
account for this typeof riskexposure. Figure 6.2 shows that occupational biomechanics logic
can account for this trend by decreasing the tissue tolerance over time. This can represent
how the tolerance decreases during repetitive wear and tear (cumulative trauma)
(Figure 6.2a) and can also represent how cytokine upregulation may change the tissue
tolerance over time (Figure 6.2b). Hence, biomechanical models and logic are moving
toward systems that considermanufacturing andwork trends in theworkplace and attempt to
represent these observations (such as cumulative trauma disorders) in the model logic.

6.1.2 Moments and Levers

Biomechanical loads are only partially defined by themagnitude of weight supported by the
body. A moment (also called torque) is defined as the product of force and distance. Within
the low back, the position of theweight handled (ormass of the body segment) relative to the
axis of rotation (fulcrum) of the spine (typicallyL5/S1) defines the imposed load on the body
and is referred to as a moment. This concept can be demonstrated through the picture of a
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Figure 6.2 Cumulative trauma biomechanical risk defined as (a) the relationship between the
imposed load and the tissue tolerance (that is reduced over time) and (b) the relationship between the
tissue load and the point atwhich inflammatory responses occur (which can also reduce over timebut at
a much more rapid rate).

Figure 6.1 Traditional concept of biomechanicallydefined risk.When the forcesor loads imposedon
thespinal tissueare less thanthelevelof tissuetolerance, thetaskisassumedtoberelativelyfreeofrisk. If
the load exceeds the tolerance, the tissue can experience damage. (Adapted from reference 2).
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seesaw in Fig. 6.3a. Here we see that a small child can counterbalance a large man if the
distance between the child and the seesaw’s fulcrum is large compared to the distance
between the large man and the fulcrum. This figure suggests that in a lever system,
the magnitude of the force required to move an object is a function of both the weight of
theobject and thedistanceof theobject froma fulcrum(mechanical advantage).Hence, if the
back is considered as a lever system, then the load imposed on the spine is not simply a
function of just the weight lifted.

As implied in the above example, moments are a function of the mechanical lever
systems of the body. In biomechanics, themusculoskeletal system is represented by a system
of levers and it is the lever systems that are used to describe the tissue loads with a
biomechanicalmodel. The biomechanics of the back and spine can be represented by a first-
class lever. First-class levers are those that have a fulcrum placed between the imposed load
(on one end of the system) and an opposing force (internal to the body) imposed on the
opposite end of the system. In this case, the spine serves as the fulcrum. As the human lifts, a
moment (load imposed external to the body) is imposed anterior to the spine due to the object
weight times the distance of the object from the spine. This moment is counterbalanced by
the activity of the back muscles; however, they are located in such a way that they are at a
mechanical disadvantage since the distance between the backmuscles and the spine ismuch
less than the distance between the object lifted and the spine (Fig. 6.3b).

6.1.3 External Versus Internal Loading

The concepts of levers help demonstrate the concept of internal forces versus external forces
acting on the spine. External loads refer to those forces that are imposed on the body as a
direct result of gravity acting on an external object being manipulated by the worker.
However, internal forces counteract these external forces or loads. Figure 6.3b shows how it
is possible for an external load to have a great biomechanical advantage compared to a
person’s internal forceduring lifting.This figure demonstrates the importanceofmechanical
advantage in a lever system. If a small load has a much larger lever arm relative to a fulcrum
compared to the lever arm on the other side of the fulcrum, then a very large force will be
required to balance this small load.As shown in Fig. 6.3b, this is often the case during lifting,
where very large internal forces are needed to counteract the external mechanical advantage
since the back muscles are located very close to the spine relative to the location of the
external load.

Figure 6.3c shows an example of how large the internal forcesmust be in avery simple
model. Figure 6.3c shows a 222 N (about 50 lb) external load being held at a distance of 1m
from the spine. Gravity acts on this external load and creates a moment about the spine of
222Nm (222N � 1m). However, to maintain equilibrium, this external force must be
counteracted by an internal force that is generated by the back muscles. However, the
internal load (muscle) acts at a distance relative to the spine (5 cm or 0.05m) that is much
closer to the fulcrum than the external load. Thus, the internal force must be supplied at a
biomechanical disadvantage (because of the smaller lever arm) andmust produce a force that
ismuch larger (4440Nor 998 lbs) compared to the external load (222Nor 50 lbs) to keep the
musculoskeletal system in equilibrium.

It is not unusual for the magnitude of the internal load to be much greater (often more
than 10 times greater) than the external load. These muscle-generated loads become even
greater when the external load is accelerated (since force equals product of mass and
acceleration). Hence, the magnitude of the internal force required to move an object can be
affected by dynamicmotion of the object. If the external force is subject to inertia ofmotion,
the magnitude of the internal force could either increase or decrease, depending on the
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Figure 6.3 (a) The concept of mechanical advantage due to a large lever arm relative to the fulcrum,
(b) the body represents a similar lever system requiring very large muscle forces to counteract
the external load, and (c) an example of the large internal force (F) required to support an external force
held at a distance of 1m from the spine.
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direction of object motion. To make matters worse, when multiple muscles are recruited
(muscle cocontraction) to support the external load, joint loads increase because themuscles
work against each other (“fight” each other) to maintain control.

The internal loading contributes the most to both acute and cumulative tissue loads
with the musculoskeletal system during work. The net sum of the external load and the
internal load defines the total loading experienced at the joint. Therefore, when evaluating
the impact of work on spine loading, one must not only consider the externally applied load
butmust also be particularly sensitive to themagnitude of the internal forces that can load the
musculoskeletal system.

6.2 HOW CAN WE MODIFY INTERNAL SPINE LOADS?

The previous section emphasized the importance of understanding the relationship between
the external loads imposed on the body and the internal loads generated by the force-
generating mechanisms within the body. The key to proper work design is based on the
principle of designing workplaces so that the internal loads are minimized. Internal forces
can be thought of as both the component that supports and loads the tissue and the target of
overexertion. Thus, muscle strength or capacity can be considered as a tolerancemeasure. If
the forces imposed on the muscles and tendons as a result of the task exceed the strength
(tolerance) of the muscle or tendon, potential tissue damage is possible. Generally, three
components of the physical work environment (biomechanical arrangement of the muscu-
loskeletal lever system, length–strength relationships, velocity, and temporal relationships)
can be manipulated to facilitate this goal and serve as the basis for many ergonomic
recommendations.

6.2.1 Biomechanical Arrangement of the Musculoskeletal
Lever System

Theposture imposedvia thedesignof theworkplace can affect the arrangement of thebody’s
lever system and thus can affect the magnitude of the internal load required to support the
external load. The arrangement of the lever system could influence the magnitude of the
external moment imposed on the body as well as dictate the magnitude of the internal forces
and the subsequent risk of either acute or cumulative trauma. If one considers the bio-
mechanical arrangement of the spine (shown in Fig. 6.3c) it is evident that the magnitude of
the internal force generated within the back musculature is defined by the location of
theexternal load relative to the spine. If thehorizontaldistancebetween the loadand the spine
was reduced to half (by reorienting the load location), the internal force necessary to support
the external load would be reduced by 2220N or nearly 500 lb. Hence, the positioning of the
mechanical leversystem(whichcanbeaccomplished throughworkdesign)cangreatlyaffect
the internal load transmission within the body. A task can be performed in a variety of ways,
but some of these positions are much more costly than others in terms of loading of the
musculoskeletal system. Thus, the simplest way to reduce loads on the spine’s tissues is to
simply rearrange the work so that the moment relative to the spine is reduced.

6.2.2 Length–Strength Relationship

Another important relationship that influences the load on themusculoskeletal system is the
length–strength relationship of themuscles. This relationship is shown inFig. 6.4. The active
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portion of this figure refers to active force generating structures such as muscles. When
muscles are at their resting length (generally seen in the fetal position), theyhave the greatest
capacity to generate force. However, when the muscle length deviates from this resting
position, themuscle’s capacity to generate force is greatly reduced because the crossbridges
(portion of the muscle fiber capable of generating force) between the components of the
muscle proteins become inefficient. When a muscle stretches or when a muscle attempts to
generate force while at a short length the ability to generate force is greatly diminished. As
indicated inFig. 6.4, thepassive tissues in themuscle canalsogenerate tensionwhenmuscles
are stretched. Thus, the length of amuscle during task performance can greatly influence the
force available to performwork and can influence risk by altering the available internal force
within the system. Therefore, what might be considered amoderate force for amuscle at the
resting length can become themaximum force amuscle can producewhen it is in a stretched
or contracted position, thus increasing the risk of muscle strain. When this relationship is
considered in combination with the mechanical load placed on the muscle and tendon (via
the arrangement of the lever system), the position of the joint arrangement becomes a major
factor in the design of the work environment. Typically, the length–strength relationship
interacts synergistically with the lever system. The joint position can have a dramatic effect
on force generation and can greatly affect the internal loading of the joint and the subsequent
risk of cumulative trauma. Therefore, positioningworkerswith their backmuscles near their
resting length will minimize muscle force, fatigue, and risk of overexertion.

6.2.3 The Impact of Velocity on Muscle Force

Motion can also influence the ability of a muscle to generate force and, therefore, load the
biomechanical system.Motion can be a benefit to the biomechanical system ifmomentum is
properly employed or it can increase the load on the system if the worker is not taking
advantage ofmomentum. This relationship betweenmuscle velocity and force generation is
shown in Fig. 6.5. The figure indicates that, in general, the faster themuscle is shortening (as
when lifting), the greater the reduction in force capability of the muscle. This reduction in
muscle capacity can result in the muscle strain that may occur at a lower level of external
loading and a subsequent increase in the risk of cumulative trauma. Also note that Fig. 6.5
indicates that force generation can increase when a muscle lengthens (as when lowering).
Since the vast majority of work involves motion, many of the contemporary biomechanical
models now include the effect of dynamic motion.

Figure 6.4 Length–tension relationship for a human muscle. (Adapted from Basmajian JV,
De Luca CJ. Muscles Alive: Their Functions Revealed by Electromyography. 5th ed.,
Baltimore (MD): Williams and Wilkins; 1985.)
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6.2.4 Temporal Relationships

Strength Endurance: Strength must be considered as both an internal force as well as a
tolerance.However, it is important to realize that strength is transient.Aworkermaygenerate
a great amount of strength during a one-time exertion; however, if the worker is required to
exert their strength either repeatedly or for a prolonged period, the amount of force that the
worker can generate can be reduced dramatically, resulting in an increase in fatigue and a
decrease in the strength tolerance limit. Figure 6.6 demonstrates this relationship.Thedotted
line in this figure indicates the maximum force generation capacity of a static exertion over
time. Maximum force is only generated for a very brief period. As time advances, strength
output decreases exponentially and levels off at about 20% of maximum after about 7min.
Similar trends occur during repeated dynamic conditions with different rest times between
exertions as indicated in the solid lines in Fig. 6.6. If a task requires a large portion of a

Figure 6.5 Influence of velocity on muscle force.
(Adapted from The Textbook of Work Physiology.
McGraw-Hill; 1977.)

Figure 6.6 Muscle endurance times in consecutive static contractions of 2.5 s duration with
varied rest periods. (Adapted from Chaffin DB, Andersson GB. Occupational Biomechanics.
NewYork (NY): John Wiley & Sons, Inc.; 1991).
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worker’s strength, one must consider how long themagnitude of strengthmust be exerted to
ensure that the work does not strain the musculoskeletal system.

Rest time: As we have already observed, the risk of cumulative trauma increases when
the ability of the worker to produce force is exceeded by a task’s force requirements, thus
resulting in fatigue and lowering of tolerance. Another factor that may influence strength
capacity (and tolerance to muscle strain) is rest time. Rest time has a profound affect on a
worker’s ability to exert force.Energy for amuscular contraction is regenerated duringwork.
Adenosine triphosphate (ATP) is required to produce a power-producing muscular contrac-
tion. ATP changes into adenosine diphosphate (ADP) once a muscular contraction occurs;
however, the ADP is not capable of producing a significant muscular contraction. The ADP
must be converted back to ATP to enable another muscular contraction. This conversion
occurs with the addition of oxygen to the system. If oxygen is not available, the system goes
into oxygen debt and insufficient ATP is available for amuscular contraction. This process is
discussed in an earlier chapter (Fig. 4.8) where it is indicated that oxygen is a key ingredient
to maintain a high level of muscular exertion. Oxygen is delivered to the target muscles via
the blood.Under static exertions, the blood flow is reduced and blood available to themuscle
is subsequently reduced. This restriction of blood flow and subsequent oxygen deficit is
responsible for the rapiddecrease in forcegeneration (muscle strength) over timeas shown in
Fig. 6.6. The solid lines in Fig. 6.6 indicate that the force-generation capacity of themuscles
increaseswhen different amounts of rest are permitted during a prolonged exertion.Asmore
rest time is permitted, increases in force generation are achieved asmore oxygen is delivered
to the muscle and more ADP can be converted back to ATP. This relationship indicates that
any more than about 50 s of rest, under these conditions, does not result in a significant
increase in force-generation capacity of the muscle. Practically, this relationship indicates
that to optimize the strength capacity of theworker andminimize the risk of muscle strain, a
schedule of frequent and brief rest periodswould bemore beneficial than lengthy infrequent
rest periods.

6.3 INCORPORATING SPINE LOAD REDUCTIONS
INTO THE WORK SYSTEM

This discussion has shown that if the goal of work design is to minimize the impact of
physical risk factors on the risk of low back pain, there are several principles that one can
work with to accomplish this goal. Hence, by adjusting the work positions and components
of the work for a person in the workplace, we are able to influence spine loading by
considering the biomechanical lever system arrangement, the velocity of the motions,
muscle length, and the temporal relationships inherent to the work (work–rest cycles, rest
time, and exertion duration). The key to proper work design involves developing an
appreciation for how these factors can influence spine loads collectively and considering
the trade-offs between these factors in a work system.

6.4 LOADING OF THE LUMBAR SPINE

Forces or loads are imposedon the lumbar spine in response to events and tasks performedby
the person. The summary of thevarious forces imposed on the spine during an activity can be
represented by a singe force vector with magnitude and directional components. This
summary is useful for comparing the overall loading of the spine under different work
conditions. However, to assess the biomechanical risk of an activity, one must compare the
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forces imposed on the spine in the different dimensions of loading with the different
tolerances associated with each dimension. This comparison can be done on a tissue by
tissue-level comparison using the tolerance limits discussed in Chapter 5, or it can occur at a
more general level where the collective tissue tolerances in each direction of loading are
considered. This latter approach is more common in most work-oriented biomechanical
models and will be discussed here.

The nature of spine loading can be summarized by several types of loads acting on the
spine: (1) axial forces that either apply compression or tension upon the spine along its
longitudinal axis; (2) lateral loads imposing shear forces on the spine from side to side;
(3) anterior–posterior (A/P) shear forces that load the spine in the forward and backward
direction; and (4) torsional forces that twist the spine. These forces are shown graphically in
Fig. 6.7 alongwith the generally accepted tolerance limits for physical damage to the tissues.
The spine is relatively strong in compression and thus has a fairly high tolerance
limit. However, the spine can be toppled very easily when lateral (shear) forces are
imposed. Hence, tolerance to shear loading is rather low. The specific tolerances to
these loads in the various directions of loading are discussed in detail in Chapter 5.

6.5 SPINE LOAD ASSESSMENTS

An important component of evaluating the load–tolerance relationship and the potential risk
associated with work is an accurate and realistic assessment of the loading experienced by a
tissue. The tolerance literature suggests that it is important to understand the specific nature
of the tissue loading including factors such as compression force, shear force in multiple
dimensions, load rates, positions of the spine structuresduring loading, frequencyof loading,
and so on. Thus, accurate and specific information about loading is essential if one is to use
this information to assess potential risk associated with occupational tasks.

Presently, it is infeasible to directly monitor the loads imposed on the spine structures
and tissues while workers are performing an occupationally related task in the workplace.
Instead, indirectmeans such as biomechanicalmodels are typically used to estimate loading.
All biomechanical models attempt to evaluate how exposure to external loads results in
internal forces that may exceed tolerance limits. External forces (due to gravity or inertia)

Figure 6.7 Summary of load dimensions for the lumbar spine.
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must be overcome by the worker to do work. Internal forces (e.g., muscles, ligaments, etc.)
must supply counterforces to support the external load. It is this relationship that is the focus
of biomechanical models of the spine. The key to accurate and realistic biomechanical
models it to understand how the reaction of the internal forces behaves in response to work.
Several approaches to biomechanical modeling have been used for these purposes resulting
in different trade-offs between their ability to realistically assess spine loading associated
with a task and ease of model use.

6.6 MODELS OF SPINE LOAD

In general,models should not be unnecessarily complex.Modelsmust be only as complex as
necessary to achieve the goals of the model. This concept has driven the development of
biomechanical spine models over the years. Early models were extremely simple and
assessed spine loads in a very gross manner. However, as the body of knowledge expanded
and researchers discovered the complexity of the tissue tolerances of the spine, it soon
became clear that more complete and accurate models of the workplace were necessary to
assess the risk in the workplace.

Static models: The first models used to assess spine loading during occupational tasks
were reported in the 1970s. Early models of spine loading made assumptions about which
trunk muscles (internal forces) supported the external load held in the hands during a lifting
task (3–5). These models are classified as single-equivalent muscle models since they
assumed that a single muscle vector within the trunk could summarize the internal
supporting force (and spine loading) required to counteract an external load lifted by a
worker. The model assumes that a lift could be represented by a static equilibrium lifting
situation and that nomuscle coactivation occurs among the trunkmusculature during lifting.
The models often employed anthropometric regression relationships to estimate body
segment lengths representative of the general population.

Two output variables were predicted with these early models that were used in a load-
tolerance assessment of work exposure. The model’s first output is spine compression and
typically is compared to the compression limits of 3400 and 6400N. The second model
output was population static strength of six joints. L5/S1 joint strength is used to assess
overexertion risk to the back. The model has evolved into a personal computer based model
and is typically used for general assessments of materials handling tasks involving slow
movements (where motion is insignificant) where excessive compression loads are sus-
pected of contributing to risk. An example of the computer program is shown in Fig. 6.8. The
model can be linked to field observations by videotaping a lifting task and recording the
weight of the object lifted. Early risk assessments of theworkplace have used this method to
assess spine loads on the job (6).

During the 1980s, biomechanical models were expanded to account for the contribu-
tion of multiple internal muscles’ reactions in response to the lifting of an external load.
Muchof the spine tolerance literature at this timewasbeginning to recognize the significance
of three-dimensional spine loads as compared to using only compression loads in defining
potential risk. This resulted in biomechanical models that predicted compression forces as
well as shear forces imposed on the spine. The first functionalmultiplemuscle systemmodel
proposed for material handling assessments (7) demonstrated how loads manipulated
outside the body could impose large spinal loads due to the coactivation of several trunk
muscles needed to counterbalance the external load (Fig. 6.9). The modeling approach
represented much more realism than previous models; however, the approach resulted in
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indeterminant (unsolvable and not unique) model solutions since there were more muscles
forces represented in the model than functional relationships available to uniquely solve the
problem. To overcome this problem, modeling efforts made assumptions about which
muscles should be active during a task (7–9). These efforts resulted in models that worked
well for static representations of a lift but not necessarily for dynamic lifting situationswhere
greater cocontractions of the trunk muscles were common (10).

Figure 6.8 Examples of single-equivalent muscle model computer models developed by D.B.
Chaffin. (a) The first biomechanical computer model was two dimensional and used to assess low
back risk due to manual materials handling; later developments of the model permitted three-
dimensional static loading analyses.

Figure 6.9 Cross-sectional view of the human trunk at the lumbrosacral junction.
(Adapted from reference 7).
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These early models provided reasonable approximations of muscle recruitment and
the subsequent spine loadswhen evaluating static postures, since a steady-state static posture
typically involved little muscle cocontraction. However, they did not work well for realistic
tasks that involved dynamic, complex work movements since the models were unable to
determine which muscles or combination of muscles were involved in the support of the
changing external load (due to the indeterminacy of the model solution).

These models were unable to resolve the muscle recruitment pattern of the muscles
and were unable to account for the rapid changes in muscle activity that occurred due to
movement. Since understanding of trunkmuscle reactions to the external environment is the
key to accurate assessment of spine loading, it soon became clear that more complex,
dynamic models were essential to understand how the physical aspects of work influenced
low back loading in the workplace.

Dynamic models: To overcome the problem of predicting the recruitment pattern of
multiple trunk muscles during a realistic, dynamic work activity, later efforts attempted to
directly monitor muscle responses and use this information as input to biomechanical
models. These “biologically assisted” models have the advantage of directly monitoring
the activity of the internal force producing muscles in the trunk and eliminate the need to
predict how the muscles would behave under complex, dynamic loading conditions.
These biologically assisted models typically used electromyography (EMG) to assess
muscle recruitment and this became the input to multiple muscle models. EMG
eliminated the problem of indeterminacy since specific muscle activities were uniquely
defined through the neural activation of each muscle. Since these biologically assisted
models are unique to the response of an individual’s muscles, they were not only able to
accurately assess spine compression and shear loads for a specific occupationally related
movements (11–19), but were also able to document differences in muscle activation
patterns. These unique muscle activation differences allowed one to assess the resultant
differences in spine loading between individuals performing the same task. EMG-assisted
models also made it possible to assess how a worker would respond to psychological
stress since the muscle’s reactions were directly monitored in response to any type of
physical as nonphysical stress.

Using this modeling approach, variations in loading among a population could be
assessed (20–27). Validation measures suggest that these models have excellent external as
well as internal validity (15,20,28).The scientific literature (29) demonstrated the importance
of accounting for trunkmuscle coactivation when assessing spine loading and found that not
accounting for coactivation could results in miscalculation of spinal loading by up to 70%.

The advantage of biologically assisted models is that they are able to account for how
the body responds to realistic dynamic complex exertions. This not only provides a much
more realistic assessment of the magnitude and nature of loads experienced by the spine but
also provides insight into the tension profile of each power-producing muscle surrounding
the spine. By examining trunk muscle cocontractions as well as the force–time history of
individual muscles, we are able to gain insight into muscle function disruption-based low
back pain.

The disadvantage of biologically assisted models is that they require EMG recordings
frommultiplemusclesiteswhiletheworkerisperformingtheirworktasks.Becauseofthelarge
amount of instrumentation needed to perform such analyses, it is often difficult or not feasible
toexecutetheseanalysesattheworkplace(seeFig.6.10).Therefore,manyofthesestudieshave
been performed while simulating work conditions under laboratory conditions. A number of
studieshaveemployedEMG-assistedmodeling toassess specific aspectsof thework thatmay
be common to many work conditions. Several efforts used EMG-assisted models to assess
three-dimensional spine loading during materials handling activities (12,26,30–33).
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6.7 BIOLOGICALLY DRIVEN MODELING OF SPINE LOADING

Over the past 20 years, continuing efforts have refined and improved biologically assisted
(EMG-assisted) biomechanical models that are capable of accurately assessing dynamic
spine loading of a specific individual in response to occupational tasks (11–19,27,34–48).
The model developed in the Biodynamics Laboratory at the Ohio State University has
evolved into a modeling tool that is sensitive enough to distinguish differences in spine
loading patterns among different individuals due to differences in body dimensions, task
exertion technique, experience, back health status, and personal factors. The results of the
studies using this model are reported in forthcoming chapters; however, the model logic is
described here.

Themodel assumes that if two imaginary planes were passed horizontally through the
lower lumbar spine and the upper lumbar spine, all the major power-producingmuscles that
support the spine and load the spine would be identifiable and would transcend these two
planes (see Fig. 6.11a). The advantage of this two-plane representation is that if one is able to
track the movement of these two planes relative to one another, then the model would be
capableofaccountingfordynamicmotion includingdifferences in torsomuscle lengths.This
figure indicates that ifweknowthe forcemagnitudeand relative locations of themuscle force
vectors that connect these two planes relative to the spinal column, we can then predict the
mechanical advantage that eachmuscle force has relative to the spine, then sum the forces in
each direction of force and derive the compression, shear, and torsional forces acting on the
spine.

The key to accurately predicting the force imposed on the spine lies in an accurate
understanding of muscle force interpretation. The force generated from each muscle shown
in Fig. 6.11 is governed by the following Equation 6.1:

Forcej ¼ Gainj
EMGjðtÞ
EMGmaxj

�Areaj � f ðveljÞ�f ðlengthjÞ (6.1)

Figure 6.10 Examples of instrumentation (position sensors, muscle sensors, and lumbar
motion monitors) required as input to EMG-assisted models. Such instrumentation is feasible
for laboratory analyses but difficult to utilize in the work environment.
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This equation indicates that the force for a given muscle can be derived from the
product of (1) the gain or force generation capacity of themuscle (in N/cm2), (2) the relative
(%) activity level of the muscle (EMG activity of a task relative to the maximum EMG
activity possible for themuscle), (3) the cross-sectional area of themuscle, (4) thevelocity of
the muscle, and (5) the length of the muscle. In determining the muscle force, the product
of the gain and the cross-sectional area define the upper limit of force generation possible
from the muscle during muscle shortening (as in lifting). This maximum possible force is
thenmediated by the relative activation level of themuscle defined by the relative (%) EMG
activity level, the velocity at which the muscle is moving (Fig. 6.5), and the instantaneous
length of the muscle during the exertion (Fig. 6.4).

Muscle cross-sectional areawas determined fromMRI scans of the lumbar spine (49).
MRI images are examined and traced to represent the cross-sectional area of the muscles of
interest (Fig. 6.12).Thecross-sectional areamust be corrected for fiber angle so that the force

Figure 6.11 (a) Trunk mechanics logic underlying the OSU biodynamic EMG-assisted
biomechanical model assumes that all forces acting on the lumbar spine can be identified
by forces acting between the two imaginary transverse planes passed through the lumbar spine.
(b) Measures of the external load (in this case hand forces) and trunk muscle vectors representing
the internal forces imposing load on the spine. (The current model was recently embedded in theMSc.
ADAMS Software environment (MSc. Software, Inc). and utilizes the lifemod (Biomechanics
Research Group, Inc.) biomechanical overlay.)
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generation of the muscle is accurately represented. Male and female regression equations
have also been derived on the basis of this data so that muscle cross-sectional area can be
represented by easy-to-collect anthropometric data (49).

Muscle length andvelocity characteristics havebeen derived through experimentation
for extension of the torso (11,12), as well as for flexion activities (46). Muscle gain
traditionally has been experimentally derived and set to a constant for a given subject.
However, recent efforts have employed optimization techniques to derive different gain
values for different muscles (50).

Once these muscle forces are assessed over the exertion of interest, then the
instantaneous muscle force is multiplied by its respective mechanical advantage relative
to the spine. Studies have employed MRI technology to precisely define the origin and
insertion points of the power-producing muscles along the two imaginary planes utilized by
the model (51). Figure 6.13a and b shows how the mechanical advantages of each muscle
relative to the spine was derived in the sagittal and coronal planes, respectively. This study
has also derived regression equations that havemade possible the prediction of trunkmuscle
mechanical advantage from torso anthropometry.

Figure 6.14 shows the data collection portion of themodel. Themodel simultaneously
displays a video of the task of interest, trunk motion in three dimensions as measured using
the lumbar motion monitor (LMM) (a tri-axial goniometer shown on the worker’s back
Fig. 6.10 and in the skeletal model in Fig. 6.11b to account for trunk muscle velocity and
length),muscle activities,muscle forces,muscle coactivities,moments imposedon the spine

Figure 6.12 Cross-sectional representation of the torso muscles evaluated via MRI scans.

Figure 6.13 (a) Sagittal plane muscle moment arms and (b) coronal plane moment arms
relative to the spine used to assess the mechanical advantage of the trunk muscles in the
biomechanical model.
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and spinal forces. Using this Windows-based model, the influence of the dynamic task
activities can be associated with the resultant spine loading and the external moments and
specific muscle reactions that govern the spine loads. This model was able to assess three-
dimensional spine loading at L5/S1 in response to dynamic sagittal, lateral, and torsional
external loads (15).

There are no practical means to directly validate a biomechanical model in vivo since
this would require load sensors to be implanted in the spine. However, models can be
validated through indirect means by assessing the ability of the model to predict measures
that one can feasibly record. Trunk moments have been selected as this measure. Measured
and model predicted trunk moments are compared and must agree if the model is correctly
simulating trunk mechanics. Statistical correlations between predicted and measured
moment profiles serve as measures of model performance and indicate how well the model
accounts for the variability in the dynamicmoment. If themodel accurately predicts applied
moments about the spine, then the predicted spinal load must also be reasonable.

The biodynamic EMG-assisted biodynamic model has been tested and validated in
several studies. Three studies have evaluatedmodel sensitivity in each of the primary planes
of movement. Each experiment was intended to test model robustness, independently, in
each of the cardinal planes of the body. Three measures of performance and validity were
usedas criteriawithwhich to evaluatemodel performance.First, for amodel tobe considered
robust and accurate, it must precisely represent the changes in trunk and spine loading over
time. Themeasure of performance that relates to changes in trunk loading during these trials
is the correlation between predicted and measured (via the force plate) trunk moment as a
function of time. The R2 statistic indicating the relationship between measured trunk
moment (via the force plate) and predicted trunk moment (via the EMG-assisted model)
serves as an indication of the ability of themodel to accurately assess the changes in dynamic
trunk loading. This statistic is an indication of the robustness of the model and is sensitive to
changes in shape of the trunk moment versus time curve generated by both the model and
force plate during an experimental run. Second, a well-developed biomechanical model
must accurately estimate themagnitude of trunk load during a lifting trial. By comparing the
measured and predicted magnitude of external load imposed on the spine (moment), we can
evaluate the magnitude of the error inherent in the model. The statistic employed to indicate

Figure 6.14 Data collection software of the EMG-assisted computer model able to simulate
dynamic manual materials handling tasks.
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this quantity was the average absolute error (AAE) between the measured moment and the
predicted trunkmoment during a lifting trial. Finally, a realistic biomechanicalmodel should
reflect biomechanical and physiological plausibility. This plausibility is often reflected by
comparingmodel predictedparameters to the limits described in the physiological literature.
Predictedmusclegain provides a goodmeasure of this physiologic feasibility. The literature
(52–54) suggests thatmusclegain should bebetween30and100N/cm2.Estimates ofmuscle
gains above this limit would suggest an infeasible model.

Table 6.1 summarizes the experimental parameters and model validity performance
measures for each of the three experiments. This summary indicates that themodel has been
thoroughly tested over a variety of occupationally relevant conditions (55,56). The analysis
also shows that the model performance is well within acceptable performance limits for
accuracy as well as biomechanical plausibility. Current model improvements have further
improved performance.

Even though this analysis does not provide direct validity of the model (which never
could be provided for ethical reasons), collectively, these trends provide independent
assurances that at least the changes observed in model performance have relevance to
observed risk in industry.

Recentmodel advances havesignificantly expanded thecapabilities of thismodel.The
model is now capable of assessing the three-dimensional loads imposed on each functional
spinal unit from L1 to S1. The model represents the worker via a skeletal figure and can
indicate disk forces by a vector at each lumbar disk level (see Fig. 6.15). These vector

TABLE6.1 Summaryof TrunkLoadingConditions andModelValidityMeasures in theThreeCardinal Planes
of the Body

Motion plane # Trials
Loads

supported (kg)
Trunk

velocity (�/s) R2 (Avg) AAE (N m) Gain N/cm2

Forward bending (sagittal plane) 703 0, 18.2, 36.4 0,30,60,90 þ
free dynamic

0.89 <15 47

Lateral bending (frontal plane) 574 13.6, 27.3 0,15,30,45 0.91 6–10 64
Twisting (transverse plane) 320 Max, 50% max 0,10,20 0.80 N/A 35

Figure 6.15 Recent improvements to the OSU biodynamic EMG-assisted biomechanical model
permit assessment of tissue loading at each level of the spine from L1 to S1. (The current model was
recently embedded in theMSc. ADAMS Software environment (MSc. Software, Inc.) and utilizes the
lifemod (Biomechanics Research Group, Inc.) biomechanical overlay.)
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representations respond instantaneously to any external load. In addition, the model can
assess the load distribution of forces through the ligaments of the spine, themuscles, and the
contact forces acting on the facet joints.

Once the loads imposed on the spine tissues during a task are evaluated, it is possible to
predict changes in spine tolerance over time for particular spine tissues. Tissue tolerance is
assessed by way of a finite-element model (FEM) embedded within the model as shown in
Fig. 6.16. This model represents tissues as small triangular (tetrahedral) elements that can
deform over repeated loading. In this manner, it is possible to assess the impact of continued
spine loading over long periods such as months and years and determine which structures
will fail and in how much time.

Hence, these models may soon be able to predict the physical change in the tissue due
to cumulative trauma over the course of many years. These efforts have resulted in some of
the most accurate and task-specific prediction of spine loading to date.

The most recent advances in the Ohio State University biodynamic model has
permitted the import of specific worker images into the model. It is possible to import the
specific anatomic images of a worker’s spine into the model via CT or MRI imaging. By
using the worker’s specific anatomic geometry in conjunction with the worker’s specific
muscle activation patterns (via EMG), it is possible to uniquely build a worker-specific
model for a specific individual. Figure 6.17 shows the results of such a model for a spinal
segment for a specific individual. Note the difference in the geometry of the vertebral
segments compared to the idealized representations shown in Fig. 6.15. This type of
specificitymakes it possible to evaluate loads on specific tissues such as ligaments (numbers
in Fig. 6.17) and contact forces among the posterior elements of the spine (arrows in
Fig. 6.17) as well as end plate stressors (light and dark structures at the top and bottom of the
disk) for a particular individual. While this model is still under development, it is expected
that thismodelwill be able to account for variability in spinal loads underwork conditions by
accounting for the unique individual characteristics of different workers exposed to similar
work conditions.

Figure 6.16 Finite-element model of the disk used in conjunction with the biodynamic
EMG-assisted biomechanical model that make it possible to assess disk degeneration over time.
(The model was developed using MSC. PATRAN, MSC. NASTRAN, and MSC. ADAMS (MSC.
Software, Inc.))
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6.8 STABILITY-DRIVEN SPINE LOADING MODELS

Stability refers to the ability of a system or structure to remain in balance and, therefore,
minimize the chances that the structurewill collapse, topple, ormove in such amanner that it
will damage tissue. Clinical spinal instability has been defined as “the loss of the spine’s
ability tomaintain its patternsof displacement underphysiologic loads so there is no initial or
additional neurologic deficit, no major deformity, and no incapacitating pain” (57). In other
words, the idea behind instability is that if the spinal column is not properly supported or
stable, there is a risk that one of the vertebral bodies might become ill aligned and push
against a nerve, stretch a ligament, push against a muscle, or in someway cause a disruption
in the system that would stimulate nociceptors and lead to pain. In biomechanics, stability
refers to the ability of the musculoskeletal control system to respond to a perturbation and
reestablish a state of equilibrium of the spine after a perturbation. Spine stability is
determined by the net stiffness, damping, and inertia of the torso. During instability, the
mechanical balance or stability of the spine system becomes disrupted. Instability can result
in spine structure displacement (e.g., unnatural vertebral movement), and this displacement
may lead to damage and inflammation of pain-sensitive tissues. Such events have been
documented during extreme physical exertions (58) and there is little doubt that instability is
a potential mechanical pathway leading to low back pain.

Stability can be important from a biomechanical standpoint for two reasons.
First, proper assessment of spine stability might be able to predict when tissues might be
at risk of overload and damage due to unstable conditions. Second, it has been hypothesized
that this principle might dictate the recruitment pattern of the trunk musculature during
an exertion. Thus, stability measures might be able to describe how muscles are recruited
and may provide muscle recruitment information to biomechanical models of the spine,
thereby providing an alternative to equipment intensiveEMG-assistedmodeling approaches.

There are two types of stability conditions. Static stability refers to the ability of the
spine to return to its original position after a perturbation. Dynamic stability refers to the
ability of the system to reestablish a path ofmovement after a perturbation and ismuchmore

Figure 6.17 Modeling of a specific individual’s spine accomplished by importing an image of a
worker’s spine into the EMG-assisted biomechanical model. The image shows ligament loads
(represented by numbers in the figure), contact forces among the posterior elements of the spine
(represented via arrows), and end plate stressors via finite-element modeling (light and dark structures
at the top andbottomof the disk). (Themodelwas developedusingMSC.PATRAN,MSC.NASTRAN,
and MSC. ADAMS (MSC. Software, Inc.))
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common duringwork.While several researchers have been able to describe static stability in
the torso, none have been able to predict dynamic stability behavior (20,37,59–67).Unstable
biomechanical systems can initiate tissue damage when the system is out of balance so that
excessive forces are imposed on tissues or when the musculoskeletal system overcompen-
sates for a perturbation.When the musculature cannot offer adequate support to a joint (due
to improper muscle recruitment, fatigue, structure laxity, or weakness), the structure may
move abnormally and create excessive forces on a tissue.

The mechanisms of the stability process within the human are generally not well
understood. Figure 6.18 shows a proposed process by which some believe spine stability is
achieved in the human body (68). For stability, onemustmonitor or perceive their position in
the world (circle 1 in Fig. 6.18) and compare this with what would be required to perform a
task (circle 2). Continuous adjustments are made between the muscle and tendon forces
generated and achieved until the system achieves steady state (circles 3–6). For achieving
stability in this manner, risk of instability must be assessed and corrective actions must be
performed in an extremely short period.

Several efforts have attempted to use stability as criterion to govern detailed
biomechanical models of the torso (35,37,59,62,63,65,67–71). The work performed in this
area to date has been directed toward static response of the trunk as well as sudden loading
responses (37,60,62,63,65,72). While it is likely that some occupational low back pain
occurs as a result of instability under static loading conditions, the cocontraction associated
with instability corrections can increase spine loadings and lead to cumulative loading.
In addition, prolonged muscle tension (resulting from cocontraction) might result in
greater risk via the muscle function disruption pathways as opposed to the acute trauma
pathway that is traditionally believed to be associated with instability-related muscle
problems (Fig. 5.2). Thus, there can be trade-offs associated with stability-versus
overexertion-related effects of instability. It has been hypothesized that instability increases
risk and should be of more concern at low levels of loading, whereas overexertion pathway
may represent a higher risk at higher levels of loading (Fig. 6.19) (69).However, the nature of
work in industry is changing and these acute trauma pathways are believed to be less
probable. Given the industry trend toward low force, high repetition jobs, one would
speculate that the majority of occupationally related low back pain is more likely related
to instability leading to cumulative loading of the spinal tissues.

Oneway in which the body controls for instability is through coactivation of the trunk
muscles (67). As the structures of the spine become less taut and increase their laxity due to a
loss of disk height, muscle fatigue, movements, or other causes, the chances of increasing

Figure 6.18 Functioning of the spine stability system as described by Panjabi. (From reference 68).
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instability increase and the chance of a mechanical disruption of the system increases.
However, thebodycannaturally guardagainst instabilityby tensing themuscles surrounding
the spine or cocontracting the trunk muscles. This coactive muscle tension is commonly
observed in those suffering from low back pain. In addition, this coactivation pattern results
in a disruption of the natural motion patterns of the spine (73,74) as well as increased spine
loading (22,75).

In summary, there appear to be legitimate pathways between biomechanical loading
and low back pain associated with instability. However, given the conditions of modern
work, cumulative loading ismore likely themechanismof lowbackpain risk. Instabilitymay
play more of a role in the exacerbation of low back pain compared to the initial onset of the
disorder.

6.8.1 Predictions of Muscle (Motor) Control within Torso

Since spine loading is primarily governed by the response of the internal force generators
(mostlymuscle activity) to thework conditions, several efforts have attempted to understand
andpredict how themuscles respond toparticular occupational conditions.The literature has
already shown how static models and stability models have difficulty predicting the role of
the multiple muscles involved in dynamic activities. Therefore, much of the research has
been in search of tools and techniques that would be able to accurately predict muscle
activities in response to occupational conditions.

Several approaches to this objective have been attempted in the literature and include
optimization, neural networks, fuzzy-neural modeling, and attempts to describe objective
functions for the models. The muscle response patterns, also known as motor control, have
been studied extensively over the last couple of decades and the study provide significant
insight into the functioning of the back (45,76–89).

Descriptions of the trunk’s motor control patterns showed how the motor patterns can
change as a function of an individual’s unique response patterns based on experience,
personality, and so on, or it may change based on task demands. For example, Fig. 6.20
indicates the order in which trunk muscles and intra-abdominal pressure are recruited, peak
in activity, and return to rest as a function of the speed of torso motion. As this figure
indicates, significant differences in recruitment patterns (and the subsequent spine loading)
occur as the torso motion increases in velocity.

Several attempts to use optimization to predictmuscle involvement can be found in the
literature (8,9,34,90–96). However, when the trunk is viewed as a realistic multiple muscle
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Figure 6.19 Trade-off between the ill effects of stability and overexertion as a function of load
level under acute trauma conditions. (From reference 69).
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system, there are more muscles involved in an exertion than functional descriptions of the
forces acting on the system. This situation results in a statically indeterminate solution and
suggests that there is no unique solution to the problem. Optimization has attempted to
provide more constraints to the problem space; however, many of these constraints are
boundary constraints that restrict the solution to above or below a certain limit. These
solutions have been found to be non representative of actual trunk muscle recruitment
behavior (97).

Others have attempted to describe motor control via neural networking techniques
(44,45,99–102). As with the optimization approach, these techniques work reasonably well
for static exertion conditions. However, they are more challenged in predicting dynamic
activities of the torso.

One effort has attempted to describe muscle activities probabilistically (27). This
effort developed a database that describes the muscle variability (for the major trunk
muscles) in probabilistic terms for a given external force exertion (including trunk motion
characteristics). Based on this database, a stochastic (probabilistic) model of trunk muscle
activation was developed. The model was based on simulation of experimentally derived
data and predicted the possible combination of time-dependent trunk muscle coactivities
that could be expected given a set of trunk bending conditions. The simulations are then
used as input to EMG-assisted biomechanical models to represent the range of spine loads
that would be expected under occupational conditions. This modeling indicated
that variability in trunk muscle force had little affect on spine compression but greatly
influenced lateral (�90% of mean value) and anterior–posterior shear (�40% of mean
value). Thus, this investigation showed that small variations in muscle forces can greatly
influence shear loading of the spine and may be responsible for under-recognition of the
spine during work tasks. This stochastic model of muscle force represents one method that
has been able to “drive” biologically assisted models without actually monitoring EMG
activity.

Figure 6.20 Example of the how the sequencing of muscles changes in the torso depending on
the velocity requirements of the exertion. (98) (muscles: LAT¼ latissiums dorsi, ERS¼ erector
spinae, EXO¼ external oblique, INO¼ internal oblique, and RCA¼ rectus abdominus; IAP
represents intra-abdominal pressure; trunk velocities: 1¼ isometric; 2¼ 25%, 3¼ 50%, 4¼ 75%,
and 5¼ 100% of isokinetic capacity). (From reference 98).

STABILITY-DRIVEN SPINE LOADING MODELS 109



More recent efforts to predictmultiplemuscle patternswithin the trunkunder dynamic
conditions haveattempted tomodelmuscle responses as a functionof trunkkinematics using
neuro-fuzzy modeling techniques (103,104). As with stochastic muscle modeling, this
technique uses a database of kinematic and kinetic information as input to train an “engine”
that predicts EMG activity. Figure 6.21 shows an example of how this model can
generate time history of the EMG signal given dynamic trunk motion and load support
information. This figure indicates that the techniques can indeed generate realistic time-
dependent multiple muscle activities that match EMG activity for several diverse trunk
motions. However, the engine must be offered a very large database of task activities
performed in multiple dimensions of motion for it to resolve the specific activity of the
various muscles. Much larger EMG databases are needed for this engine to generate the
range of activities expected under the range of occupational conditions.

6.9 WHAT DRIVES MOTOR CONTROL? THE MENTAL MODEL

One of the reasons that motor control is so difficult to predict is that it represents motor
control as a result of adynamic, constantlyupdating,mental process that adapts and responds
to the unique environmental conditions. Motor control is governed by motion control
programs residing in the brain. One can think of this motion control program as a
continuously updating computer program that calculates the amount of muscle force and
the sequence ofmuscle recruitment (pattern) that is needed to successfully fulfill an exertion
objective. The prediction pattern and muscle force magnitudes are estimated based on the
current environmental conditions, predicted task demands based on the senses, feedback
from muscles, the knowledge and experience of the person (training or pain), the timing
requirements (speed requirements) of the task, and most likely several individual (genetic)
factors (e.g., limits on contraction speed).

Thus, one of the reasons that muscle prediction is so difficult is that one is trying to
quantitatively model the mental processing that occurs within a worker. The concept of a
mental model has been considered by many cognitive scientists. Mental models help us
understand how people build impressions of and respond to their surroundings. As stated by
DonNorman (105) “. . .our conceptualmodels of theway objects work, events take place, or

Figure 6.21 Examples of neurofuzzy EMG predictions based on kinematic information. (Courtesy
of Y. Hou, J.M. Zurada, and W. Karwowski).
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people behave, result from our tendency to form explanations of things. These models are
essential in helping us understand our experiences, predict the outcomes of our actions, and
handle unexpected occurrences.We base ourmodel onwhatever knowledgewe have, real or
imaginary, naive or sophisticated.” Thus, it is this mental model that dictates how we will
respond to both physical and mental conditions.

The decision of which muscles to recruit and to what magnitude of muscle activity to
recruit is dictatedby judgmentmadeby themotor control programbasedona combinationof
the perception of the task requirements and the experiences of the individual fromwhich the
worker forms a mental model of the world. Figure 6.22 shows the types of information that
are used by the human system tomakedecisions aboutmuscle recruitment. This information
involves not only tactile feedback from the extremities via Golgi tendon units in themuscles
and ligaments but also visual and auditory feedback from the environment. This information
is mediated by the individual’s personality, experiences, and perceptions of thework. Thus,
this filtered “expectation” drives muscle recruitment (muscle commands) via this mental
model. It is this expectation that is optimized and satisfaction of the expectation is what
drives the system. In fact, perhaps the only manner in which one can correctly model the
recruitment of the muscles in such a dynamic system is to understand the person’s objective
of an activity at any given point in time (given the conditions). It is this cognitive objective
under the given conditions that determines howandwhy the personwill recruit theirmuscles
in agivenmanner.For example, recruitment ofmuscles belonging toonewithprior backpain
would be expected to emphasize stability, whereas the recruitment pattern of an experienced
worker would probably demonstrate little coactivation. Coactivation would be further
governed by the intended pace of the task, the precision required, and the environmental
conditions (e.g., surface conditions, noise, etc.).

Hence, one canhypothesize that knowledge of the person’s condition and experiences,
the work requirements, and the environment all combine to form a mental model of the
situation. Through this mental model, we interpret the task objective that we are attempting
to satisfy when we recruit muscles. This governing principle is known as the “satisfaction
principle” and has been found to represent eye movement behavior well (106).

Given the complexity of this recruitment, it is unlikely that prediction models will
reach the fidelity of biologically assisted models (i.e., EMG-assisted models) in the near
future.Therefore,EMG-assistedmodels currently form thebasis for accuratebiomechanical
assessments of the spine. These models help us appreciate the functioning of the musculo-
skeletal system on the back until such a time as predictive models of muscle recruitment
become accurate and reliable.

Figure 6.22 Information synthesis involved in muscle recruitment. Input to the motor control
processing system that results in muscle commands that increase stability through cocontraction.
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6.10 SUMMARY

It shouldbe clear from this description that the centralmotor programormentalmodel acts as
a filter to interpret cognitive and tactile information and respond with muscle activation
signals that define the loading characteristics of the muscles and the spine structures. Any
input into thismental model has the potential to alter themuscle patterns and loading pattern
of the spine. Hence, the organization of this system provides clues as to how loading patterns
of the spine andmuscle tensions can be altered. It should be evident from this description that
physical factors (that produce sensations in the muscles, ligaments, and tendons), cognitive
impressions (shaped by visual and auditory information in the surroundings), former
experiences, and the processing system (unique to the individual) all have the potential
to define the loads experienced by themusculoskeletal system and, thus, also have the ability
to mediate the loading of the musculoskeletal system. As can be seen, the mental model
drives the motor control system and is the key to spine structure and trunk muscle loading.
This is consistent with the logic of risk factors discussed in Chapter 1 (Fig. 1.2). Until
predictions of trunk muscle recruitment become more accurate and reliable under realistic
dynamicmovement conditions, wemustmonitor themuscle recruitment patterns associated
with various task performance parameters and a specific individual to understand spine
loading. Since biologically assisted (EMG-assisted) biomechanical models directly assess
muscle recruitment patterns, they provide a means to partition the contribution of physical
workcompared topersonal factors andpsychosocial andorganizational factorsvia a series of
controlled experiments.

KEY POINTS

. Biomechanical modeling allows one to consolidate one’s logic regarding the func-
tioning of the biomechanical system into a more understandable mechanism.

. Biomechanical models can quantify ªhowmuch exposure is too much exposureº to the
external environment. This is performed by comparing the load imposed on a tissue to
the (physical and biochemical) tolerance capacity of the tissue.

. The force-generating structures within the body (e.g., muscles) counteract the forces
imposed on the body from outside the body (e.g., work).

. The response of the force-generating structures within the body (muscles) to the
external environment determines the magnitude, direction, and timing of the load
experienced by the spine tissues. Thus, it is extremely important to understand how the
various trunk muscles behave during a task if an accurate assessment of spine forces is
desired.

. Biomechanical modeling has evolved over the past 30 years. Modern models capable
ofmeasuring activity of the spectrumof trunkmuscles are able to assess the response of
the muscles to motion and dynamic loading and evaluate the load imposed on the
various pain-initiating tissues of the spine and back structures.

. Although there have been many attempts to develop prediction models of muscle
recruitment patterns within the trunk, none have been able to accurately predictmuscle
responses under the variety of dynamic conditions and environments to which the
worker is exposed. However, probabilistic models and neuro-fuzzy models hold
promise for accomplishing this goal.
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. Muscle recruitment patterns and the resultant spine loading pattern are ultimately
dictated by the manner in which the worker interprets the work environment. Physical
and cognitive information is used to develop a ªmental modelº of the workplace and
muscle recruitment patterns (and spine loading) are a result of estimates of what is
needed to achieve the goals of the work task. The mental model and resulting
expectation is biased by perceptions of the work.

. Biologically assisted (EMG-assisted) models currently provide our best
understanding of the functioning of themusculoskeletal control system and the loading
of the spine in response to physical, organizational, and personal risk factors for back
pain.
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CHAPTER 7
THE INFLUENCE OF PHYSICAL
WORK FACTORS ON MUSCLE
ACTIVITIES AND SPINE LOADS

TH I S C H A P T E R systematically describes how the physical components of the

workplace can influence spine loading and can initiate the pain pathways described earlier.

The chapter begins by reviewing the findings of several biomechanical-based industrial

surveillance studies and showing how biomechanical factors increase the risk of low back

pain reporting.Next, using the advancedmodels described inChapter 6, the chapter reviews

how the physical features ofwork can influence structure and tissue loadingwithin the spine.

Person-specific studies that have explored the influence of physical work factors and

physicalmodifiersare included. These factors include loadmoment exposure, trunkmotions,

asymmetric loading, lateral and twisting motions, lift origin height, one-hand versus two-

hand lifting, object lowering, cumulative exposure to loads, lift frequency, work exposure

duration, experience, handle usage, lifting while leaning, team lifting, pushing, and seated

work. The chapter concludes by evaluating the relationship between spine loading

components and risk assessments in industrial environments.

7.1 INTRODUCTION

This chapter describes how the physical aspects of work can impose loads on the spine and
low back tissues that have the potential to activate the pain pathways described earlier. Over
the past 30years, numerous studies have attempted to define the role of physicalwork factors
on the experience of low back pain. The physical work factors represented by these studies
span the spectrum from seated work to heavy lifting. These studies have approached this
issue from various perspectives, including psychophysical abilities, strength capacity, and
biomechanical loading. Since the goal of this chapter is to review the influence of physical
factors on the potential initiation of the pain pathway due to tissue stimulation, wewill focus
exclusively on quantitative biomechanical assessments that are capable of isolating load–
response relationships associated with physical work tasks. Specifically, since both spine
structure loading and trunk muscle forces can lead to pain, we will focus on biomechanical
information that will help us assess the three-dimensional loading experienced by the spinal

The Working Back: A Systems View, by Williams S. Marras
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structures aswell as the forces developed among the systemofmuscles that support the spine
duringwork tasks.This is accomplished by reviewingboth the industrial surveillance studies
and laboratory studies.

7.2 INDUSTRIAL QUANTITATIVE SURVEILLANCE
OF PHYSICAL EXPOSURE

Through quantitative industrial surveillance studies, it is possible to glean clues as to what
specific biomechanical aspect of thework tend to be associatedwith greater reporting of low
back pain. Several literature reviews based on industrial surveillance studies have reported
increases in low back pain reporting when workers are exposed to the general categories of
lifting or forceful movements, awkward postures, heavy physical work, and whole body
vibration (1). However, these reviews are of limited utility in understanding the loading
exposures to the muscles and structures of the spine since most studies do not have a high
enough level of resolution to define a threshold level or zone above which low back pain
becomes more prevalent in a dose–response fashion. In other words, many of the previous
industrial surveillance studies have not been able to precisely describe “howmuch exposure
is too much exposure” to risk factors.

The early literature has indicated that back health is not linearly related to exposure
(2,3). As discussed previously, there appears to be a J-shaped function associated with low
back pain risk andwork exposure. These studies have indicated thatmoderate levels of tissue
loadingaremost protectiveof lowbackpain.Extremely low levels of loadexposure appear to
increase riskmoderately and extremely high levels of loading increase risk of low back pain
by a large amount. These findings are most likely related to the change in tolerance levels or
adaptation associated with loading of the spine structures. Moderate levels of loading
probably initiate a training effect to increase the capacity and tolerance threshold of the
individual. High levels of loading simply break down the tolerance of the individual quickly
and increase risk. Low levels of load exposure most likely decrease capacity and tolerance
threshold by accelerating the degeneration of the tissues. Hence, these observations indicate
that there are probably ideal levels of physical exposure that, when considered along with
worker conditioning, can optimize back health.

Biomechanically based industrial surveillance assessments are concerned primarily
with collecting biomechanically meaningful information (exposure metrics) within occu-
pational environments.Whilemanyassessments of occupationally related lowbackdisorder
risk have been reported in the literature, many of these assessments have not used exposure
metrics that are useful in state-of-the art biomechanical assessments since they fail to
properly quantify the physical risk factor exposure. This lack of quantification would mask
or obscure any relationship between the physical factors and risk. For example, numerous
studies (4–13) have found that lifting heavy loads are associatedwith an increased riskof low
back pain.While these studies are useful from an epidemiologic standpoint to help establish
the link between a particular class of exposures and risk, such gross categorical exposure
metrics provide little insight into the causal pathway underlying the observation since the
quality of the information is crude from a biomechanical standpoint. From a biomechanical
perspective, a givenexternal load can impose either largeor small loads on the spine (internal
forces) depending on the load’s mechanical advantage relative to the spine (14). Therefore,
to truly understand biomechanical loading, specific quantifiable exposure metrics that are
meaningful in a biomechanical context are necessary. Only then can one address the issue of
how much exposure to a biomechanical variable is too much exposure.
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7.3 STRENGTH CAPACITY ASSESSMENTS OF WORK LOAD

If surveillance studies are to be useful in identifying thresholds of exposure for back health,
they must increase the biomechanical resolution of the collected information by increasing
the quantification of biomechanical exposuremeasures. Several epidemiologic or industrial
surveillance studies meeting the biomechanical quality criteria have appeared in the
literature and offer evidence that low back pain is related to exposure to physical work
parameters on the job.Oneof the first studies exploring this relationship (2) involveda1-year
prospective study, where the load imposed on workers relative to the strength of theworkers
(called the lifting strength ratio or LSR) was assessed. This study found that “the incidence
rate of low back pain (was) correlated with higher lifting strength requirements as deter-
mined by assessment of both the location and magnitude of the load lifted.” These
observations are consistent with overexertion based inflammatory pathways discussed in
Chapters 4 and 5. The authors concluded that load lifting could be considered hazardous. It is
important to note that this study suggested that not only load magnitude was significant in
defining risk but load location was also important. Hence, this study indicates that the
magnitude of the load as well as the orientation of the load relative to the person was a key in
defining risk.

This evaluation also reported an interesting relationship between the frequency of
exposure to lifts of different magnitude (relative to worker strength) and risk. They
found that exposure to more often than 150 lifts per day had the highest incidence rate.
The second highest incidence rate was observed for workers who lifted less frequently
than 50 times a day. Finally, the lowest incidence rates were observed for workers lifting
50–150 times per day. This study reinforces the idea that load dose–response is non-
linearly related to risk. The study also suggests that exposure to moderate lifting
frequencies appeared to be protective, suggesting that an individual’s conditioning can
also play a role in risk.

Another noteworthy study involves an assessment where job demandswere compared
with worker’s psychophysically defined strength capacity (15). The job demand definition
considered load location relative to the worker, frequency of lift, and exposure time.
Demands were considered for all tasks associated with a materials handling job. The jobs
demands were compared to the strength capacity of theworker in a Job Severity Index (JSI).
Part of the databasewas used formodel formulation, while the other part was used formodel
validation. This study identified the existence of a JSI threshold abovewhich the risk of low
back injury increased.This study found that the “total direct injury expense for thoseworking
at the JSI levels above 1.5 (threshold) was about $60,000 per 100 full time employees (FTE)
as comparedwith an injury expenseofonly$1000per100FTEfor thoseworkingat JSI levels
of 1.5 or less.”

In a combined retrospective–prospective epidemiologic study (16) performed over a
3-year period in five large industrial plants, 2934material handling tasks associated with 55
jobs were assessed. They evaluated jobs using both the lifting strength ratio or LSR (that
assesses strength demands compared to strength capacity) as well as estimates of absolute
back compression forces. The LSR analysis revealed a positive correlation for back pain
incidence rates aswell as a positive relationship for othermusculoskeletal disorder incidence
rates. This study also employed a simple biomechanical model to estimate compressive
loadson the back.They found thatmusculoskeletal injurieswere twice as likely for predicted
spine compression forces that exceeded 6800N. The analyses also suggest that prediction of
risk is best associated with the most stressful tasks (as opposed to indices that represent risk
aggregation).
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7.3.1 Static Analyses of Work Load

A case–control (case–referent) study of automobile assembly workers (17) evaluated all
back pain cases in a facility over a 10-month period and compared these to referent
employees that were randomly selected after review of medical records, interview, and
examination. Job analyseswere performedby analystswhowere blinded to the case/referent
status.This studywasconcernedwith evaluating riskofbackpain associatedwithnonneutral
(nonupright standing) working postures. Postures associated with tasks performed by the
workers who experienced back pain were compared to postures of those who did not report
backpain. In addition, the studyused a simple single-equivalentmuscle static biomechanical
model to predict spine compression of workers who reported low back pain compared with
those who did not (17). Back pain was associated with those tasks that required moderate
(21–45�) or severe (over 45�) forward flexion and trunk deviations in the lateral and twisting
planes (of more than 20�). Figure 7.1 defines these postures. The risk of back pain increased
when workers were exposed to multiple risky postures and increasing duration (more than
10% of cycle time) of these problematic postures. This indicates that risk increased as the
portion of the duty cycle spent in the most severe postures increased.

No differences between those reporting back pain and back pain free workers were
noted as a function of spine compression when assessed by this particular model. However,
the study did note that many of the tasks required dynamic loading of the spine. Thus, this
lackof biomechanical significancemay simply indicate that amore sophisticatedmodelwas
needed to assess spine loading under these conditions.

The predictive value of a formula that considers the combination of “easy tomeasure”
static variables at theworksitewas considered in an effort to assess risk of lowback pain (18).
In a surveillance study of 50 industrial jobs, the evaluation considered factors expected to
be associatedwith spine loading, including horizontal loadmoment arm distance, heights of
the lift, twisting angle, and lift frequency. Thesevalues defined an expectedworker tolerance
(identified by biomechanical, physiological, strength, or psychophysical limits) and were

Figure 7.1 Sustained postures associated withmild (yellow) or severe (red) bending associated with
more back pain reports. (Adapted from reference 17).
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compared to the load lifted, defining a lifting index (LI). If the LI was found to be above 1.0,
then risk was assumed to be present for at least some of the workforce. The results of this
study indicated that as the LI increased the odds of back pain increased up until a LI of 3.0.
However, above 3.0, the odds decreased. It should be pointed out that the number
of observations for jobs having a LI above 3.0 was low (seven jobs). This study provided
limited evidence that there is a relationship between load magnitude and risk up to a point
(LI of 3.0). Hence, this study suggests that there is a limit to one’s ability to assess low back
pain risk due to the physical factors at the workplace when only using crude, non specific
measures.

7.4 DYNAMIC ANALYSES OF WORK LOAD

A case–control study evaluated over 400 industrial jobs involving over 25 million worker-
hours of exposure in nearly 50 different companies observed 114 workplace and worker-
related variables in an effort to identify sources of low back pain risk (19,20). This study
examined the characteristics of materials handling jobs that were associated with high rates
of lowbackpain reporting (“high risk group”which averagedover one quarter of theworkers
reporting back pain each year) compared to materials handling jobs where workers did not
report back pain (“low risk group” with zero reports per year). The differences in the
exposuremeasures in these high risk low back pain jobs versus the low risk of low back pain
jobs can be seen in Table 7.1. This table shows the complex nature of trunk motions
associated with the workplace. Note that in the high risk jobs, workers generally produce
much quicker trunk motions.

Exposure to load moment (load magnitude� distance of load from spine) distin-
guished between these two risk groups best. In fact, load moment was found to be the
single most powerful predictor of low back disorder risk (Table 7.2). This study also
examined trunk kinematics (movements) associated with the work tasks using a motion
tracking system called the lumbar motion monitor or the LMM (Fig. 7.2) as well as
traditional biomechanical variables in the workplace. This study identified 16 trunk
kinematic variables resulting in statistically significant odds ratios associated with risk of
low back pain in the workplace.

The results of this study indicated that risk of low back pain at work could not be
characterized well by simply assessing one biomechanical variable. A multidimensional
approach was needed to truly characterize risk. When load moment was considered in
combination with several trunk kinematic variables associated with the task, the predictive
power for low back pain increased significantly. While none of the single variables were 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 risk
very well (odds ratio¼ 10.7). Thus, this study indicated that, from a biomechanical
standpoint, risk was multidimensional in nature in that exposure to the combination of the
five variables was needed to describe risk. Hence, for the prediction of risk, knowledge of
load exposuremagnitude is important, but to better understand the risk of low back pain, one
needs toknowhowtheworkersweremovingwhen theywere exposed to these loadmoments.

The multidimensional risk information was incorporated into a multiple logistic
regression riskmodel that could recognize the trade-off between the risk variables (described
in Chapter 11). 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.
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Thismodel has beenvalidated in a prospectiveworkplace intervention study (21). This
study’s results are summarized inFig. 7.3. This prospective studyevaluatedwork related low
back reports before and after physical interventions to theworkplace and compared the back
pain reports to LMM risk model predictions before and after the intervention. As shown in
Fig. 7.3a, the population of jobswas represented by three types of trends in terms of lowback

TABLE 7.2 Odds Ratios (Indication Degree of Risk) Between High Risk for Low Back Pain
and the Individual Work Factors Measured at the Worksite (From Reference 20)

Factors Coefficients Odds ratio SE 95% Confidence interval

Workplace factors
Lift rate 0.00005 1.00 0.0004 0.99–1.01
Vertical load location at origin �0.6748 1.02 0.5636 0.98–1.07
Vertical load location at destination �1.8747 1.23* 0.5817 1.08–1.39
Vertical distance traveled by load �0.8702 1.03 0.6742 0.99–1.07
Average weight handled 0.0152 2.76* 0.0027 1.94–3.93
Maximum weight handled 0.0135 3.17* 0.0022 2.19–4.58
Average horizontal distance

between load and L5–S1
0.7808 1.01 0.8838 0.99–1.02

Maximum horizontal distance
between load and L5–S1

1.7037 1.11* 0.6770 1.02–1.20

Average moment 0.0313 4.08* 0.0050 2.62–6.34
Maximum moment 0.0254 5.17* 0.0037 3.19–8.38
Job satisfaction �0.3502 1.56* 0.0760 1.29–1.88

Trunk motion factors
Sagittal Plane

Maximum extension position 0.0561 1.36* 0.0144 1.17–1.58
Maximum flexion position 0.0391 1.60* 0.0081 1.31–1.93
Range of motion 0.0405 1.48* 0.0091 1.24–1.75
Average velocity 0.1735 3.33* 0.0314 2.17–5.11
Maximum velocity 0.0204 1.73* 0.0044 1.37–2.19
Maximum acceleration 0.0036 1.70* 0.0008 1.35–2.14
Maximum deceleration �0.0035 1.04* 0.0023 0.98–1.09

Lateral plane
Maximum left bend 0.0099 1.00 0.0202 0.99–1.02
Maximum right bend �0.0037 1.00 0.0186 0.99–1.01
Range of motion 0.0071 1.01 0.0118 0.98–1.03
Average velocity 0.2184 1.73* 0.0452 1.38–2.15
Maximum velocity 0.0441 1.55* 0.0098 1.28–1.87
Maximum acceleration 0.0054 1.51* 0.0013 1.24–1.84
Maximum deceleration 0.0017 1.01 0.0022 0.98–1.04

Twisting Plane
Maximum left twist 0.0758 1.21* 0.0220 1.09–1.35
Maximum right twist 0.0523 1.13* 0.0203 1.03–1.24
Range of motion 0.0298 1.08* 0.0147 1.00–1.16
Average velocity 0.1511 1.66* 0.0324 1.34–2.05
Maximum velocity 0.0202 1.17* 0.0069 1.05–1.31
Maximum acceleration 0.0026 1.16* 0.0009 1.05–1.29
Maximum deceleration 0.0014 1.01 0.0017 0.98–1.04

*Odds ratio significantly different from 1 a� 0.05; the odds ratios were computed with weight means.
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pain reports. First, in about one-third of the observed jobs the risk went from a high risk
situationbefore the intervention to a lowrisk situation after the intervention. Second, another
one-third of the jobs went from a high risk situation to a moderate risk (of low back pain)
situation. Finally, the last one-third of the jobs showed no change in risk over the observation
period. Based upon these observed low back pain risk reports, it is troubling that in two-third
of the situations, changes were made to the workplace through interventions that did not
result in adequate reduction in lowback risk. This finding does not indicate that interventions
are ineffective as much as it indicates that the wrong interventions were chosen for these
specific jobs. As shown in Fig. 7.3b, the LMM risk assessment model was capable of
predicting the ability of the various interventions to mediate the risk. When the risk
prediction model predicted there would be a large change in risk due to the intervention,
a large relative change occurred. When the risk model predicted little change would occur,
little change in low back pain reporting was observed.

Hence, this study emphasizes two important points. First, the relationship between
physical risk factor exposure and low back pain is multidimensional. Adjusting merely one
dimension of the physical environment (such as load weight or posture) in an intervention
will result in minimal improvement in risk for most dynamic work. Second, to optimize
work, quantitativemeasuresof themultidimensional risk factors are needed so that onecould
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Figure 7.3 Three categories of job risk change shown as a function of (a) incidence rates and (b) low
back pain risk model (LMM) predictions. The similarity in response patterns indicates validity of the
multidimensional LMM risk model.

Figure 7.2 LMM used to collect information about kinematic exposure in industrial environments.
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assess “how much exposure to a risk factor is too much exposure to the risk factors.”
Quantification of the proper risk variables can provide realistic insight into the trade-offs
associated with these multiple risk factors.

When the results of this study are considered in conjunction with the previous study
investigating nonneutral postures, it is clear that excessive and deviated trunk motions can
increase the risk to the back. Furthermore, as the posture becomesmore extreme or the trunk
motion becomesmore rapid, risk becomes greater. From a biomechanical perspective, these
observations strongly suggest that risk of low back disorder is associated with three-
dimensional dynamic loading of the spine. Thus, for the working back to be understood,
it is necessary to consider themultidimensional physical risk factors that could influence the
dynamic three-dimensional loading of the spine.

Another study (22) assessed cumulative loading of the spine in automotive assembly
workers using a case–control methodology. Figure 7.4 shows the risk associated with the
various acute and cumulative biomechanical measures. This study complements the picture
provided by the previous described studies. Two points are evident from this figure. First, as
shown in the previous studies (19,20), riskof lowbackpainwasalso associatedwith complex
(multidimensional) interactions between the spine loading variables. This figure indicates
that complex spine loading involving shear forces, trunk velocity, posture, and loadmoment
weremore indicative of risk than simple spine compression (ameasure that has traditionally
served as a tolerance measure of the spine). Second, the figure indicates that cumulative
measures of load are also associated with risk at the worksite. Hence, the temporal
components of biomechanical loading play an important role in low back pain reporting.
The study identified four independent risk factors for low back disorder. These factors
consisted of integrated loadmoment (over awork shift), hand forces, peak shear force on the
spine, and peak trunk velocity. This study showed that workers in the top 25% of loading
exposure on all risk factors were at about six times the risk of low back pain than those in the
bottom 25% of loading.

Figure7.4 Riskestimates ofacute andcumulativebiomechanicalmeasures observedbyNormanand
associates. (From reference 22).
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Another effort (23) evaluated a database of 126 workers to precisely quantify and
assess the complex trunk motions of workers associated with different degrees of low back
disorder risk. They found that higher risk groups exhibited complex trunk motion patterns
consisting of high magnitudes of multiplane trunk velocities, especially at extreme sagittal
flexion angles, whereas the low risk groups did not exhibit any such patterns. This study
demonstrated 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. Once again, the combination of biomechanical loading factors appears to
be associated closely with low back pain at work.

7.5 SURVEILLANCE CONCLUSIONS

Collectively, these industrial surveillance studies have provided insight as to which
components of the physical environment are important to understanding low back pain
risk. Overall, these studies suggest that when meaningful biomechanical assessments are
performed at the workplace, strong associations between biomechanical factors and risk of
low back disorders are observed. Several key components of biomechanical risk assessment
can be derived from this review. First, risk is multidimensional in that a synergy among risk
factors appears to intensify risk.However, some studies have shown that risk associations are
nonmonotonic.Hence, a picture of the degree of complexity needed to properly describe low
back risk in response to physical work factors emerges. Second, studies that have compared
worker task demands to worker capacity have often been able to identify thresholds above
which risk of low back pain increases. Thus, a load–tolerance relationship appears to be
present. Third, many studies have reported that low back pain risk can be identified well
when the three-dimensional location of the load relative to the body (load moment and load
location) are quantified in someway. Fourth, many studies have shown that risk can be well
characterized when the three-dimensional dynamic demands of the work are characterized.
Fifth, many studies have shown that frequency of an activity is associated with risk,
indicating a temporal or cumulative component to risk.

Jointly, these studies indicate that it is important to understand the multidimensional,
dynamic, three-dimensional biomechanical exposure to physical work to characterize risk.
However, to understandhow these physical factors influence the pain pathways, it is necessary
to understand how the internal forces of the body respond to these multidimensional
conditions.

7.6 SPINE LOADING AND TASK PERFORMANCE

The field-based studies have indicated that there are multiple dimensions of the physical
environment that must be considered if one is to appreciate their biomechanical role in spine
loading and the potential for initiation of low back pain. We can build upon these field
observations and use this information as a basis for an understanding of how spinal loading
occurs under high risk conditions.Analyses that employ theEMG-assistedmodels described
previously have the potential to offer insight into how the internal forces (muscles) react to
these physical risk factors and influence spine loads. These biologically assisted techniques
are used throughout this chapter to quantitatively assess the dimensions of spine loading
associated with exposure to various physical work related risk factors and understand how
the risk factors influence risk.
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The studies described in the following sections can be broadly categorized into two
dimensions: (1) those studies that evaluate biomechanical spine loads associated with
physical workplace factors and (2) studies that describe the biomechanical implications
associated with modification of those physical factors.

7.7 SPINE LOADING AND PRIMARY PHYSICAL WORKPLACE
FACTORS

Primary physical factors relate to fundamental workplace factors that are commonly
identified as potential risk factors associated with the workplace. The following sections
describe how variations in exposure to these workplace factors relate to spine loading.

7.7.1 Moment Exposure

In the spine, themechanicalmoment of concern is defined by the distance between an object
being manipulated by the worker and the spine multiplied by the weight of the object. The
industrial surveillance studies have indicated that those exposed to moments of increasing
intensity as part of their jobs are more likely to experience back pain reports (19,22). From a
biomechanical perspective, this makes perfect sense. The greater the magnitude of the
externalmechanical load, thegreater the internal reaction force.However, the internal forces
must increase in magnitude at a greater rate than the external forces since the internal forces
are at a severe mechanical disadvantage. Figure 7.5 demonstrates how spine compression,
lateral shear, and anterior–posterior shear change as the magnitude of the moment exposure
increases. As shown in this figure, increases in external load result in increases in
compression as well as increase in shear.

Figure 7.5 Relationship between spine loads and external moment exposure.
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7.8 ROLE OF TRUNK MUSCLE COCONTRACTION
IN SPINE LOADING

One of themost important principles associatedwith the lowback pain pathways involve the
sequence andmagnitude of trunkmuscles’ activation. Since the trunkmusculature provides
the primary active internal support for externally generatedmoments, they play a key role in
affecting the spine’s support structure disruption pathway as well as the muscle function
disruption pathway described earlier. Increasing the external load handled by the worker
increases the internal loading of the spine in all dimensions as shown in Fig. 7.5. However, to
respond properly to these external loads, the system of muscles within the trunk must
increase their collective force generation. When the system of muscles simultaneously
increases their level of contraction, the level of cocontraction is also increased to maintain
stability of the spine. However, the cocontraction is also responsible for increased overall
loading of the spine since the agonist (driving) and antagonist (breaking)muscles must fight
each other in order to stabilize the trunk and support the external load. This increase in the
structural load obviously increases the risk of damage to the spine structure tissues through
acute andcumulative traumapathways.However, anunderappreciated risk also existsvia the
muscle function disruption pathway. Cocontraction of the trunk muscles significantly
increases the tension within the supporting muscles of the trunk. As an example of this
process, Fig. 7.6 shows the increase in spine compression as a result of increasing external
load weight lifted. As expected, the compression increases fairly monotonically over the
range of weights lifted. However, if one examines the activity of the agonist (Fig. 7.7) and
antagonist (Fig. 7.8) muscles employed during these lifting tasks, one can gain insight into
the nature of cocontraction of the torso muscles. While the compression of the spine
increases by about 60% over the ranges of loads lifted, the agonist muscles increased their
activity by about the same percent. However, the antagonist muscle activities increased by
nearly80%over the same rangeof external loads.This rapid increase inmuscle tension could
affect the functioningof themusclevia theMTrP, oxygendeprivation, and/or fiber disruption
pathways described earlier.
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Figure 7.6 Increases in spine compression as a function of increases in load (box) weight lifted.
(From reference 24).
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7.9 TRUNK MOTION

Historically, trunk motion has been underappreciated from a physical spine loading
perspective. During the early development of biomechanical models, it was difficult to
consider andmodel trunkmotion because of limited computing capacity. Therefore, models
were static and considered biomechanical loading as a “snapshot” of loading during an
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Figure 7.7 Maximum muscle activity of the (agonist) extensor muscles as a function of
box weight (RES—right erector spinae, LES—left erector spinae, RIO—right internal oblique,
LIO—Left internal oblique). (From reference 24).
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exertion. These models were unable to consider the reactions of the body’s internal force
generators (muscles and ligaments) to dynamic conditions. However, current data acquisi-
tion and analysis systems have more than adequate computing power to consider such
influences. Industrial surveillance studies have indicated that there are certain limits to trunk
motion abovewhich there is an increased risk of low back pain reporting in industry (19,20).
In addition, these studies have shown that trunk motion is part of the multidimensional
picture that defines low back disorder risk in the workplace.

Several studies have evaluated the influence of trunkmotion on spine loading (25–35).
While motion can be beneficial or detrimental depending on how momentum is generated,
generally, these studies havedemonstrated that there is a biomechanical cost to trunkmotion.
Figure 7.9 shows the response of the right erector spinae muscle to a constant load as torso
velocity increases both concentrically and eccentrically relative to an isometric (static)
exertions. This figure indicates that there is a significant cost to the muscle of increasing
velocity even though the external moment remains constant (36). Similar costs have been
associated with trunk acceleration (37). Figure 7.10 indicates how increasing levels of
acceleration can greatly increase the muscle activation level of the back extensor muscles.
When the effects of increases in trunk velocity and acceleration are considered collectively
on the spine, there is substantial cost in terms of increased muscle activity and increased
levels of coactivation, both ofwhich taxmuscle function and can lead to disruption inmuscle
function and muscle-based pain. In addition, the cocontraction can be expected to lead to
increased spine structure loading.

Since the cost to the musculoskeletal system of dynamic motion is significant, the
ability of the trunk to support an external moment decreases dramatically as trunk motion
increases. Figure 7.11 demonstrates how rapidly torso strength decreases as trunk velocity
increases fromstatic conditions (0�/s) to 90�/s. This decrease in externally applied strength is

Figure 7.9 Influence of trunk velocity (—¼ eccentric velocity, 0¼ static,þ¼ concentric velocity)
on the activity of the right erector spinaemuscle. The activity level indicates the level of EMG required
to generate a constant level of force as trunk velocity changes. (From reference 36).
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due to the rapid increase in muscle coactivation occurring at faster speeds. The figure
indicates that thepresenceof evenslow trunkmotionsduringworkcan significantly decrease
the load-bearing tolerance of the back. Thus, caution must be used when assessing dynamic
work situations using staticmodels that assume that dynamic activities canbe represented by
quasi-static models of torso strength. These approaches can severely underappreciate the
influence of motion on trunk capacity.

Even though trunk strength is decreasedwhen backmotion occurs, three-dimensional
spine loading increases dramatically. Figure 7.12 demonstrates how the relative cost
(defined as the increase in spine force relative to the moment supported by the spine) of
spine loading increases as trunk velocity increases. This indicates that even at the lowest
levels of trunk velocity, spine loading increases substantially. Specifically, compared to
isometric exertions, a 30�/s exertion increases spine compression by 75%. Significant
increases in lateral shear are also present as trunk motion increases.

Examination of the motor control patterns associated with increases in trunk velocity
indicate that muscle coactivation increases dramatically as motion is introduced into a

Figure 7.11 The ability of the trunk to support a load (trunk moment) decreases as the torso moves
more rapidly. (From reference 25).

Figure 7.10 Influence of increasing trunk acceleration on right and left latissimus dorsi, erector
spinae, and internal oblique muscle activities. (From reference 37).
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task (26). Figure 7.13 indicates how estimates of spine compression are influenced by the
inclusion of muscle coactivity and the number of muscles included in the model. Antago-
nistic coactivation increases as trunk velocity increases and results in a sharp increase in
spine loading. This increased loading is a direct result of muscle competition presumably in
an attempt to maintain stability during the exertion (38) and provide guarding against small
displacements of the spine.

7.10 NONSAGITTAL PLANE LOADING

Several industrial surveillance studies indicated that nonneutral or asymmetric postures and
asymmetric loading of the spine during the performance of work can lead to increased
reporting of lowbackdisorders (17–20). This section examines how the spine is loaded during
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Figure 7.12 Relative (spine load per unit of spine moment supported) spine loading as a
function of increasing lift (extension) velocity. Relative lateral shear force, anterior–posterior
shear, and compression all increase as trunk extension velocity increases. (From reference 27).
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nonsagittal plane exertions. Several studies have reported that, because of the length–strength
relationship of the trunk muscles (Fig. 6.5), activity levels increase greatly in the torso in an
attempt to maintain stability and support the external load during work. As an example,
Fig. 7.14 indicates how the external oblique muscle, an antagonistic muscle involved in trunk
stability, responds to a constant level of external loadas the trunkbecomesmore asymmetric at
different levels of trunk angular acceleration. This figure indicates that even at very low levels
of trunk acceleration, the muscle must double its activity level to support a standard external
torque in asymmetric postures compared to a sagittally symmetric posture. Such responses
certainly increase muscle tension and can increase the probability of activating the muscle
function disruption pathway leading to low back pain.

7.10.1 Lateral Motion

We can gain insight into the musculoskeletal costs of asymmetric loading by examining the
changes that occur in themusculoskeletal systemduring asymmetric loading and nonneutral
positioning of the spine. During lateral bending movements, significant increases in
coactivity within the left external oblique and latissimus dorsi muscles occur and the
activity level increases monotonically as lateral trunk velocity increases (Fig. 7.15) (31).
Once again, we see that these off-sagittal plane motions can increase the probability of
muscle function disruption in the back.

Figure7.14 Responseof the rightexternalobliquemuscle toacombinationofangular trunkacceleration
and trunk asymmetry. (From reference 37).
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When the effects of these increases in muscle activities are considered relative to the
changes in spine loading, dramatic increases in lateral shear and compression occur in the
spine as indicated in Fig. 7.16. This figure indicates that exertions performed at 45�/s
increase the anterior/posterior (A/P) shear by nearly 25% compared to static exertions and
approach the tolerance levels of the disc for A/P shear.

It is insightful to compare themagnitude of the lateral shear force trend to those lateral
velocity values that have been associated with increases in reported low back pain in
industrial settings. Figure 7.16 indicates that lateral shear increases dramatically when
lateral trunk velocity on the job approaches 45�/s. This is the point at which biomechanical
analyses of tolerancehavesuggesteddiskdamage is likely tooccur (39,40). It is interesting to
note that this is approximately the same (maximum) lateral velocity level at which the
LMM risk data (41) suggests that high risk group membership for low back pain occurs
(Table 7.1). Thus, the field surveillance observations correlate well with spine loading
measurements. This agreement between different risk approaches (industrial risk observa-
tions and biomechanical risk assessments) suggests a “pattern of evidence” for the physical
exposure components of low back pain and also suggests a high degree of validity.

Laboratory assessments of spine loading have also revealed that lateral bending to the
right is not necessarily a mirror image of lateral bending to the left. Figure 7.17 shows the
change in spine compression at L5/S1while exerting lateral force to the right versus the left.
In this study, subjects were prepositioned in either neutral, 15� left lateral bending or 15�

right lateral bending static postures (31). Two observations are apparent from this figure.
First, nonneutral postures increase spine compression. This finding also agreeswith the field
observations (17). Second, left lateral exertions are more costly than right lateral exertions
from a biomechanical perspective. The reason for this discrepancy is not clear. This
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as a function of trunk lateral velocity. (From reference 31).
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difference is most likely associated with a difference in muscle mass between the right and
left sides of the body that have been observed in biomechanical studies (42) and/or the
increased motor patterning associated with workplaces designed for a right-handed world.

7.10.2 Twisting Motion

Twisting while exerting force also represents a work posture that has been associated with
increased risk of low back pain in many studies (7,17,19,20,43–50). Field surveillance
studies have indicated that evenvery low twisting velocities are associated with increases in
low back pain reporting in industry (20). These studies have reported that average trunk
twisting velocities of as low as about 9�/s, while supporting an external load, can place the
worker at high risk of lowback pain reporting (see Table 7.1). Biomechanical assessments of
spine loading during twisting have confirmed that force exertions occurring at these trunk
twisting velocities can double the relative compressive force imposed on the spine (30).
Figure 7.18 shows how rapidly relative compression increases at L5/S1 once motion is
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Figure 7.17 The influence of left lateral exertions versus right lateral exertions on spine compression
when starting the exertion from various lateral trunk angles. (From reference 31).

Figure 7.18 Relative 3D load increases associated with torso twisting. (From reference 30).
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included in the twisting exertion. The surveillance literature and the biomechanical
information once again converge on a pattern of evidence for twisting exposure.

Trunk moment generation is affected in all three planes by the position of the torso at
the time twisting force application begins and the direction of twisting effort (clockwise
versus counterclockwise). Figure 7.19 demonstrates that force production changes as a
function of these factors. It is interesting to note that, in general, force generation is greater
when bending to the right andwhen rotating clockwise. This trendmay be explained, in part,
by the fact that the latissimus dorsi muscles have about 11% greater cross-sectional area on
the right side of the body compared to the left side of the body (42). Since this muscle has a
relatively largemechanical advantage for twisting, this larger muscle mass results in greater
force production when moving to the right.

Figure 7.19 The maximum torsion moment that can be applied is influenced by the staring position
aswell as the direction of twist. Significant coupling ofmoments is also seen in twisting activities (20R
or 20L). (From reference 30).
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Increases in mechanical loading of the spine are associated with greater coactiva-
tion of the torso muscles. There is significantly greater coactivation of the trunk muscles
occurring during torso twisting compared to other types of movements observed during
work. Figure 7.20 indicates the relative increases in torso muscle coactivity associated
with comparable exertions performed with the body loaded in the sagittal plane, lateral
plane, and twisting plane of the body. Note that the relative coactivity is greatest with
twisting with coactivity increasing by nearly two thirds under twisting exertion condi-
tions compared to exertions performed in the sagittal plane. This indicates that twisting
while the spine is loaded would be expected to greatly increase the muscle tension and
might activate the muscle disruption pathway to low back pain. This dramatic increase in
internal force coactivity also translates into the dramatic increases in spine loading
observed at L5/S1.

7.10.3 Task Asymmetry

Under occupational conditions, exertions are typically not performed purely in the lateral or
twisting plane.Most occupational tasks require some type of combination of exertions in the
three cardinal planes of the body. These work-related postures are usually referred to as
asymmetric work conditions. Figure 7.21 shows how spine loads can change when
performing lifting tasks under sagittally symmetric conditions compared to asymmetric
lifting angles of only 30� (lifting while the trunk is twisted 30�). This figure indicates that
compression, lateral shear, and A/P shear all increase significantly as asymmetry increases.
These asymmetric postures are typical of the vast majority of industrial work and should be
viewed as the norm rather than the exception when evaluating risk of low back pain during
work (20). Due to the degree of trunk muscle cocontraction associated with asymmetric
exertions, three-dimensional spine loading greatly increases when workers are exposed to
asymmetric lifting conditions.

One study examined the ability of simple two-dimensional biomechanical models to
assess spine loading under asymmetric lifting conditions (51). This study identified large
errors in load predictionwhen employing two-dimensional biomechanicalmodels.Moment
exposure was under predicted by 20% when assessing asymmetric lifts of 30� using two-
dimensional models. Under predictions of 61% were reported when assessing lifts per-
formed under 90� asymmetric lifting conditions.
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7.10.4 Lift Height

Several investigations have provided insight into the influence of load height during lifting
(52–54). Given the strong influence of the length–strength relationship (Fig. 6.5) onewould
expect that load vertical locationwouldhave a profound effect onmuscle recruitment. In one
study, subjects were asked to lift to and from different positionswithoutmoving their feet, in
an attempt to understand the role of load height on loading of the spine (52). Figure 7.22

Figure 7.21 Spine load (per unit of extensionmoment) shown as a function of asymmetric lift origin
position. Relative lateral shear, anterior–posterior shear, and compression increase significantly with
asymmetry. (From reference 27).
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shows how spine compression, lateral shear, and A/P shear change as a function of a load’s
vertical height location at the start (origin) of a lift as well as the lift origin asymmetry. This
study indicated that vertical location of the load origin was indeed a strong factor in
determining spine load. In all three dimensions of loading, it was apparent that the lowest
load origin (knee height) increased compression by the greatest amount regardless of task
asymmetry. Lateral andA/P shear were also generally greater at the lowest lift height origin.
Asymmetry increased loading significantly compared to symmetric lifting in all dimensions
of spine loading.When the effect of load destination is considered in combination with load
origin, the height is once again observed to play a significant role in spine loading with
greater differences in height relating to the largest three-dimensional peak loadings of the
spine (Fig. 7.23).

Figure 7.24 indicates the relative changes in compression, lateral shear, andA/P shear
as a function of the path of load travel during a lift (52). This figure indicates that compared to
themost neutral lift (defined as lifting from elbow height in a sagittally symmetric position),
spine loads can change dramatically. Compared to the most neutral lift, lateral shear can
increase by 1200%,A/P shear can increase by 200%, and compression can increase by 180%
when lifting through longer pathways. Hence, this study indicates that lifting position and
path have a very large influence on spine load.

These previously described trends involved experiments where body postures were
controlled. In comparison, a study where workers were permitted to move their feet to
perform lifting tasks was performed using experienced workers as subjects. Very similar
trends in loading occurred (54). In this study, distribution center workers were asked to lift
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Figure 7.23 Influence of relative load height of lift origin and destination positions on the peak
three-dimensional spine loads. Different superscript alphanumeric characters indicate a statistically
significant difference between conditions (from reference 52). (A–P¼ anterior–posterior).
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loads that varied in weight from 18.2 to 27.3 kg. Figure 7.25a and b indicates that the load
location origin had a greater influence on spine compression and A/P shear than did the
weight of the load lifted. Factors discussed in the previous chapter, such as the length–
strength relationship of the muscles and the force–velocity relationship influence spine
loadings under these conditions. Hence, it is not sufficient to simply control the weight of the
object while lifting if one is to optimize work conditions. These studies suggest that it is
extremely important to understand the load origin position and travel path.

The contributions of the various workplace layout characteristics to the different
dimensions of spine loading are shown in Fig. 7.26 for an experiment where workplace
characteristicswere systematically varied over a series of lifts. This figure shows the relative
variance that is explained by load height origin, load destination origin, and load asymmetry
at the origin and destination for spine compression, lateral shear, and A/P shear. The figure
indicates that origin height is the strongest contributor to defining both lateral shear and
compression. This was also a major contributor to lateral shear, although other workplace
factors also hada significant influence on this dimensionof loading.On thebasis of this study
(52), Table 7.3 presents a means to predict relative spine loading changes that can be
expected based on the load height and asymmetry in terms of both origin and destination.

Figure 7.24 Peak three-dimensional spine loads as a function of pathway (lift origin and destination
location). Note the different spine load scales for each dimension of spine load (A–P¼ anterior–
posterior, 60CCW¼ 60� counter clockwise, SagSym¼ sagitally symmetric, 60CW¼ 60� clockwise).
(From reference 52).
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7.10.5 One-Handed Versus Two-Handed Lifting

Nearly all laboratory investigations exploring the biomechanical costs associated with
lifting as well as all lifting guidelines have addressed lifting activities as a two-handed
activity. However, it is common, under industrial conditions, to observe employees
performing lifts with one hand. One-handed lifting is particularly common in theworkplace
when lifting fromasymmetric positions.One study (55) investigateddifferences in predicted

Figure 7.25 Spine compression (a) and anterior–posterior shear (b) as a function of load weight and
the origin and destination of the load. (From reference 54).
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riskwhen lifting a load using one hand compared to two-handed lifts. Figure 7.27 shows that,
over three different load lifting levels ranging from 3.4 to 10.2 kg, the one-handed lift
increased the probability of high risk group membership (via the LMM risk model (20))
significantly. In addition, this study also found that asymmetric lifting significantly
increased risk for both one-handed and two handed lifting.

This study also explored the trunk kinematic changes that occur with one-handed
versus two-handed lifting and concluded that one-handed lifting resulted in significantly

Lateral shear force

Compression force

A-P shear force Origin asymmetry

Destination asymmetry

Origin height

Desetination height

Orig asym* Dest Asym

Orig height*Dest Asym

Orig height*Dest Height

Orig height* Dest Asym

Dest Height*Orig Asym

Dest Height*Dest Asym

Figure 7.26 Relative contribution of the workplace layout characteristics for each of the peak
three-dimensional spine loads (as predicted by the partial r2). A–P¼ anterior–posterior shear. (From
reference 52).

TABLE7.3 RegressionEquationThatCanbeUsed toPredictPeakThree-DimensionalSpineLoads (newtons)
Based upon Workplace Characteristics

Spine load Equation

Lateral shear 166.46� 0.873*OA+ 0.172*DA+ 2.448*OH+ 5.141*DH� 0.00315*OA*DA
+0.00846*DA*OH� 0.09578*OH*DH+0.0121*OA*OH+0.0059*OA*DH
� 0.00576*DA*DH� 0.00000079*OH*OA*DH*DA

Anterior–Posterior shear 7.32 + 0.063*OA� 0.412*DA+ 9.481*OH+ 18.721*DH� 0.01006*OA*DA
+0.00946*DA*OH� 0.18386*OH*DH� 0.00617*OA*OH+0.00763*OA
*DH� 0.000l9*DA*DH� 0.0000015*OH*OA*DH*DA

Compression 4709.39� 1.181*OA+ 2.281*DA+ 25.905*OH+ 34.684*DH� 0.03*OA*DA
+0.03782*DA*OH� 1.06245*OH*DH+0.03972*OA*OH� 0.00112*OA
*DH� 0.004816*DA*DH0.00000549*OH*DA*DH*DA

Origin height (OH), destination height (DH), destination asymmetry (DA), and interactions between these characteristics. Origin and destination
heights are represented by the percent of the worker’s stature (from reference 52).
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greater lateral torso deviations compared with two-handed lifting (Fig. 7.28). Figure 7.28
shows how lateral trunk position changes little as task asymmetry increases for two-handed
lifting but increased dramatically as asymmetry increases under one-handed lifting con-
ditions. Hence, one-handed lifts have the potential for significant risk.

Several laboratory studies have also explored the biomechanical loading of the spine
during one-handed versus two-handed lifting. One laboratory study investigated three-
dimensional spine loads associated with one-handed versus two-handed lifting combined
with lifting from sagittally symmetric positions as well as asymmetric lift origins that varied
according to two (30� and60�) clockwise andcounterclockwisepositions (56).Lateral shear,
anterior–posterior shear, and compressionwere all affected by the task asymmetry aswell as
the combination of asymmetry and number of hands used during the lift, whether the right or
left hand was used to perform the lift. In addition, spine compression was affected by the
number of hands used in the lift. Figure 7.29a–c shows how these spinal forces change
according to these conditions. Two-handed lifts often resulted in thegreatest compression on
the spine regardless of asymmetry. Another biomechanical study has reported similar spine
loading trends as observed here and have concluded that one-handed lifting results in about
10% less moment exposure (external load) compared to two-handed lifts, and 30% less
moment exposure when performing one-handed lifts while supporting the body with the

Figure 7.28 Lateral trunk position resulting from one-handed lifts compared to two-handed lifts
shown as a function of task lifting asymmetry. (From reference 55).

Figure 7.27 Probability of high risk groupmembership [as defined byMarras et al. (20)] as a function
of one-handed versus two handed lifting, asymmetry of the lift, and the magnitude of the weight lifted.
(From reference 55).
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other hand (57).However, Fig. 7.29c indicates that lifts performedwith the right hand are not
just mirror images of lifts performed with the left hand in terms of spine compression. Lifts
performedwith the left handwhile lifting from clockwise lift origins generally imposemore
compression on the spine than lifts performedwith the right hand from counterclockwise lift
origins (56). In depth analyses indicated that these differences were due to differences in
trunkmuscle cocontraction levels when lifting to these different origins. It is also interesting
to note that when lifting from sagittally symmetric origins, spine compression was least
when lifting with either hand compared to both hands. This trend was tracked to the reduced
sagittal bending that occurred during one-handed lifting, which translated into a lesser trunk
moment imposed by the torso during these lifts. Thus, there are some significant subtleties
that dictate loading of the spine under torsional lifting conditions.

There also appear to be some trade-offs associated with the direction of spine loading
associated with one-handed versus two-handed lifting. Lateral shear was slightly greater for
two-handed lifts when lifting from sagittally symmetric conditions as was the case for
compression. Lateral shear increased significantly as the lift origin became more asymmet-
ric. For example, lifting with the left hand at the 60� clockwise (to the right) asymmetry
origin, lateral shear increased by 58% relative to the sagittally symmetric condition. Lifting
from origins located to the left (CCW) of the sagittal plane resulted in even greater lateral

Figure7.29 Maximumlateral shear (a),A/Pshear (b), andcompression (c) atL5/S1resulting fromone-
and two-handed lifts performedwith the right and lefthandover fivesymmetric andsymmetric liftorigins.
(From reference 56).
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shear loading. Again, suggesting that right-handed lifts were not mirror images of left-
handed lifts while lifting in different directions.

Asymmetric load origins generally had more of an impact on A/P shear loading than
did the number of hands involved in the lift. As can be seen in Fig. 7.29b, A/P shear was
greatest in the sagittally symmetric condition when using two hands. Lifting using either
hand played a minor role in the reduction of A/P shear as the lift origin became more
asymmetric compared to this sagittally symmetric condition.

Considering the fact that moment exposure is reduced in one-handed lifting, yet there
can still be significant spinal loads associated with these conditions, it is obvious that the
relative load on the spine per unit of external load supported can be generally greater during
one-handed lifts compared to two-handed lifts. Thus, onemust be particularly vigilant when
evaluating work involving one-handed lifting.

7.11 LIFTING VERSUS LOWERING

Several studies have explored lumbar trunkmuscle activities during lifting activities compared
to lowering activities (58). In general, these studies have found that lowering strength (eccentric
muscle activity) was greater than lifting strength due to the effect of the involvement of passive
tissue during the lowering task. Thus, lowering requires less electromyographicmuscle activity
than lifting. However, eccentric muscle activity has also been implicated in muscle disorder
causality (59,60). One laboratory-based study (61) predicted the three-dimensional loads
occurring on the lumbar spine under lifting and lowering of differentweight cases.As expected,
the three-dimensional spine loads increased under both lifting and lowering conditions as case
weight increased. However, a trade-off between the nature of spine loading was reported as a
function of lift type. Lowering a weight resulted in greater compression on the lumbar spine
compared to lifting; however, less A–P shear was observed during lowering (Fig. 7.30). When
considering the risk of lowering, onemust also keep inmind the risks associated with eccentric
loading of the muscles and the increased probability of muscle function disruption discussed
in Chapter 5.

The difference in magnitude between compression and shear loading on the spine
also appears to vary according to velocity of the torso during the lift or lower. Figure 7.31
shows how A/P shear increases as the torso velocity increases during lifting, whereas Fig.
7.32 indicates how spine compression increases as the torso velocity increases during
lowering. As with many of the conditions that lead to increased spine loading, increases in
spine loads during greater trunk velocity conditions were linked to increased trunk muscle
coactivity. However, the increases in coactivity appeared to be much more sensitive to the
velocity of concentric (lifting) loading compared to the velocity of eccentric (lowering)
loading.

An earlier study examining the differences in lifting and lowering on the trunk
activities suggests that the peak torque to which people are exposed during lowering is
slightly less due to changes in trunk acceleration patterns (58). This study found similar
intermuscular coordination patterns between lifting and lowering, yet about 30% less EMG
activity during lowering. Even though less active muscle force is employed in lowering,
greater passive forces are involved that place similar loads on the muscle during lifting and
lowering activities. This study speculated that greater risk of muscle-related back pain is
present during lifting because the muscle force is distributed over a smaller muscle cross-
sectional area, resulting in greater force per unit area of muscle and a greater risk of damage
via the mechanisms articulated in Chapter 5.
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7.11.1 Cumulative Exposure

Many researchers suspect that the risks associated with physical exertions and work are
related to the cumulative effects of tissue loading. While this concept is appealing from a
biomechanical perspective, only a limited number of studies have been able to explore the
role of cumulative biomechanical exposure from a low back risk perspective.

The surveillance literature reports two studies that have explored the relationship
between cumulative load exposure and risk. One study found that self reports among
institutional aids was greater among those who were exposed to greater cumulative

Figure 7.30 Compression and A/P shear resulting from lifting and lowering. (From reference 61).

Figure 7.31 A/P shear forces as a function of trunk angular velocity and type of activity (lift versus
lower). (From reference 61).
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compressive loading as assessed by a two-dimensional static model (62). Another study
evaluated the EMG activities and spine compression loads of aids in an intermediate-care
facility and found that those with greater cumulative loading had more lost time (63). Since
cumulative exposure is not easy to measure in the workplace, several studies have also
explored the most efficient means to assess cumulative exposure on the job (64,65).

The biomechanical mechanisms involved in cumulative exposure have also been
explored more quantitatively under laboratory conditions. A study investigating the
systematic effects of cumulative loading has found spinal shrinkage was associated with
cumulative exposure (66). However, the structures that appear to be most affected by
cumulative exposure appear to be the ligaments of the spine. Repetitive or prolonged load
exposure appears to alter theviscoelastic properties of the ligaments by affecting their ability
to return to their original length and strength. Many of these studies have also shown a
corresponding muscle reaction to compensate for this system laxity that often manifests
itself in increased muscle spasms (23,67–73).

7.12 DURATION OF EXPOSURE TO LIFTING TASKS

Spine loading has also been observed to vary as a function of time of exposure to
occupational tasks. In a study of spine loading during paced lifting throughout an 8-h
workday, spine compression loading increased by about 5%after the first 2 hof exposure and
then remained relativelyconstant through the following6 hof taskexposure (74).Figure7.33
shows this trend. It can also be seen that spine compression increased over the last 2 h of task
exposure; however, this increase was not found to be statistically significant.

Another study examined changes in spine loading when experienced workers pallet-
ized and depalletized loads over a 5-h work period (75). At the beginning and end points of
each pallet, the workers were asked to perform a standard lift under controlled conditions.
Figure7.34a andb summarizes the findingsof this study.Over thecourseof the liftingperiod,
compression decreased by approximately 10%, whereas spine A/P shear increased by
approximately 35%. These changes in spine loading were accompanied by changes in trunk
and hip kinematics, most likely resulting from fatigue. Over the course of the study, workers

Figure 7.32 Spine compression as a function of task velocity and the nature of the task (lifting versus
lowering). (From reference 61).
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reduced their trunk bending and increased their hip motion. These kinematic changes
resulted in a gradual reduction of moment exposure over the 5-h work period.

Both of these studies found a change in the recruitment pattern of the trunk musculature
over the duration of the task exposure period. Hence, spine loading is a transient effect. As
workers are exposed to a task over long periods of time, they change the recruitment pattern of
the trunk muscles. These changes in recruitment result in trade-offs in spine loading. It is also
apparent that the most dramatic changes occur in the first 2-h of task exposure.
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Figure 7.33 The effect of time of day on compressive spine loading (* indicates significantly
different from other time blocks) (N/N represents normalized to body weight). (From reference 74).

Figure 7.34 (a) Trade-off in trunk and hip angular position throughout a 5-h lifting task and (b) the
corresponding trade-off between spine compression and A/P shear (standard test # is an indication of
time). (From reference 75).
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The impact on muscle function must also be considered during exposure to repetitive
work. Figure 7.35 shows the oxygen saturation of the lumbar spine’s (right and left) erector
spinaemuscles over an 8-hworkperiod (76).As indicated in this figure, the oxygen demands
during repetitive lifting are rather large and the average demand can increase by more than
30% throughout an 8-h workday. This increased oxygen demand is related to both increased
spine loading and increased cocontraction within the trunk muscles. The oxygen demand
increases rapidly at the beginning of the workday and also increases dramatically over the
last 2 h of work. These times of rapid oxygen demand changes increase the potential for
oxygen deprivation leading to muscle function disruption.

7.13 WORKER EXPERIENCE, TASK FREQUENCY,
AND MOMENT EXPOSURE

Workexperienceplaysasignificantrole inspineloadingduringanoccupational task.Acommon
themeamong thephysical taskscomponents that increase spine loading is that, inall cases, spine
loading is increasedbywayof an increase in trunkmuscle coactivation. Similarly, experience in
performing a task can effect trunk muscle coactivation and subsequent spine loading.

In a study of the effects of experience on spine loading while performing a specific
paced lifting task, experienced workers exhibited 13% less compressive load on their spines
compared to inexperienced workers (77). However, spine compression was also dependent
on the magnitude of the moment exposure. Figure 7.36 indicates that only the lowest load
moment exposure (8Nm) condition resulted in statistically significant differences in spine
compression between experience groups. It is also interesting to note that regardless of load
moment exposure, novice subjects experienced similar compressive loads on the spine,
whereas experienced subjects respondedas expectedby increasing spinal compressionwhen
the moment demands increased. Even though average novice spine compression increased
with moment exposure, the effect was not statistically significant. The difference in spine
compression at the 8Nmmoment level was a result of increased trunk muscle antagonistic
coactivationwithin the novice group. The experienced group, by comparison, only recruited
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Figure 7.35 Normalized oxygen saturation trends of the LES and RES from a representative
subject’s data (load¼ 1.1 kg, lift frequency¼ 8 lifts/min) over the 8-h workday. (From reference 76).
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the muscles that were necessary to counteract the external load. When the load moment
increased, all subjects increased their trunk muscle coactivity apparently in an effort to
increase spine stability. Thus, this study suggests that worker experience during physical
exertions is characterized by a minimalistic, yet appropriate recruitment of the trunk
muscles. One could hypothesize that experienced subjects have fine tuned their muscle
recruitment patterns to the point where they could relax their need for trunk stability and this
was accomplished through a reduction of trunk muscle coactivation.

One study examined spine loading and changes in worker stature (due to cumulative
exposure to lifting) during brick-laying tasks (78). As expected, spine loading increased
when workers lifted heavier loads. Over the course of a 47-min lifting period, stature
decreased by 2.0–3.6mm indicating cumulative loading of the spine. However, a trade-off
between frequency and load occurred with workers increasing their work pace when lighter
loads were lifted. Yet, this did not appear to alter the spine loading pattern.

Lateral shear force also changes as a function of worker experience, again, due to
differences in coactivity patterns between the novice and experienced workers (79).
Figure 7.37 indicates that this increase in lateral shear at the eight lifts per minute (lpm)
conditionwas dominated by the novice subjects’ responsewhere their normalized shear was
nearly twice that of the experienced subjects. Novice subjects also exhibited significantly
greater lateral shear loads under the 10 lpm condition compared to experienced subjects.
However, at the highest lift frequency, 12 lpm, both novice and experienced subjects
exhibited relatively low normalized lateral shear.

Figure 7.38 demonstrates the highly interactive and complex nature of the relationship
between worker experience and physical work conditions through the interaction between
experience, frequency, and moment upon lateral shear force in the spine. Of particular
interest are the relatively high lateral shear forces experienced by the novice subjects in
response to lift frequencies at or above 8 lpm. It is also interesting to note that at each lift
frequency (except for the 8 lpm condition), the highest and lowest moment exposures
produced thegreatest lateral shearwith themoderatemoment exposureproducing the lowest
shear. A very different pattern was exhibited by the experienced subjects. The peak lateral
shear value for the experienced groupwas 28% less than the peak value for the novice group.
The lift frequencies at 6 lpm and below yielded the greatest lateral shear forces on the spine.
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In addition, at the 4 and 6 lpm frequencies, the 36Nm condition yielded the greatest lateral
shears. However, for frequencies of 8 lpm and greater, the lateral shear increasedmonotoni-
cally with moment exposure as would be expected.

These findings suggest that the factors that influence biomechanical spine loading are
not simply the physical workplace factors. One would expect that lift frequency would
dominate the spinal loading patterns with greater spine loading occurring with greater lift
frequencies and greater moment exposure. However, spine loading did not increase in such
an orderly pattern. While compression did increase with increasing moment exposure,
frequency affected complex spine loading in an unexpected manner. Furthermore, work
experience played a large role in spine load determination. In-depth analyses of muscle
coactivity (agonist compared to antagonist muscle activity) confirmed that many of the
observed trends in spine loading were a result of statistically significant changes in
the muscle coactivity (80).

Frequency of task exposure increases spine loading, through an increase in muscle
coactivity, when subjects are exposed to conditions to which they are unaccustomed.
Experienced workers increased trunk muscle coactivity and their subsequent spine loading
when they were forced to work at slower rates of lifts, whereas inexperienced workers
increased their spine loads when they were forced to lift at faster paces. We can hypothesize
that experienced workers were accustomed to working faster, whereas novices were
accustomed to slower paces. It appears that increased trunkmuscle coactivity (and increased
spine loading) was associated with exposure to unaccustomed task frequency.

When load magnitude was considered, load magnitude interacted in an unexpected
manner with frequency and experience. Experienced workers responded as expected with
increasing spine loading occurring at greater load moment exposures, but only at greater
lifting rates. Inexperienced subjects behaved in a very unpredictable manner with the lowest
load moment often imposing greater than expected spinal load (again when exposed to
repetitive conditions to which they were unaccustomed).

The nonmonotonic spinal loading responses to lift frequency suggest that motor
control programs are selected on the basis of the subject’s perception of the task and from
past experiences. It is hypothesized that the subjectsmay have beenmore apt to utilizemotor
programs that correspond with those lift frequencies that they commonly encountered. One
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study (80) found that as experience is gained in a lifting task, spinal loading decreases
because the pattern of muscle activation shifts from simultaneous to sequential contraction.
It was found that novices had lower loading while lifting at the low frequencies (2, 4, and
6 lpm) and that experienced subjects had lower loading while lifting at the high frequencies
(8, 10, and 12 lpm), thus giving an indication of the lift rates towhich both populations were
typically exposed. Novices may have responded with lower spinal loads to the low lift rates
simply because these frequencies are associatedwith the daily activities of lifting. Similarly,
experienced subjectsmay be exposed to higher lift rates atwork andmay therefore be able to
adapt to these levels by selecting appropriate motor programs to minimize coactivity and,
therefore, spinal loading levels. On the contrary, if the subject uses a previously developed
motor program for another lift frequency, the neuromuscular response of muscle coactivity
may be affected. These motor control programs are not always suited for the lift frequency
and the muscles are recruited to levels that are either too high or that are activated at
inappropriate times, yielding high levels of coactivity and, in turn, resulting in unnecessarily
high spinal loads.
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Figure 7.38 Interactive effect of frequency and moment on novice and experienced subjects’ lateral
shears (N/N represents normalized to body weight). (From reference 74).
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Collectively, these trends point to a trend where spine loads increased when subjects
were facedwith lifting situations thatwerenot compatiblewith their preferredor “ingrained”
motor recruitment patterns. For example, experiencedworkers aremost likely used to lifting
at greater frequency rates and have most likely optimized their muscle recruitment patterns
so that they minimize cocontraction and the subsequent loading. Exposing these workers to
slower lift rates could require them to recruit their muscles in a manner that is unnatural
for them.

Inexperienced workers, however, have not developed a very sophisticated muscle
recruitment model for themselves. Therefore, they cocontract under circumstances where
onewould expect minimal loading (i.e., lowmoment exposures). These observations might
help explain the “survivor” effect that has been noted in the epidemiologic literature. The
survivor effect refers to potential bias in a study due to the fact that only those workers who
are not susceptible to a risk factor remain on the job. Other (more vulnerable)workers quit or
change jobs. This might help explain the high injury and turnover rate often observed in
new workers.

These findings suggest that the most important factor in determining muscle recruit-
ment and subsequent spinal loading might be matching the motor control program that the
worker hasdeveloped forhimself. This concept is consistentwith the expectationsofa theory
(81) that suggested motor control is driven by a satisfaction principle (discussed in the
previous chapter), where the match or mismatch between one’s expectations of how one
should recruit the muscles and what is actually required to perform a task determines the
degree of cocontraction developed during a task.

Practically, these concepts point to a need to establish motor patterns through
planned experiential activities. Many of the martial arts use this concept as the basis for
training.

7.14 SPINE LOADING ASSOCIATED WITH MODIFICATION
OF PHYSICAL WORKPLACE FACTORS

The following sections explore how biomechanical spine loads can be mediated through
modification of physical workplace factors. For example, instead of lifting one may be able
to change the task into a pushing task or may alter the spine loading via team lifting.

7.14.1 Handles

Proper use of handles (or coupling with a load) can have a profound influence on the three-
dimensional loads experienced by the lumbar spine (54,82–84). While one early study
suggested that the inclusion of handles increase spine loading (83), later studies using
modernEMG-assistedmodeling techniques haveconcluded that handles are beneficial from
a spine loading standpoint. In a study of distribution center work, handles were found to
significantly reduce complex loading of the spine. Maximum spine compression was
reduced by 6.8%, and A/P shear was reduced by about 6% when handles were available
in the cases being lifted by the workers (82). Figure 7.39 shows how handles influenced the
three-dimensional loads experienced by the spine under these conditions.

The influence of handles on loading of the spine is also a function of the lift origin.
Figure 7.40a and b shows how spine compression varies as a function of handle availability
and the lift origin on a pallet. Figure 7.40a defines the different regions of a pallet from
which workers lifted. Figure 7.40b indicates that spine compression was unaffected by
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handle availability at the highest pallet origin positions. However, significant differences
were noted as the lift origin became lower to the ground with handles decreasing spine
compression. In this study, case weights between 18.2 and 27.3 kg were lifted. On average,
the inclusion of handles had an affect on the spine loading similar to reducing the caseweight
by 4.5 kg (54).

In-depth analyses of these findings indicated that handle coupling did not influence
the trunk moments to which the workers were exposed. Thus, lifting techniques were not
influenced much by the presence or absence of handles. However, these analyses also
indicated that antagonistic muscle coactivity was greater when lifting in the lower
regions of the pallet without handles. Figure 7.41 indicates that the abdominal muscles,
external oblique and internal oblique muscles, increased their activities when handles
were not present. This increased trunk muscle activity was most likely necessary to
stabilize the load and the torso during lifting. The NIOSH Revised Lifting Equation (85)
has included a coupling multiplier for assessing the lifting risk. The results from this
study indicate that the Revised Lifting Equation multiplier is appropriate for lifts
performed at higher vertical lift origins but need to be more protective for lower
vertical lift origins.

Figure 7.40 (a) Lift origin definitions for a pallet lifting task and (b) spine compression observed
while liftingwith andwithout handleswhen lifting from thevarious lift origin regions as defined by (a).
(From reference 82).

Figure 7.39 Maximum spinal loads experienced by the lumbar spine during order selecting work
when using handles versus no handle conditions (* indicates significantly different loads between
handle conditions). (From reference 82).
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7.15 LIFTING WHILE SUPPORTING THE BODY

Most traditional biomechanical assessments of lifting assume that the worker lifts with two
hands and body support comes solely from the feet in contact with the ground. However, a
common occurrence in occupational materials handling is lifting performedwhile theworker
is unbalanced, supporting one’s self on the side of a bin, and often standing on one leg while
using the other leg as a counterbalance. Few quantitative biomechanical assessments can be
found in the literature that explore the affect of these “realistic” jobmodifiers on spine loading.
However, one such study found that spine loads were influenced by the number of feet in
contact with the floor, the number of hands used to lift the object, and the origin of the lift (86).
Figure7.42summarizes the influenceof thenumberofhandsused in the lift, thenumberoffeet
used for support, and the origin “region” of the lift (defined as the quadrants of a bin placed
directly in front of the worker) on lateral shear forces experienced at L5/S1. This figure
indicates that one-handed lifts performed while supporting the body with one leg, always
imposed the highest lateral shear forces on the spine. These forces were also highest when
lifting fromlowlevelsofverticalorigin.The figurealsoshows that liftingwith twohandswhile
supporting thebodywith twofeetalwaysproduced the lowest levelof lateral forceon the spine.

Leaning or supporting the body on the side of a bin significantly reduced compressive
forces on the spine. Figures 7.43 and 7.44 indicate the average peak compression and A/P
shear, respectively, experienced by the lumbar spinewhile lifting from regions of a binwhile
supporting the body (by using one hand to support the body against the bin). Both
compression and A/P shear were greatest under all bin region conditions when lifting

Figure 7.41 Normalized trunk muscle activities observed when lifting with handles versus without
handles (r and l indicate right or left sidemuscle, lat = latissimus dorsi, es¼ erector spinae, abs¼ rectus
abdominus, eo¼ external oblique, and io¼ internal oblique). (From reference 82).
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without support compared to supporting the body by holding on to the edge of the bin. In
addition, the benefits of supportweremuchgreaterwhen lifting from lowvertical lift origins.
These findings suggest that bins should be designed to accommodate support by addinghand
holds or contact points for the workers.

Figure 7.43 Lumbar spine compression shown as a function of load origin (bin region) and the
presence of body support against the side of the bin. (From reference 86).

Figure7.42 Lateral shear atL5/S1 shownas a functionof thenumber ofhandsused to lift, the number
of feet in contact with the ground, and the lift origin within in a bin. (From reference 86).

Figure 7.44 Lumbar spineA/P shear shown as a function of load origin (bin region) and the presence
of body support against the side of the bin. (From reference 86).
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7.16 TEAM LIFTING

Two-person or team lifting is a popularmethod for handlingmaterials when the capacity of one
individual is expected tobeexceededbya lifting task.Manysituationsoccur inoccupations such
as the construction industry, patient handling and health care, furniture handling, and retail sales
where it would be difficult to provide a mechanical lifting device due to the variety of lifting
situations encountered. While numerous guidelines and standards address lifting limits for
individual lifting situations, there are no such limits for team lifting. In addition, a review of the
literature indicates that we have a poor biomechanical understanding of these lifts.

The literature associated with team lifting offers some interesting paradoxes. Early
studies reported that the sum of individual isometric and isokinetic lifting strengths was
greater than the lifting capacity of the two-person team (87,88). One study (89) reported that
mixed-gender teams lifted 80% of the individual’s lifting capacity sum, whereas same-
gender teams lifted over 90% of this sum. Regression equations that explained 90% of the
variability in team lifting have indicated that the lifting capacity of the team is dictated by the
weaker of the two team members (90). Another study (91) reported that during both team
lifting and carrying, subjectswerewilling to lift weights thatwere greater than the sumof the
individuals acceptable weights. It is also interesting to note that this study was the only one
that stated theymatched subjects for height and was the only study that found an increase in
team lifting capacity. Hence, coordination between lifters can play an important role in
team lifting.

This brief review indicates some mixed results when considering team lifting from a
strength and psychophysical perspective. However, none of these studies have considered
how changes between one-person lifts and team lifts might affect the spine loading and the
subsequent risk of low back disorder. It is likely that changes in lifting kinematics or lifting
kinetics may be a result of changing from a one-person lift to a team lift.

A more recent study has used a biologically assisted biomechanical model to assess
spine loading characteristics of one-person and two-person lifting teamswhileworkers lifted
under sagittally symmetric and asymmetric conditions (92). Significant differences oc-
curred in spine compression, lateral shear, and A–P shear as a function of the degree of
asymmetry associatedwith a lifting condition regardless ofwhether one or twopersonswere
performing the lift. The trend indicated that under team-lifting conditions, the sagittally
symmetric lift produced the least amount of compression, lateral shear, andA–P shear on the
spine. In general, all three components of spine loading were greatest when the lift involved
an asymmetric origin anddestination. Spine compressionwas lower for two-person lifts for a
given weight, but only while lifting in sagittally symmetric conditions (Fig. 7.45). Lateral
shear became much greater for two-person lifts under the asymmetric lifting conditions
(Fig. 7.46). The study has linked these changes to differences in trunk kinematic patterns
adopted during one-person versus two-person lifting.

The major change in muscle recruitment patterns observed under these conditions
involved an increase in the activity of the oblique muscles when asymmetric load destina-
tionswere part of a lifting a condition.Theobliquemuscle activity increasedbyanaverageof
25% under these asymmetric destination conditions. Such increases would be of concern in
terms of increasing the potential to activate the muscle function disruption pathway to back
pain. It is also significant to note that lateral shear force increases to a level near the disc
tolerance limit under asymmetric lifting conditions.

Finally, lift coordination or synchronization was studied to assess the potential for
team training to serve as an intervention for spine loading. In this study, synchronizationwas
accomplished by providing a verbal “count” to coordinate the actions of the two team
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members. When the spine loading was evaluated under these synchronized conditions, the
spine compression differences between asymmetries as a function of the number of workers
involved in the lift (interaction) were no longer different. The only statistically significant
difference in asymmetry as a function of the number of teammembers involved lateral shear
force (Fig. 7.47). Under the asymmetric team-lifting conditions, the maximum lateral shear
force was reduced by an average of 190N when synchronization was included. Little
difference in spinal shear occurred under the symmetric lifts under these conditions. When
the kinetic and kinematic datawere examined for these conditions, it was found that both the
lateral and sagittal trunkmoments were reduced during synchronized lifting. This reduction
was particularly relevant since the shear forces were reduced to a level below what is
considered risky. Maximum shear and compression were reduced by 140 and 300N,
respectively, when lifts were performed synchronously.

Figure7.46 Maximumlateral shear force in the lumbar spine shownasa functionof individualversus
team lifting as well as task origin and destination asymmetry conditions. (From reference 92).

Figure 7.45 Maximum lumbar spine compression on an individual worker shown as a function of
team lifting versus individual lifting of a standard amount of weight and as a function of the lift origin
and destination asymmetry conditions. (From reference 92).
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These findings indicate that one means to mediate the increased risk associated with
team lifting under the most problematic asymmetric lifting conditions would be to train the
team members to lift in synchrony. The effect of this training appears to minimize the
differences in the kinematic and kinetic trunk movement variables between the asymmetric
lifting conditions.

These results indicate that there are significant trade-offs associated with one-person
vs. two-person lifting. This study found that the preferable number of team members
involved in lifting depends on many factors. In general, single-person lifting is beneficial
when lifting under symmetric lifting conditions as long as the load lifted is not excessive. In
addition, lateral shear forces may become problematic when two-person teams place a load
in a specific asymmetric location compared to allowing a one-person lifter to place a load in
an asymmetric “nonprecise” location. Thus, precision of placement is avariable thatmust be
considered when lifting. However, the detrimental effects of two-person lifting can be
significantlymediated, especially at asymmetric destinations, by training the lifting team to
lift synchronously.

7.17 PUSHING AND PULLING

Early quantitative assessments of pushing have focused on the loading developed about L5/
S1 during the exertion. EMG-assisted models have reported that compressive forces on the
spine were lowest when pushing carts of low weight (85 kg) using one hand placed on
handles at shoulder height (compared to hip height) (93). However, few pushing conditions
resulted in spine compression at L5/S1 that exceeded the levels of force that would result in
vertebral end plate damage, even when pushing the heaviest load (320 kg). Thus, early
assessments of pushing and pulling activities had difficulty explaining, from a biomechani-
cal standpoint, how push–pull activities could result in low back pain.

The EMG-assisted modeling approach has recently been adapted to account for the
lumbar spine bending and curvature changes that occur during pushing exertion. Trunk
movement information can be monitored using a goniometer such as the LMM during the
exertion to estimate spinal curvature according to published methods (94–96). This allows
the partitioning of spinal forces along the length of the lumbar spine. During pushing
activities, spine compression is rather moderate; however, dramatic differences in shear

Figure 7.47 Maximum lateral shear force as a function of lift synchronization and asymmetry. (From
reference 92).
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loadingare observedat different levelsof the lumbar spine. Figure 7.48 shows the trade-off in
spine load at the different level of the lumbar spine during pushing activities (97).
This analysis indicated that significant biomechanical risk (in A/P shear) occurs at the
higher lumbar levels (L3 through L1) where the tolerance to shear is only about 750–1000N
(98–101), whereas previous studies have only examined the load-tolerance risk at lower
levels of the lumbar spine where shear forces are significantly lower. Thus, this evaluation
indicates that, unlike lifting, pushing increases the loads at the upper levels of the lumbar
spine compared to maximum loading occurring at L5/S1 during lifting.

Spine loading of male and female participants were evaluated as they pushed on
instrumented handles at three handle heights (50%, 65%, and 80% of stature) and three hand
forces levels (20%, 30%, and 40% of body weight) under free-dynamic conditions. The
results were able to identify the conditions under which spinal loads increased. Significant
differences in spine load were found as a function of lumbar level for compression and A/P
shear overall (Fig. 7.48), hand force for compression and shear (A/P shear shown in
Fig. 7.49), handle height and A/P shear (Fig. 7.50), their interaction (Fig. 7.51b) and gender
(Fig. 7.52). The effects of hand force were not unexpected as it is logical to assume that
greater hand force would result in greater spine load. However, for the first time, this study
was able to describe howmuch hand force is too much hand force (relative to spine loading).

A/P shear was found to reach damaging levels as a result of handle placement.
Conventionalwisdomdictates that thevectorof handle force application shouldpass through
L5/S1 to minimize the torque imposed on the spine (102). This conventional wisdomwould
suggest placing handles at lower levels (e.g., 50% of body stature). However, the analyses
indicated that A/P shear force was minimized by placing the handles at higher levels
(65–80% of body stature). In-depth analyses of the hand transducer data (from this
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experiment) indicated that when handles were placed at low levels, the subjects actually
lifted up on the handles when pulling and pulled down on the handles when pulling from
higher levels, which increased the torque around L5/S1 beyond what was expected
(Fig. 7.51a). This action increased trunk muscle coactivity and the resulting spine loading.
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Figure 7.49 Pushing A/P shear loads by hand force level at each lumbar level.

–1000.00

–500.00

0.00

500.00

1000.00

1500.00

2000.00

T12/L1L1/L2L2/L3L3/L4L4/L5L5/S1

Lumbar level

A
P

 s
h

ea
r 

fo
rc

e 
(N

)

Low (50%) Medium (65%) High (80%)

Figure 7.50 Pushing A/P shear loads by handle height at each lumbar level.
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However, when subjects pushed at higher handle heights, the handle force applications were
directed slightly downward, minimizing the torque about L5/S1 and the subsequent A/P
shear force experienced by the spine.

Finally, dramatic differences inA/P shear occurred as a function of gender (Fig. 7.52).
These differences are primarily a function of the different insertion and origin points of the
trunk musculature (defining lever arm distances) that result in different muscle recruitment
patterns and spine loads in males compared to females. This demonstrates how an EMG-
assisted model is able to account for spine loads resulting from individual differences
compared to work factors. Such analyses can be valuable in explaining how special
populations of workers are affected by work conditions.

Figure 7.51 (a) Direction of force imposed on a handle while pulling on handles at different height
levels, (The currentmodelwas recontly embedded in theMSC.ADAMSSoftware environment (MSC.
Software, Inc.) and utilizes the LifeMod (Biomechanics Research Group, Inc.) biomechanical
overlay.) and (b) A–P shear imposed on the spine when pulling on handles of different heights at
different height levels and different pull forces.
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7.18 SEATED AND CONSTRAINED WORK POSTURES

Seated workplaces have become more prominent with modern work, especially with the
aging of the workforce and the introduction of service-oriented and data processing jobs. It
has been documented that loads on the lumbar spine are greater when a worker is seated
compared to standing (103). This is true since the posterior (bony) elements of the spine
(facets) formanactive loadpathwhenone is standing.However,when seated, these elements
are disengaged and more of the load passes through the intervertebral disk. Thus, work
performed in a seated position puts the worker at greater relative risk of spine loading and,
therefore, greater risk of damaging the disk. Given this mechanism of spine loading, it is
important to consider the design features of a chair since it may be possible to influence disc
loading through chair design. Figure 7.53 shows the results of a study involving pressure
measurements takenwithin the intervetebral disc of individuals as the back angle of the chair
and magnitude of lumbar support were varied (103). It is infeasible to directly measure the
forces in the spine invivo.Therefore, discpressuremeasures have traditionally beenusedas a
rough approximation of loads imposed on the spine. This figure indicates that both the seat
back angle and lumbar support features have a significant impact on disc pressure. Disc
pressure decreases as theback rest angle is increased.However, increasing the backrest angle
in theworkplace is often not practical since it can alsomove theworker farther away from the
work and thereby increasing external moment. Figure 7.53 also indicates that increasing
lumbar support can significantly reduce disc pressure. This reduction in disc pressure is due
to the fact that as lumbar curvature (lordosis) is reestablished (with lumbar support), the
posterior elements playmoreofa role inprovidinganalternative loadpath as is the casewhen
standing in the upright position.

It shouldalsobenoted that amore recent studyhasbeenunable to support these relative
relationships between sitting and standing (104). While this more recent study used more
up-to-date transducers to measure spine load, only one subject was observed; thus, it is
premature to extrapolate these findings to a larger population.
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One study has compared several spine loading measures when performing physically
demanding tasks while seated compared to performing the same tasks in kneeling postures
(105). This study indicated that while backmuscle fatigue, spine length changes, and estimates
of discomfort were all improved in seated conditions compared to kneeling, the seated
conditions still resulted in significant discomfort. Other studies have examined physically
demanding tasks preformed while in restricted postures (106–110). These studies indicate
significantly greater spine loading in postures that restrict the posture of the worker as well as
moredemandson themusculoskeletal system.Posture restrictionappears to increase the levelof
trunkmuscle coactivity needed tomaintain the posture and support the external load compared
to unrestricted postures. These findings are consistent with industrial surveillance studies that
have identified greater risk associated with nonneutral trunk postures (17,19,22,111).

The risk associated with low level exertions (i.e., typing) over prolonged periods
of time while sitting (as is done while interacting with a computer keyboard) has been
difficult to explain from a biomechanical loading perspective. However, two recent studies
suggest that sustainedwork under these conditions can activate one of themuscle disruption
pathways described earlier (112,113). These studies are particularly fascinating in that they
demonstrate that TrPTs can develop in the upper back and shoulders as a result of prolonged
exposure to poorposture exposureoras a result ofworker interactionwithpoorvisual quality
displays (Fig. 7.54).

Less is known about risk to the low back relative to prolonged standing. The trunk
muscles may experience low level static exertion conditions and may be subject to static
overload through the muscle static fatigue process described in Chapter 5. Muscle fatigue
can result in lowered muscle force generation capacity and can, thus, initiate the cumulative
trauma sequence of events. The fatigue and cumulative trauma sequence can be minimized
through twoactions. First, foot rests can provide amechanism to allow relaxationof the large
back muscles and thus increased blood flow to the muscle. This reduces the static load and

Figure 7.53 Disk pressures measured with different backrest inclinations (from vertical (90�) and
different size lumbar supports). (From reference 14).
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subsequent fatigue in the muscle by the process described earlier in Chapter 5 (Fig. 5.3).
Whena leg is restedon the foot rest, the largebackmuscles are relaxedonone sideof thebody
and themuscle can be suppliedwith oxygen.Alternating legs placed on the foot rest provides
a mechanism to minimize back muscle fatigue throughout the day. Second, floor mats can
decrease the fatigue in the back muscles provided that the mats have proper compression
characteristics (114). Floor mats are believed to facilitate body sway, which enhances the
pumping of blood through back muscles thereby minimizing fatigue.

Knowledge of when standing workplaces are preferable to seated workplaces is
dictatedmainly bywork performance criteria. In general, standingworkplaces are preferred
when (1) the task requires a high degree of mobility (reaching and monitoring in positions
that exceed the employee’s reach envelope or when performing tasks at different heights or
different locations), (2) precise manual control actions are not required, (3) leg room is not
available (when leg room is not available themoment armdistance between the external load
and the back is increased and thus greater internal back muscle force and spinal load result),
and (4) heavyweights are handledor large forces are applied. When jobsmust accommodate
both sitting and standing postures, it is important to ensure that the positions and orientations
of the body (especially the upper extremity) are in the same relative location under both
standing and sitting conditions.

7.19 PHYSICAL WORK FACTOR SUMMARY

Table 7.4 summarizes the effects that physical work factors and their modifications have on
spine loading. As shown here, most workplace physical factors explored are associated with
increases in spine loads. Many of these increases in loading are associated with increases in
trunk muscle coactivation. This table also shows that some of the physical factor modifica-
tions can decrease spine loading and some may increase spine loading.

Traditionally, it has been assumed that there is a direct relationship between spine
loading and risk of occupation-related low back pain. However, of late, some have
questioned the relationship, and little conclusive evidence is available that makes it possible
to either prove or disprove the hypothesis.

One problematic aspect of such an analysis involves the accuracy and resolution of spine
loading. Historically, many of the biomechanical models employed to assess biomechanical

Figure 7.54 Observed myofascial trigger point (TrPT) sensitivity indicating a response to low level
exertions as a function of exposure to combinations of low (VL) or high (VH) visual stress and low (PL)
or high (PH) postural stress for the right and left trapezius muscles (* indicates statistically significant
differences). (Adapted from reference 113).
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loading (especially at the workplace) may have been too rudimentary and not able to assess
occupational stresswith fineenoughresolution toproperly identify risk. Inaddition,asdiscussed
earlier, many of the epidemiologic methodologies treat spine load as a discrete variable that is
either above or below a given level and that level may have been chosen arbitrarily with no
realistic biomechanical value. Hence, there are several problems with assessing the strength of
the relationship between spine loading and occupational risk of low back pain.

One effort has compared spine loading patterns as assessed by models of varying
resolution and sophistication with estimates of risk based on historical observations (115).
Historical risk was evaluated for jobs performed over an extended period of continuous
palletizing activities using the lumbar motion monitor risk model for high risk group
membership (discussed earlier) (41). In this study, experienced workers palletized 12 pallets
of cases. Based on the data collected during the lifting activities, several biomechanical models
were used to assess spine loading for all lifts monitored during the study. These biomechanical
models varied from two-dimensional spine compression models that assessed compression
alone to three-dimensional dynamic spinemodels that assessed compression and shear basedon
an EMG-assisted biomechanical model prediction (27,30,116). Static biomechanical analyses
consisted of assessments based on a two-dimensional planar model with no coactivity
consideration (14). For the dynamic estimates of spine load, both dynamic load and load rate
were considered.

Table 7.5 displays the degree of association between the peak spine loads (defined by
the various biomechanical models) and the probability of high risk group membership. The
R2 values represent thepercent of variability accounted for by the linear relationshipbetween
the two variables in a cell. The table indicates that static estimates of spine compression
account for about 13.5% of the variability in low risk group membership, whereas dynamic
estimates of compression account for over three times the variability in high risk group
membership. It is interesting to note that the differences between these values also agrees
with the difference in risk predictability (odds ratio) between statically based field surveil-
lance tools and dynamic surveillance tools (117).

In addition, a significant association between lateral and A/P shear load rates were
observed to identify historical risk well. Table 7.6 indicates the relationship between spinal
ligament strain or strain rate (as predicted via the dynamic biomechanical model) and the
probability of high risk groupmembership.Note that the amount of variability accounted for
in the model approaches 50% when ligament strain is included.

Table 7.7 indicates the degree of association between historically defined low back
pain risk and spine loads when combinations of biomechanical spine loading measures are
considered. This table indicates the importance of consideringmultiple dimensions of spine
loading when considering historically observed risk for low back pain. Note that when
intertransverse ligament strain rate (a measure of axial loading) is combined with compres-
sion, lateral shear, or supraspinous strain rate, the associationwith historically observed risk
increases to over 50%. In addition, the more multidimensional the model, the more the

TABLE 7.5 SquaredCorrelationCoefficients (R2) Express theDegreeof AssociationBetweenPeak
Spine Loads and the Probability of High Risk Group Membership (From Reference 115)

Lateral Shear A/P Shear Compression

Static load – – 0.135
Dynamic load 0.191 0.195 0.441
Loud rate 0.343 0.345 0.428

Dynamic estimates of spine compressionwere the strongest individual correlationwithprobability of high risk groupmembership (115).
R2 differing by >0.09 represent statistically different model performance.
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biomechanical factors correlated with observed risk. Given the difficulty studies have in
defining LBP, these correlations represent reasonable predictions.

Collectively, these findings indicate that high risk surveillancemeasures derived from
industry correlatewellwith three-dimensional dynamic biomechanical load. Thus, themore
dynamic and multidimensional the biomechanical assessment of the task, the better the
association with observed risk. This observation further supports that pattern of evidence
associated with work-related risk of low back pain and provides yet another form of validity
to this relationship.

7.20 SUMMARY

Collectively, these findings demonstrate that spine loading isgovernedbya complexmixture
of work related factors that affect the spine in multiple dimensions of loading. These
workplace features influence the degree towhich trunkmuscles are recruited and the pattern
bywhich trunkmuscles are recruited. Hence, the common feature among the conditions that
increase spine loading is the increase in muscle coactivation. This increase in coactivation
increases muscle tension and increases the likelihood of muscle function disruption path-
ways to low back pain. Increased coactivation also results in increased spine loading.When

TABLE 7.7 Relationship Between Combinations of Biomechanical
Factors andTaskProbabilityofHighRiskGroupMembership for Low
Back Pain (From Reference 115)

Regression Models R2

Two-factor models
SIþFz 0.514
SIþFx 0.542
Ssþ LRx 0.546

Three-factor models
FxþFzþ SI 0.547
SIþ SsþFx 0.561
Ssþ SR1þ LRx 0.562

Four-factor models
FxþFyþFzþ SI 0.557
SIþ SsþFxþ LRx 0.567
SIþ SsþFxþ SRI 0.573

Fx, lateral shear force;Fy,A/P shear force;Fz, compressive force;SI, InterTransv lig. strain; Ss,
SuperSpin lig. strain; LRx, lateral load rate; LRy, AP load rate; LRz, Compr. load rate; SRI,
InterTransv strain rate; SRs, SuperSpin strain rate.

TABLE7.6 SquaredCorrelationCoefficients (R2) Express theDegreeofAssociationBetweenStrain
or Strain Rate in the Spinal Ligaments and the Probability of High Risk GroupMembership (From
Reference 115)

InterTransv SuperSpin

Strain 0.477 0.474
Strain late 0.004 0.002
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the stability benefits of the cocontraction are outweighed by the negative effects of loading,
the support structure disruption pathway to low back pain is likely to be engaged. It is also
obvious from these results that spine loading is also influenced by theworker’s experience in
that motor programs are selected based on experience with duration of lifting, frequency of
lifting, and loadweight also influencingmuscle recruitment profiles. Thus, this complexmix
of influencesmust be considered to properly assess the contribution of physicalwork factors
to low back pain risk.

KEY POINTS

. Surveillance studies suggest that physical factor related low back pain risk at
work are multidimensional in that a synergy among risk factors appears to intensify
risk.

. Physical workplace risk factors include excessive moment exposure, asymmetric
loading, increased dynamic motion, sustained postures that need not be of high force,
repeated loading, and poor timing or coordination of the effort.

. Manyof the back pain pathways associatedwith physical exposure cause an increase in
coactivation of the trunk muscles thereby increasing spine loading.

. Industrial surveillanceobservations ofbackpain risk are consistentwithbiomechanical
logic, but only if the effects of three-dimensional, dynamic loading are considered
using biologically assisted modeling techniques.
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CHAPTER 8
PSYCHOSOCIAL AND
ORGANIZATIONAL FACTOR
INFLUENCE ON SPINE LOADING

AL I M I T E D number of studies have evaluated psychosocial factors and

organizational factors using person-specific biomechanical models. These studies are

reviewedand the ability of these nonphysical factors to activate the lowbackpain pathways

(discussed in Chapter 5) is discussed.

8.1 INTRODUCTION

This chapter is unique because it explores how psychosocial and organizational factors
might increase spine tissue loads and thereby serve as a stimulus for a pain pathway
initiation. While this body of literature relating psychosocial and organizational factors to
increased tissue loading is sparse, this literature may fill an important logical void in that it
suggests how psychosocial factors might be able to lead to low back pain.

The literature typically refers to psychosocial and organizational factors collectively
and interchangeably. While there has been some debate about the differences between
psychosocial factors and organizational factors, the vast majority to the literature does not
distinguish between the two. For the most part, psychosocial factors and organizational
factors refer to the same factors; those associated with the social aspects of work.

Psychosocial factors can relate to either individual psychosocial factors, such as
anxiety and pain behavior, or work-related psychosocial factors due to the attitudes inherent
in the work environment. In many contexts, psychosocial factors are also referred to in the
literature as psychological factors such as psychological distress or personality. However, in
the context of the conceptual model described early in this book (Fig. 1.2), we consider this
to be an individual factor. This chapter focuses exclusively on work-related psychosocial
influences and how they impact the musculoskeletal system. There are very few studies that
have investigated the reaction of themusculoskeletal system in thismanner. Therefore, these
results must be interpreted with caution. However, the few studies that have been published
in this area doprovide findings that appear to fit the pattern of evidence of howorganizational
and psychosocial factors may initiate low back pain pathways discussed previously.

Work-related psychosocial factors collectively refer to the worker’s subjective im-
pressions of the social and organizational aspects of the work environment. These impres-
sions are a functionof how thework is organized, supervised, and carried out.Organizational
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and psychosocial factors can also interact with the temporal aspects of the physical work
environment since they can directly influence work pacing.

Psychosocial responses to the work environment are rooted in the emotional state of
theworker.As discussed inChapter 6,workers developmentalmodels of how to recruit their
muscles given their expectations of thework environment. Up until this point, we have been
concernedwith howaworker’smentalmodel can influencemuscle recruitment patterns and
subsequent spine loading in response to physical work parameters. Given that the worker’s
mental model is influenced by the entirety of the environment and their experiences, it is
reasonable to expect that emotionally based issues, such as psychosocial components of the
workplace, could also influence the worker’s mental model, resulting in changes in muscle
recruitment patterns and influencing the resultant spine loading characteristics. Therefore, if
wewish to understand all the factors that can influence spine loading and the subsequent risk
of lowbackpain,wemust consider nonphysical influences (such as psychosocial influences)
as well as the traditional physical factors influences.

This chapter reviews the available information that shows how work-related organi-
zational and psychosocial factors can influence the recruitment pattern of muscles and the
subsequent forces imposed on the spinal tissues.

8.2 PSYCHOSOCIAL AND ORGANIZATIONAL
INTERACTIONS

Several studies have suggested that psychosocial factors are correlatedwith the frequency of
low back pain in the workplace (1–8). Researchers have suspected that reactions to the
psychosocial environment might explain the relationship between work and low back pain.
In particular, a growing number of investigations have linked psychosocial risk factors to the
occurrence of low back pain. Back pain has been associated with monotonous work, high
perceived workload, and time pressure (9–13). These factors are thought to result in mental
stress (14) that would somehow increase the risk of low back pain. Epidemiologic studies
support a relationship between psychosocial stress (e.g., tension, nervousness, feeling
uptight, worried, and mental strain) and low back disorders (12,15–17). Job dissatisfaction
(also related tomental stress) has been associatedwithLBD in several epidemiologic studies
(2,18–23). However, based on these studies, it is unclear whether these indicators of mental
stress are independent of physical loading (3,5,24). It could be the case that poor physical
work conditions can influence worker attitudes and result in a poor psychosocial environ-
ment. Thus, even though the physical environment is an initiator of the problem, the situation
could be also interpreted as a psychosocial problem. Several authors have found a signifi-
cant correlation between biomechanical factors and psychosocial work characteristics
(13,25–27), but few studies have controlled for the effect of biomechanical factors when
exploring the role of psychosocial factors on lowback disorders.Hence, there appears to be a
complex interactive relationship between psychosocial work factors and job demands. Yet,
until recently, no study has investigated the mechanism by which psychosocial stress might
interact with biomechanical loading to increase risk of low back pain.

The contribution of psychosocial factors to low back pain has been discussed in
relation to the epidemiology findings in Chapter 2. Since the current discussion is concerned
with factors that can act through the low back pain causal pathways, the focus of this chapter
will be on the studies that have been able to indicate how theworkenvironment can influence
muscle activity and, therefore, potentially activate the pain pathways.Hence, this discussion
will be limited to only the biomechanical loading implications of psychosocial and
organizational factors.

PSYCHOSOCIAL AND ORGANIZATIONAL INTERACTIONS 175



8.3 BIOMECHANICAL RESPONSES TO PSYCHOSOCIAL
ENVIRONMENT

Recently, two studies have reported a link between psychosocial stress and changes in spine
loading. The first study assessed spine loads, social interactions, and personality (28). In this
study, participants were asked to perform controlled lifts under psychosocially stressful as
well as nonstressful (from a psychosocial standpoint) conditions. Under the psychosocially
nonstressful conditions, the experimenterwas engagingwith the participant and tried tomake
the person feel at ease. Conscious attempts were made to make eye contact, chat with the
subject, verbally encourage the subject, and play background music that the subject would
enjoy. While the worker was exposed to this nonstressful environment, they were asked to
perform several standard lifts while they were fully instrumented with measurement
equipment that enabled the assessment of spine loading by way of the EMG-assisted model
described in Chapter 6.

After the first set of test lifts was completed (where spine loads were assessed), the
experiment was interrupted and an argument between the experimenters was feigned.
Following this interruption, the psychosocially stressful condition was initiated. The phys-
ical loading conditions towhich the personwas exposedwere identical to the psychosocially
nonstressful conditions; however, the experimenter no longer tried to make the subject feel
at ease. After the feigned argument, no eye contact was made, the music ceased, no unnec-
essary conversations occurred, and negative comments were made about the participant’s
performance.

Figure 8.1 shows the lumbar spine compression load responses of the participants to
the stressful compared to the nonstressful conditions. Note that some of the subjects
responded dramatically to the psychosocially stressful conditions, while other subjects
demonstrated little reactions to the stress.

Further analyses revealed that the change in spine loading, when exposed to the
psychosocially stressful conditions compared to the psychosocially nonstressful conditions,
was linked to personality profiles. In this study, theMyers–Briggs personality inventorywas
used to classify personality of the participants (29). This personality inventory assesses
personality along four dimensions. An individual’s specific personality is typically assessed

10

20

30

40

50

60

70

80

90

25242322212019181615141312111098765421

Subject

C
om

p
re

ss
io

n
 f

or
ce

 p
er

 u
n

it
 m

om
en

t 
(N

/N
 m

)

Unstressed Stressed

Figure 8.1 Spine compression loading of subjects in response to the psychosocially stressful and
nonstressful conditions. (From reference 28).
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along a continuum along each dimension with extreme descriptors describing each
personality trait. However, for summation purposes, personalities are typically judged at
either dimension extreme. The first personality trait judges one as an extrovert or introvert.
Extroverts tend to talk without thinking about what they are going to say, whereas introverts
think through their comments prior to voicing them. The second personality trait describes
one as a sensor or intuitor. Sensors prefer to concentrate on one task at a time, whereas
intuitors think about several things simultaneously. The third personality trait evaluates one
as a thinker or feeler. Thinkers tend to think objectively as opposed to emotionally, whereas
feelers aremoreconcernedabout others’ feelings. Finally, judgers versusperceiversmakeup
the final trait dimensionsof theMyers–Briggs personality inventory. Judgers see theworld as
orderly and do not like surprises, whereas perceivers prefer to explore the unknown.

Figures 8.2 and 8.3 show how the participants responded in terms of changes in
compression and lateral shear to the experimental conditions as a function of extrovert versus
introvert and to the intuitor vesus sensor personality traits, respectively. Note how vigorously
the musculoskeletal system responds to stressful conditions depending on the preferences or
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Figure 8.2 Changes in spine compression and lateral shear in response to the introduction
of psychosocial stress as a function of extroversion and introversion personality traits.
(From reference 28).
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Figure 8.3 Changes in spine compression and lateral shear in response to the introduction of
psychosocial stress as a function of the sensor versus intuitor personality traits. (From reference 28).
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dislikes of a personality type. These responses were a result of more intense antagonistic
musclecoactivations that caused the torsomuscles to“fight against” oneanotherwhen subjects
were exposed to psychosocial conditions that were not compatiblewith their personality type.
This amplifiedmuscle tension increases thepotential for lowbackpainvia themuscle function
disruptionpathwaydescribed inChapter5.Thus, this studyshows that psychosocial factors, by
themselves, do not dramatically influence spine loading. However, when psychosocial factors
were considered collectively along with personality factors, strong interaction can occur that
influence trunkmuscle and spine loading. These findings amplify the importance of consider-
ing the human–workplace system collectively as opposed to only considering individual
categories of risk factors when assessing low back pain risk due to the workplace.

8.4 BIOMECHANICAL RESPONSES TO MENTAL STRESS
AT WORK

As society advances, there have been shifts in the nature of work in many cultures. Heavy
labor ismore commonly done bymachines that can increase the speed or pace ofwork. Thus,
we have seen a proliferation of more repetitive yet more complex jobs that can only be
performed by humans (30). Many jobs now demand high levels of mental concentration as
well as rapid work pace. These factors have been implicated as organizationally related
psychosocial workplace risk factors for low back pain.

Among these organizationally related risk factors, mental concentration demands
have been identified as a risk factor in numerous studies (9,13,16,26,31,32); however, an
almost equal number of studies report no association (25,33–37) with low back problems.
This discrepancy might indicate the presence of an interaction with some other variable(s).
For example, it is known that mental concentration is dependent on the complexity of the
task (38).Factors suchas thenumberofalternativeactions, insufficient or contradictorydata,
uncertainty about consequences of actions, scarcity of time, and probability of failure have
been identified as issues that may impact the perceptions of mental workload (39). In this
context, mental concentration risk is a function of mental processing demands that depend
on the balance between the mental reserves and the demand requirements. Thus, mental
demand is a function of the intensity and complexity of the task at hand. It is reasonable to
assume that task intensity and the subsequent mental demands can be influenced by the
timing of task demands. For example, mental processing may have limited consequence
when it occursprior to physical job requirements,whereas concurrentmental processing and
physical task demands may interact to exacerbate stress resulting in increased biomechani-
cal loading of the musculoskeletal system.

In a similar fashion, rapid job pacing may also draw on the mental reserves of the
worker by demanding a conscious effort of keeping up with the pace demand. Increased job
pacingmayhave thepotential to impact biomechanical loading for two reasons. First, studies
have identified increased lift rate as a risk factor for low back pain (11,40–44) and laboratory
studies have shown how spine loading can increase under these conditions (45–48). Second,
forced pacing may also influence the individual through psychosocial mechanisms. The
interaction between high mental demands and lack of job control has been associated with
higher rates of musculoskeletal disorders and represents mental strain (49) (a psychosocial
risk factor). Forced pacing may lead to cognitive dissonance (the mismatching of expecta-
tionswith a social situation) and the creation of amonotonous work environment, which has
been shown to be a risk factor of low back pain (11,12,50,51). It is hypothesized that
cognitive dissonance may amplify the biomechanical response to the other workplace
factors through increased coactivation of the torso musculature. The previously mentioned
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study demonstrated that biomechanical responses to one type of psychosocial stress support
this contention (28).

This review of the available literature indicates that little is known about how
psychosocial conditions might influence spine loading. However, a recent study has shed
some light on how mental stress components of psychosocial stress might influence trunk
muscle recruitment and spine loading (52). This study explored the interaction between the
psychosocial variables of mental processing and forced pacing as well as the potential
modifying influences of personality and gender on biomechanical loading of the spine
during a lifting task. The physical workplace characteristics were held constant since their
influence on spine loading is well understood. Only mental processing factors and pacing
requirements of the work were manipulated. Spine loadings were observed as a function of
these variables as well as personality and gender. The physical task required subjects to lift
items weighing 6.8 and 11.4 kg from a conveyor (sagittally symmetric) to an asymmetric
shelf that was either 90� clockwise (CW) or 90� counter clockwise (CCW) as determined by
a mental processing task.

Mental processing was tested at two levels plus two secondary levels. The primary
levels were (1) serial mental processing required mental processing decisions to occur prior
to the act of lifting, whereas (2) simultaneous mental processing required any mental
processing decision to occur concurrently with the lift. The secondary levels consisted of
simple and complex demand levels under the serial and simultaneous conditions. These tasks
were similar to tasks that might be required in a box-sorting operation. Such operations can
be associatedwith greater risk of lowback pain reporting.Under the serialmental processing
condition, the simple demand level consisted of verbal commands instructing the subject to
deliver a box traveling down a conveyor to a position that was either CW or CCW to the
worker. The complex demand taskwithin the serialmental processing condition required the
subject to read and interpret an eight-digit number off the top of the box, enter the number
into a computer, and decidewhether to place it in theCWorCCWdestination.An eight-digit
number was adopted to ensure a relatively difficult mental processing task. Under the
simultaneous mental processing condition, the simple demand level consisted of allowing
the subject to place the box in the general vicinity of the destination upon a shelf. The
complex demand level under the simultaneous mental processing condition required the
subject to place the box precisely within a precise destination target (within a 1.3 cm
tolerance) on a shelf thus requiring continuous vigilance and motor control. An electrical
circuit was used to monitor this tolerance. The forced pacing factor was set at two levels for
the lifts (1) slow, occurring at two lifts/min and (2) fast, occurring at eight lifts/min. Subjects
performed all combinations of conditions resulting in eight unique combinatorial condi-
tions. Each condition was repeated twice and presented in a random order.

The influence of the interaction between mental processing and task pacing on spine
compression are shown in Fig. 8.4. These results show that at a slow pace there is no effect of
serial mental processing on spine load. Under the more rapid paced conditions, spine
compression increases moderately and becomes slightly greater under the complex serial
processing condition. However, under the complex simultaneous mental processing con-
ditions, both the simple and complex serial processing demands increase the antagonistic
cocontraction and results in an increase in the A–P shear spine loading as shown in Fig. 8.5.

Table 8.1 shows howmuscle activities differed as a function of the two levels ofmental
processing aswell as the differences in lifting pace. Notice the dramatic differences between
simple and complex processing under the simultaneousmental processing task. All muscles
increased their activation under the complex conditions compared to the simple conditions
indicating a large degree of muscle coactivation. The increase in lifting pacing had similar
increases in antagonistic coactivation. By contrast, the difference in simple versus complex
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mental processing under the serial mental processing task only affected 3 of the 10 muscles
observed and then by only an average of 1–2% change in activation level.

The relative differences in spine loading under these different mental demand
conditions are shown in Fig. 8.6. Note that complex mental processing can increase lateral
shear by up to 70%under simultaneous, complex,mental processing conditions compared to
simple, serial mental processing conditions. In addition, the amplified task complexity as
well as increased task pacing accentuates the level of muscle loading through cocontraction
that could enhance the probability of muscle function disruption.

This study provides an initial evaluation of the role of work-relatedmental processing
on the effects of spine loading. This study simply scratches the surface of potential issues,
in that, there are still many potential psychosocial and individual interactions left to
explore that may impact biomechanical loading of the spine. However, it does demonstrate
the potential influence of psychosocial issues and shows how they can influence muscle
recruitment and spine tissue loading. Issues such as the relative contributions of these factors
and whether thresholds exist that initiate their influence still need to be explored. This study
emphasizes how interactions of non physical risk factors have a large influence on physical
spine loading and potentially cumulative trauma of the spine tissues.
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Figure 8.5 PeakA–P shear forces as a function of serial and simultaneousmental processing (means
and standard errors are displayed in the figure). (From reference 52).

4000

4250

4500

4750

5000

ComplexSimple

Serial mental processing

P
ea

k
 c

om
p

re
ss

io
n

 f
or

ce
 (

N
)

2 lifts/min 8 lifts/min

Figure 8.4 Peak compression forces as a function of serial mental processing and pacing (means and
standard errors are displayed in the figure). (From reference 52).

180 CHAPTER 8 PSYCHOSOCIAL AND ORGANIZATIONAL FACTOR INFLUENCE ON SPINE LOADING



TA
B
LE

8.
1

St
at
is
tic

al
Si
gn

ifi
ca

n
tS

u
m
m
ar
y
an

d
D
at
a:

M
ea

n
(S
D
)o

ft
h
e
M
u
sc
le

A
ct
iv
iti
es

(in
P
er
ce

n
to

fM
ax
im

u
m

(1
.0
)A

ct
iv
ity

)o
ft
h
e
10

Tr
u
n
k
M
u
sc
le
s
as

a
Fu

n
ct
io
n

o
f
Se

ri
al

M
en

ta
lP

ro
ce

ss
in
g,

Si
m
u
lta

n
eo

u
s
M
en

ta
lP

ro
ce

ss
in
g,

an
d
P
ac

in
g
(F
ro
m

R
ef
er
en

ce
52

)

L
ef
tl
at
.

do
rs
i

R
ig
ht

la
t.

do
rs
i

L
ef
te
re
ct
.

sp
in
ae

R
ig
ht

er
ec
t.

sp
in
ae

L
ef
tr
ec
tu
s

ab
do

m
.

R
ig
ht

re
ct
us

ab
do

m
.

L
ef
te
xt
er
na
l

ob
liq

ue
R
ig
ht

ex
t.

ob
liq

ue
L
ef
ti
nt
.

ob
liq

ue
R
ig
ht

in
t.

ob
liq

ue

Se
ri
al
m
en
ta
l

pr
oc
es
si
ng

P
=
0.
91

P
=
0.
09

P
=
0.
33

P
=
0.
01

P
=
0.
43

P
=
0.
60

P
=
0.
12

P
=
0.
82

P
=
0.
00

3
P
=
0.
00

01

Si
m
pl
e

0.
34

(0
.2
8)

0.
32

(0
.2
5)

0.
73

(0
.3
4)

0.
70

(0
.2
6)

0.
16

(0
.1
5)

0.
14

(0
.1
4)

0.
28

(0
.1
9)

0.
27

(0
.1
7)

0.
55

(0
.2
6)

0.
49

(0
.2
3)

C
om

pl
ex

0.
34

(0
.2
7)

0.
33

(0
.2
5)

0.
74

(0
.3
4)

0.
71

(0
.2
7)

0.
15

(0
.1
4)

0.
14

(0
.1
4)

0.
28

(0
.1
9)

0.
27

(0
.1
7)

0.
57

(0
.2
7)

0.
50

(0
.2
5)

Si
m
ul
ta
ne
ou

s
m
en
ta
lp

ro
ce
ss
in
g

P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01

Si
m
pl
e

0.
31

(0
.2
4)

0.
29

(0
.2
2)

0.
71

(0
.3
2)

0.
69

(0
.2
5)

0.
14

(0
.1
3)

0.
13

(0
.1
4)

0.
25

(0
.1
7)

0.
24

(0
.1
6)

0.
54

(0
.2
6)

0.
47

(0
.2
4)

C
om

pl
ex

0.
38

(0
.3
1)

0.
36

(0
.2
8)

0.
76

(0
.3
5)

0.
73

(0
.2
7)

0.
17

(0
.1
6)

0.
15

(0
.1
4)

0.
31

(0
.2
0)

0.
29

(0
.1
8)

0.
58

(0
.2
7)

0.
51

(0
.2
4)

Pa
ci
ng

P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
12

P
=
0.
01

P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
P
=
0.
00

01
Sl
ow

(2
lif
ts
/m

in
)

0.
33

(0
.2
7)

0.
31

(0
.2
4)

0.
71

(0
.3
3)

0.
68

(0
.2
6)

0.
15

(0
.1
5)

0.
14

(0
.1
4)

0.
27

(0
.1
8)

0.
26

(0
.1
6)

0.
53

(0
.2
5)

0.
47

(0
.2
3)

Fa
st
(8

lif
ts
/m

in
)

0.
35

(0
.2
8)

0.
34

(0
.2
6)

0.
76

(0
.3
5)

0.
73

(0
.2
7)

0.
16

(0
.1
5)

0.
15

(0
.1
4)

0.
29

(0
.2
0)

0.
27

(0
.1
7)

0.
59

(0
.2
7)

0.
52

(0
.2
5)

P-
va
lu
es

ar
e
re
po
rt
ed

fo
r
an
al
ys
is
of

va
ri
an
ce

pr
oc
ed
ur
es

w
ith

bo
ld
ed

va
lu
es

be
in
g
si
gn
ifi
ca
nt

at
0.
05
.

181



This study has found that mental stress appears to act through time pressure limits and
results in the overreaction of the musculoskeletal system. This overreaction manifests itself
through less controlled trunkmotions and increases in torsomuscle coactivation, resulting in
increases in three-dimensional spine loading. Hence, these results suggest a potential
mechanism by which psychosocial stress may increase lumbar spine load as a result of
modern work demands and may help explain the potential biomechanical mechanisms
behind some types of occupational risk.

8.5 EXPECTATION

The findings related tomental processing and psychosocial responses to exertion conditions
show that a common element of the biomechanical response under the less than ideal
exertion conditions is that excessive trunk muscle cocontraction that occurs under the more
“stressful” conditions. We have also suggested in the chapter describing biomechanical
behavior of the back (Chapter 6) that satisfaction can be a common optimization goal of the
musculoskeletal control system. It appears that when the physical environment and
psychosocial or organizational conditions do not match the capabilities of the worker,
cocontraction of the trunk muscles occurs with a resulting increase in muscle tension and a
substantial increase in spine loading. Thus, one would expect that expectation would play a
significant role in the satisfaction criteria.

Several studies have investigated the role of expectation in motor recruitment patterns.
Early studies of trunkmuscle activities comparedmuscle activitieswhen peoplewere allowed
towatch an object dropped into the hands compared to a condition where the same object was
dropped from the same height, except the subject was blindfolded (unexpected condition).
Muscleactivitieswere found tobeupto twoandahalf timesgreater in theunexpectedcondition
compared to that in the expected condition and the duration of the muscle activities was also
found to be longer in the unexpected conditions (53).

Later similar investigations varied the preview time provided to the subject as a load
was dropped into the hands. The results indicated a linear relationship between preview
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times and peak muscle activity, preview times and mean muscle activity, and preview times
and muscle response delays (54).

More recently, a study examined the trunk muscle responses when subjects lifted
boxes of known or unknownweight magnitudes (55). Compared to the previous studies, this
studywasunique in that the timingof the load introductionwasnot inquestion, only the exact
magnitude of the load lifted was unknown. In this case, back muscle activities increased by
10–16% depending on load magnitude, but no increases in trunk muscle coactivation were
observed. Hence, a very different (less dramatic) response occurred with this more subtle
form of “expectation.”

Studies have also examined the “adjustment” occurring in the trunk musculature as
loads are added to an object being lifted (56). The adjustments of the trunk to these
perturbations were rapid and did not drastically alter the lifting motion provided the loads
were of lowmagnitude. Thus, there appears to be a threshold abovewhich unexpected loads
disturb the musculoskeletal response of the trunk.

Collectively, these “expectation” studies indicate that there are two different forms of
expectation that can influence the trunk’s musculoskeletal control system. Expectation
involving the temporal aspects of spine loading appears to be more important to the
development of antagonistic muscle coactivation and greater spine forces than expectation
involving load magnitude, where the timing of the load delivery is not in question. These
studies are consistent with the notion that the musculoskeletal system is “guided” by the
setting of task goals or expectations and matching the response of the musculoskeletal
system to achieving those goals. These concepts certainly have the potential to explain how
psychological factors such as psychosocial factors and organization factors can influence
loading of the spine.

8.6 CONCLUSIONS

Collectively, these studies have demonstrated that psychosocial and organizational factors
can interact with personality factors to amplify the impact of biomechanical responses to
physicalwork factors. This reviewhas demonstrated that increases in spine loading (capable
of activating the low back pain pathways) occurs in a similar manner in response to
organizational and psychosocial risk factors as it does in response to physical risk factor
exposure. The biomechanical response involves an increase in muscle coactivation and a
subsequent increase in spine loading with both of these reactions increasing the risk of low
back pain according to the pathways described in Fig. 5.2.

One needs to reemphasize that the studies noted in this chapter simply scratch the
surface ofwhatmay be knowable about the potential links between psychosocial factors and
the lowback experience.While there arevery few studies that have explored these links, they
do provide a potentially feasible pathway between this work factor and low back pain.
However, many more studies are needed to truly understand this relationship.

KEY POINTS

. Psychosocial and organizational occupational risk factors have been widely reported
in the epidemiology literature as being associated with low back disorder risk.
However, the mechanism by which these factors increase risk has not been well
understood.
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. Recent studies have hypothesized that psychosocial factors can increase risk by
increasing trunk muscle coactivation under stressful situations and, thereby, increase
spine loading.

. One study has shown that muscle coactivation does indeed increase along with spine
loading when subjects were immersed in a psychosocially uncomfortable situation.
However, significant increases in spine loading only occurred in subjects with
particular personality traits.

. Similar increases in muscle coactivation and spine loading occurred in those
performing lifts while simultaneously performing complex mental tasks (as is
done during a package sorting task), and when subjects were exposed to faster paced
tasks.

. These studies are consistent with the notion that the musculoskeletal system is
“guided” by the setting of task goals or expectations and the musculoskeletal system
attempts to match those goals. This may explain why the system behaves as it does.
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CHAPTER 9
INDIVIDUAL FACTORS ROLE
IN SPINE LOADING

TH I S C H A P T E R discusses how factors unique to the individual such as gender,

personality, and experience can influence the biomechanical loading of the spine

structures and tissues capable of initiating the pain pathways. To maintain consistency

with previous assessments, this discussion is limited to studies that have been able to

assess individual factors using person-specific assessment techniques.

9.1 INTRODUCTION

Individual characteristics may also play a role in the trunk muscle responses to the work
environment as well as the behavior of the internal force producing structures of the spine
and, thereby, influence the probability that the various causal pathways to back pain are
activated duringwork. It appears that, undermany circumstances, individual factors respond
uniquely, through biomechanical coactivation patterns of the trunk muscles, to physical
work factors. They can interact with other categories of risk factors, such as psychosocial
factors, and have the ability to reconcile or exacerbate the body’s biomechanical reaction.
For example, studies have suggested that crude personality measures can be associated with
biomechanical responses to influence an individual’s response to psychosocial stress (1).
Similarly, personality may further influence the biomechanical reaction to mental proces-
sing when combined with pacing via a modifying role (2). Thus, while individual
characteristics are the focus of this chapter, one should keep in mind that these factors are
often more compelling when one considers the complex nature of the interactions between
workplace design, psychosocial factors, individual factors, and their potential biomechani-
cal response that may play a significant role in spine loading and the potential for low back
pain.

9.2 GENDER

Gender is an obvious individual difference that is believed to influence the nature of
biomechanical loadings as a function of work. While several differences in anthropometry
have been extensively described in the literature (3), the affect of gender on biomechanical
loading of the spine involves more than just considering a woman to be a small man. The
differences in relative back strength have beenwell documented betweenmales and females
(4–9). However, gender differences in muscle cross-sectional area that indicate large
differences in maximum muscle force potential have also been reported in the literature

The Working Back: A Systems View, by Williams S. Marras
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(10–12). A recent study (10) usedMRI technology to study the differences in muscle cross-
sectional area of a population of males and females. The area associated with the various
power-producing muscles vital in defining spine loading via modern EMG-assisted models
were documented and corrected for muscle fiber angles at each level of the lumbar spine.
Table 9.1 shows the results of this study and indicates the differences in muscle cross-
sectional areabetweenmales and females at each levelof the spine fromT8 toS1.Note that in
nearly all cases, themales’ anatomical cross-sectional area (ACSA) (and the associated force
capacity) of the muscle are always greater than those of the females participants. This study
also showed that these cross-sectional areas can be predicted well with proper anthropo-
metric measures used in a regression equation.

Another important aspect of spine loading assessment involves the correct assessment
of the line of action of the torsomuscles.Muscles that have greater moment arms exert more
influence on spine loads according to the logic of the EMG-assisted model that is used to
assess spine forces as described in Chapter 6. Several studies have used CTorMRI imaging
systems to estimate the mechanical advantage of the various power-producing muscle
groups in the torso relative to the spine (11–13). Figure 9.1a and b demonstrates how the
mechanical advantage of the trunkmuscles are assessed, based onMRI scans in the coronal
(lateral) and sagittal planes of the body, respectively. Tables 9.2 and 9.3 show the moment
armsof thesemuscles formales and females. Note that in both planes of the body,males have
greater mechanical advantage (relative to the spine) associatedwith their torsomuscles than
do the females for nearly all muscles.

These differences in muscle cross-sectional area and moment arm length suggest
that it is extremely important to understand the specific motor recruitment pattern of the
muscles when performing a task to understand the spine loading associated with tasks
performed bymales and females. One study of spine loadings using anEMG-assistedmodel
to consider the influence of differences in recruitment patterns between males and females
have indicated that spine loading differences are dependent on the nature of the task
performed (14).

Some of the differences in spine loading between genders occur simply due to
differences in body size andmass. To account for these differences, the datawerenormalized
relative to the external moment supported by the participants. Figure 9.2 indicates that
normalized compressive forces were greater for females during trunk motions of up to 45�

per second of dynamic liftingmotion. Females also exhibited about 20%greater normalized
lateral shear under these conditions. These results indicate that once differences in body size
are accounted for, differences in spine loading between genders still remain. Furthermore,
these differences are uniquely associated with differences in the degree of control required
and the specific task requirements.

It is evident from these results that, biomechanically, females are not simply
proportionally scaled down versions of males. The magnitude of the difference in spine
loadings between genders depends on the magnitude of the external moment supported by
the subject (reflecting differences in body mass between genders). Differences in internal
loading occur as a function of different internal moment arms between genders. However,
changes in loading independent of size are related to the degree of control required and also
influence biomechanical response as a function of gender.

Under whole body free-dynamic conditions, significant differences in spine loading
between genders is evident and the nature of the relationship between spine loads and trunk
moment is somewhat complex. It has been observed that normalized spine compressionwas
greater for females during the slower conditions (e.g., 30� per second and 45� per second)
while males experienced higher normalized loads for the fast lifting condition (e.g., 60� per
second). Differences remained when the compressive loads were normalized to body mass
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during this condition, indicating that the resulting loads were a consequence of factors other
than body size differences.

When the lifting tasks involved whole-body free dynamic kinematics, loading
differences between the genders occurred as a result of kinematic compensations. In terms
of lift style, females flexed their hips about 6� more and had about 8� per second more hip
motion during the lifts than themales. The greater reliance on the pelvis for the femalesmay
be reflective of the limited strength capacity in lumbar region. In this study, females
exhibited 30% less extension strength than males during the maximum exertions.

Muscle coactivity patterns also played a significant role in the spine loading
differences between males and females. Females exhibited significantly greater activity
in the latissimus dorsi (about 12% of maximum) and right external oblique (about 3%
of maximum) muscles than males (Fig. 9.3). Females needed to recruit muscles other than
the primary agonist muscles (erector spinae) to complete the lifts, most likely due to the
inferior mechanical advantage supplied by the erector spinae muscles compared to
their male counterparts. The recruitment of additional secondary agonist muscles,
such as the latissimus dorsi muscles, would increase stability but would also increase
coactivity.

The level and nature of the spine loads would also be affected by differences in the
muscle anatomy (as discussed earlier) between genders (e.g., muscle area, lines of actions,
and moment arms of the muscles). Recruiting more oblique-oriented muscles in addition to
the erector spinae muscles results in more complex loads—shear and compression. Since
external oblique muscles are antagonists, they serve as trunk stabilizers and do not actually
contribute to extensor moment generation. This also increases the coactivity, which may
haveoccurred as a result of the limited strength capability of the females, causing the trunk to
activate additional muscles to increase stability.

Females also have lower spine tolerances (15,16) and, thus, may be at greater risk of a
low back injury. When spine loading is considered relative to the percentage of gender-
specific compression tolerance, females’ compression loads were about 47% of their
tolerance as compared to males whose compression values represented about 38% of the
tolerance value. On the basis of these tolerance values, females would be expected to be at a
substantially higher level of risk thanmales when performing identical lifting tasks. Similar
relative risk findings have been observed in more complex lifting situations. Specifically,
when females lift heavier loads from either low vertical height origins or when lifting from
asymmetric lift origins, spinal loads increase (17).

Epidemiological research supports this finding since females were found to
report more low back pain compared to males when performing similar heavy physical
jobs (18–20).

Figure 9.1 Moment arms derived fromMRI and associatedwith thevarious trunk loadingmuscles at
L3 assessed in the (a) coronal plane, and (b) sagittal planes of the body.
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9.2.1 Personality

Recently, a limited number of studies have demonstrated that personality can play a role in
the motor recruitment pattern of muscles (1,21,22) and the coactivity associated with
increases in spine loading (1,21). Field observations have indicated that when employees’
personalities were better matched with the nature of their work environment, they generally
reported less anxiety and physical discomfort and more job satisfaction and social support
than those employees whose personalities were mismatched with the work (23).

Biomechanically, it appears that certain personality characteristics are associatedwith
increased coactivation of antagonistic muscles surrounding a joint when the worker is
exposed to a work environment that is not compatible with his or her personality type. This
has been observed in both the elbow joint (22) and themuscles surrounding the lumbar spine
(1,21). However, it is important to understand that all of the studies that have been able to
identify spine loading differences associated with load have done so only when personality
traits are considered in combination or in terms of their interaction with other types of
psychological or psychosocial stress.

Figure9.3 Normalizedmuscle activity formales and females for the left latissimus dorsi (LLT), right
latissimus dorsi (RLT), and right external oblique (REO). (From reference 14).

Figure 9.2 Normalized compression force (relative to sagittal moment) for males and females as a
function of trunk velocity during the sagittally symmetric free-dynamic lifting. (From reference 14).
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One study (21) that tested a sufficiently large distribution of personality characteristics
associatedwith spine loadingwhile performing a lifting task under different levels ofmental
stress found that both gender and many of the Myers–Briggs personality indicators (24)
affected spinal loads through the biomechanical responses of the body. When the spine
loading, kinematic, kinetic, and muscle activity data were tested for response to personality
traits alone, no meaningful statistically significant differences were found. However, the
interactions of many personality traits with stress were significant, indicating that people
with different personality traits responded to mental stress in different ways.

Table 9.4 summarizes the statistically significant trends associatedwith the reaction of
the various personality traits tomental stress. This table indicates thatmost personality traits
were associated with some sort of increase (either absolute or relative tomoment supported)
in spine compression when psychosocial stress was introduced. Spine shear loadings were
also associated with personality traits. Extrovert, sensor, and feeler preferences were
associated with large increases in lateral shear. Extroverts increased shear by increasing
trunk acceleration and increasing the activity of the antagonist (external oblique) muscles,
whereas sensors increased their lateral trunk motion. Mild A–P shear increases were
associated with the extrovert and sensor traits. The horizontal vector component of the
oblique muscles most likely resulted in an increases in spine shear. This table also indicates
the degree of changes in spine loading that can be expected as a function ofmental stress. As
can be seen, lateral shear changes are the greatest with increases of up to 17%, followed by
compression with changes of up to nearly 8%. A/P shear differences were much lower as a
function of personality. The biomechanical responses associatedwith these changes in spine
load indicate that the internal muscle responses are affected by personality traits and these
responses result in changes in hip and trunk motion that interact with the muscle forces to
ultimately change the nature of spine loading.

The other study to address changes in spine loading associated with personalities also
used the Myers–Briggs classification of personality traits. This study found that when
psychosocial stress associated with interpersonal confrontation was assessed, different
personality traits correlatedwith increased spine loading (1). Figure 9.4 shows an exampleof
the magnitude of the differences in three-dimensional loading associated with this type of
stress. As can be seen, the increases are subtle yet significant enough to contribute to
cumulative loading of the spine during work tasks.

A recent study also examined the role of personality while subjects lifted cases
continuously over an 8-h workday (25). Since many of the personality traits relate to
conditions that energizeworkers or frustrate them, onewould expect that when an individual
works under frustrating conditions (given the worker’s personality type compared to the
nature of thework environment), trunk muscle cocontraction would be expected to increase
and would result in disproportionate increases in spine loading between personality types.
Figure 9.5 demonstrates the difference in spine compression associatedwith the perceiver or
judger personality traits. This figure indicates that perceivers not only have greater spine
loading due to cocontraction, but also the subsequent spine loading increases more rapidly
for perceivers as the load moment to which the worker is exposed increases.

One of the hallmarks of personality differences according to the Myers–Briggs
personality inventory is related to the manner in which individuals respond to temporal
aspects of activities. As indicated previously, the differences in personality appear to
influence the manner in which people respond to situations in terms of the muscle
coactivation, which in turn influences the loads imposed on the spine. Figure 9.6 shows
how those workers who score high on the intuitor personality trait typically experience
greater spine A/P shear (due to trunk muscle coactivation) than do their counterparts who
score high on the sensor personality trait (25). Of particular interest is the fact that the
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differences in spine loading between the sensors and intuitors is not evident until theworkers
were exposed to at least 2 h of repetitive lifting. These differences in spine loading remain
significantly different through out the remainder of the 8-h workday.

9.3 EXPERIENCE

The literature also indicates significant interactions between personality and work experi-
ence in defining the biomechanical response of the back to physicalwork conditions over the
course of an 8-h workday (25). In this study, workers were observed lifting for entire 8-h
shifts while lifting at different lift frequencies during each workday. An interaction of
experience and personality on spine compression was noted. This was an interesting
interaction in that it has been observed only among experienced subjects where those
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Figure 9.5 Interaction ofmoment and personality on compression (* indicates significant difference
between perceivers and judgers) (N/N represents normalized to body weight). (From reference 25).

–600

–400

–200

0

200

400

600

800

1000

10.750.50.250

Time (s)

S
h
ea

r 
fo

rc
e 

(N
)

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

C
o
m

p
re

ss
io

n
 f

o
rc

e 
(N

)

Stressed compression

Unstressed compression

Stressed A–P shear

Unstressed A–P shear

Stressed lateral shear

Unstressed lateral shear

Figure 9.4 Representative data for the three-dimensional spinal loads for an unstressed and stressed
lift. (From reference 1).

196 CHAPTER 9 INDIVIDUAL FACTORS ROLE IN SPINE LOADING



0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

12108642
Lift frequency (lifts per minute)

N
o

rm
a

liz
e

d 
co

m
pr

e
ss

io
n 

(N
/N

)

Perceiver Judger

Novice

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

12*10*8*6*4*2*
Lift frequency (lifts per minute)

N
o

rm
a

liz
e

d 
co

m
pr

e
ss

io
n 

(N
/N

)

Perceiver Judger

Experienced

Figure 9.7 Interactive effect of frequency and personality perceiver/judger personality trait on
novice (top) and experienced (bottom) workers’ compression (* indicates significant difference
between perceivers and judgers) (N/N represents normalized to body weight). (From reference 25).

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

6–8*4–6*2–4*0–2

Time (since start of work in hours)

N
or

m
al

iz
ed

 A
/P

 s
he

ar
 (

N
/N

)

Sensor Intuitor

Figure 9.6 Interaction of time and personality SN on A P shear as a function of lifting duration
exposure (* indicates significant difference between sensors and intuitors) (N/N represents normalized
to body weight). (From reference 25).

197



workers with the perceiver personality trait displayed 27% higher compressive loading than
did judgers. As shown in Fig. 9.7, experienced perceivers behaved similarly to all novice
workers in terms of compressive loading on the spine. However, experienced workers with
the judger personality trait experienced far lessmuscle cocontraction and spine compression
compared to the experienced workers with the perceiver personality trait. Thus, as workers
became more experienced, those who had the judger personality trait would be expected to
suffer less cumulative trauma throughout the workday.

9.4 CONCLUSIONS

Individual factors have been suspected of influencing risk of low back pain for some time.
However, until recently, few studies have been able to describe how individual factors
influence the biomechanical functioning of the back and how the individual factors can
activate the causal pathwaysdiscussed earlier.As this chapter indicates, the role of individual
factors such as gender and personality is to mediate the response of the muscle recruitment
pattern and subsequent biomechanical loading to workplace factors. It is likely that other
individual factors (e.g., age) exist that may influence spine loading patterns when combined
with work requirements; however, no studies exist that have explored the spine loading
consequences of these factors in a quantitative manner.

It is also suspected that genetic polymorphismsmay also be an individual characteris-
tic that regulates the tolerance of the individual to spine loading, especially in response to
cytokineupregulation thatwould initiate themuscle functiondisruptionpathway to lowback
pain.However, the literature has not yet been able to describe the contribution of this effect in
a manner that would be useful in defining a tolerance limit.

It is important to recognize that individual factors exert their influence through
interactions.We are just beginning to understand the functioning of these interactions from a
biomechanical standpoint. It appears that the interactions that exacerbate the pathways to
back pain involve the individual factors such as gender, personality, experience, and most
likely many other factors.

KEY POINTS

. Several individual differences betweenworkers have been identified that can result in
differences in spine tissue loading and may activate the various low back pain
pathways.

. Studies have shown a significant difference in spine loading as a function of gender.
Females' trunkmuscle cross-sectional area and lines of action are different from those of
males.Males and females also have demonstrated differentmuscle recruitment patterns
even when exertions are normalized for differences in external spine load exposure.
These different muscle recruitment patterns result in differences in spine loading
characteristics,with femalesgenerallyexperiencinggreater relative loadingof thespine.

. Several studies have indicated that worker personality may also lead to different spine
loadings. Personality appears to influence muscle recruitment and the resultant spine
loading characteristics. However, personality interacts strongly with the psychosocial
risk factor to influence trunk muscle recruitment patterns and the subsequent spine
loading. Certain personality types are associated with greater levels of trunk muscle
coactivation which increases the load imposed on the spine during task performance
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when exposed to psychosocially stressful situations. The opposite personality type
shows no increase in trunk muscle coactivation or spine loading in response to
psychosocially stressful situations.

. Worker experience is another individual factor that can influence spine loading.
Experienced workers use less trunk muscle coactivity and results in less overall spine
loading when performing a work task.
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CHAPTER 10
PHYSICAL, INDIVIDUAL, AND
PSYCHOSOCIAL/ORGANIZATIONAL
RISK FACTOR INTERACTIONS

TH I S C H A P T E R reviews the influence of physical, psychosocial/organizational,

and individual risk factors on the biomechanical functioning of the spine in a collective

manner.A largebiomechanical study is reviewed that hasattempted topartition the influence

of these various risk categories in their relationship to spine loading. The role of risk factor

interactions is discussed. The chapter also discusses the need to better understand the

contribution of risk factor influences through more well-designed studies.

10.1 WHEN RISK FACTORS COLLIDE

We have seen that physical work environment factors, unique characteristics of the
individual worker, and psychosocial/organizational work environment factors are each
capable of influencing the loading of the spine’s tissues, and this loading is sufficient to
initiate pain pathways within the back. It should also be apparent from the previous
discussion that all of these causal risk factors operate by way of a similar mechanism. The
presence of these risk factors at sufficient levels can influence the recruitment patterns of the
trunk’s muscles and typically results in increased coactivation of these muscles. This
coactivation, therefore, impose loads of greatermagnitude and also in different directions of
application on the spine’s tissues and supporting structures.

Since all these risk factors share the same musculoskeletal control system, there are
numerous opportunities for these risk factors to interact. It is this interaction that may
account for individual variations and can explain why one worker develops a low back
problem and another exposed to the same level of physical work does not.

In keepingwith the biomechanical logic discussed earlier, variation can occur in either
the tissue tolerance or the loading experienced by the tissue. Tissue tolerance can be
influenced by anthropometry, tolerance due to conditioning, genetic differences in tissue
strength, theprobability that tissue loadwill lead to inflammation and result in pain (cytokine
upregulation), the individuals techniques used during work, and the interaction of these
components. For example, anthropometry can require a tall worker to bend more during the
performanceof a taskand thus load the spine in apositionwhere tissue strength isminimized.
Similarly,Wolf’s law suggests that tissues that have been properly conditioned and properly
nourished are capable of withstanding more load than tissues that have been deprived of
nutrients. A decrease in nutrient delivery may be a result of poor circulation, smoking, or
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an inability to adapt to a load. Maladaption occurs when the (load bearing) bony structures
have not been able to remodel themselves as would be the case if increased loads were
introduced in a gradual manner so that the structures becomemore resilient. Finally, genetic
factors may influence the bone strength and work technique and experience might dissipate
the external load among several structures so that stability is increased and tolerance is
increased.

These same factors can influence tissue loading. The previous three chapters have
demonstrated that physical work factors, psychosocial/organization work factors, and
individual factors can all change the loading profiles of the spine structures. However,
loading of the spine under these conditions is governed by the recruitment sequence of the
trunk muscles. As previous chapters have demonstrated, trunk muscle recruitment patterns
and the resultant spine tissue loading are influenced by many of the same factors that
influence differences in tissue tolerance. The difference, however, is spine loading has a
common feature in that trunk muscle recruitment patterns are the common link among
physical work risk factors, the individual risk factors, and the psychosocial/organizational
risk factors. In all cases, the causal pathway for each category of risk factorwas an increase in
unnecessary trunk muscle cocontraction thereby increasing the loads experienced by the
spinal tissue. It is the unique combination or interaction of influences from each of these risk
factors that define the spinal load experienced by the worker.

We have already seen some examples of how the various risk factors can interact to
define muscle tension and spine structure loadings in the previous two chapters. We have
observed that different personality factors interactwith psychosocial factors andmental load
and this interaction can result in a good deal of cocontraction in the trunk when exposed to
workplace physical factors. Figure 8.2 documents the differences in spine loadings
between extroverts and introverts when exposed to psychosocially stressful interactions,
and Fig. 8.3 shows how these same psychosocially stressful situations affected people with
the sensor or intuitor personality trait differently. Figure 9.6 domostrates how the perceiver
versus judger personality traits defined differences in spine compressionwhenworkerswere
asked to lift loads of different weights. A strong interaction between these traits and work
experience are also documented in Fig. 9.7. Finally, Figs. 8.3 and 9.4 indicate some complex
interactions betweengender and liftingmotions in termsof both spine compressive force and
muscle recruitment patterns.

10.2 THE MAGNITUDE OF INFLUENCE OF THE THREE RISK FACTOR
CATEGORIES

These studies havedemonstrated that thepathways tobackpain,whether theyare initiatedby
muscle tension or structure loading, involve a complex interaction of physical workstation
exposure, psychosocial/organizational factor exposure, and the individual traits and char-
acteristics that the worker brings to the work situation. However, although we know these
factors interact, a significant issue involves the degree to which these various factors
contribute to overall muscle tension and spine structure loading.

Some recent researchers have addressed this issue in a quantitative manner. In this
study, a relatively large sample of subjects (60) were exposed to a series of moderately
complex and taxing load lifting conditions (1). Even though this is a large sample size for a
biomechanical study, the reader should also be cautioned that this is the only study that has
attempted to assess these complex interactions. Thus, while this study is suggestive, more
studies are needed to further delineate these findings.
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The experimental conditions required people to lift two different weights (6.8 and
11.4 kg) and place them in one of two asymmetric destinations (90� clockwise, 90�

counterclockwise). The task also involved different levels of mental concentration (none
and number identification), different load precision placement requirements (general
and specific), two different lift rates or pacings (two and eight lifts/min), and two different
psychosocial environments (good and poor). Three-dimensional spine loading and muscle
cocontractions were evaluated by an EMG-assisted biomechanical model so that specific
reactions of the subjects were interpretable. The goal of this study was to observe the
relative amount of variance that was explained by the various factors under these conditions.

Figure 10.1 shows that the relative contribution of the different risk factor components
involved in the development of spine loads was dependent on the direction of the load (e.g.,
compressionversus shear). This partitioning indicates that, for this particular combination of
conditions, the combination of workplace physical job demands (load weight, task asym-
metry, precision of load placement, and lift frequency)made the largest contribution to spine
compression (explained 80.3% of the variance). However, this figure also indicates that the
contribution of the physical work factors varies as a function of spine load direction. For
example, the physical workplace factors were responsible for 65.1% of lateral shear loading
but only 21.6% of anterior–posterior shear. Among these different dimensions of spine
loading, the various factor components within each risk factor category contributed

Figure 10.1 Spine compression force (a), lateral shear force (b), and anterior–posterior shear force (
c) variance explained by the various risk physical work factors, psychosocial/organizational factors,
and individual factors investigated in this experiment. (From reference 1).
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differently to the different dimensions. For instance, the placement of the load (box
placement) explained between 4% and 30% of the spine loading and the weight of the
box lifted was responsible for between 15% and 55% of the spine loading in the various
dimensions of spine loading.

Under these conditions, the psychosocial factors of mental concentration and social
environment had a relatively small impact on the spinal loads (up to 0.2%). However, as we
noted earlier, many of these risk factors would be expected to interact with individual risk
factors or cause exacerbation of the risk.

Of the individual risk factors, personality contributed significantly to the variability in
the spinal loads (about 6–19.9% of the explained variability) with the largest contribution
occurring in anterior-posterior shear. Anthropometry played a large role in the shears (about
12–58%) but relatively minor role in the compressive forces (about 3%). Gender had a
limited influence on the spinal loads (0.7–13.4%) under these conditions.

Figure 10.2 indicates the contribution of theworkplace physical factors, psychosocial/
organizational factors, and individual factors on the agonistic (extensor) and antagonistic
(flexor) muscle activities. By comparing the flexor and extensor activities, we can gain
an appreciation for the relative coactivities or cocontraction potential of the different risk
factors. Ideally, if spine tissue loadswereminimal, only the extensormuscleswouldbeactive
during a lift. However, when cocontraction occurs, the flexor activity increases. This
flexor activity increases muscle tension as well as spine loading. In both cases, the weight
of the box lifted (14–17%), anthropometry (17–20%), and gender (40–43%) had the largest

Figure 10.2 Amount of relative variance in extensor (latissimus dorsi, erector spinae, and
internal obliques averaged) and flexor (rectus abdominus and external obliques averaged) muscle
activity explained by theworkplace job demands and modifiers (as predicted by the partial r-squares).
(From reference 1).
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impact on themuscle activity.Boxplacement (precision) also explained 3–4%of the relative
variability, while task asymmetry explained about 4% of the extensor and 14% of the
flexor activity variability.

Our previous investigations into factors that influence spine loadings have demon-
strated that external load moment exposure, trunk velocity, and trunk posture all can
contribute to spine loading and risk of low back pain. Figure 10.3 indicates the amount
of variability in these measures that are associated with the various components of risk
factors investigated in this study.

Individual factors (e.g., anthropometry, gender, and personality) played a large role in
the trunk kinematic characteristics, accounting for more than 79% of the explained
variability. Box weight, task asymmetry, and box placement (about 6–7%) were the job
demands that had the greatest influence on the trunk postures, while lift rate had the highest
impact on trunk velocity (4.5%). This analysis indicates that body dimensions of the
individual had, by far, the greatest influence on the trunk postures and motions during the
lifting tasks.

Figure 10.3 The amount of relative variance in trunk moments (sagittal, lateral, and twist averaged)
and trunk posture, and trunk velocity (sagittal, lateral, and twist averaged) explained by the
workplace job demands and modifiers (as predicted by the partial r-squares). (From reference 1).
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The amount of variability explained by trunkmoment exposurewas relatively similar
forgender, anthropometry, personality, and boxweight (15–30%).However, the precision of
box (load) placement was found to mildly influence the trunk moments during the lifting
(4.5%). The explained variability was predominantly accounted for by both individual
factors (e.g., anthropometry, gender, and personality) and load (box) weight lifted.

To understand the implications of these findings in perspective, one must understand
several key issues relating to the study. One must be cautioned, once again, about the
generalizability of the results. These results apply to this particular experiment and its
specific conditions involving moderately taxing physical conditions, moderately taxing
psychosocial conditions, and the individual characteristics represented by the 60 subjects in
this particular study. A study with different experimental conditions may have different
relative contributions of the specific factors with respect to the biomechanical responses
(e.g., trunkkinetics andkinematics,muscle activity) and spine loads.Therefore, even though
risk factors appear not to contribute to overall tissue loading via Figs. 10.1–10.3, a different
set of experimental conditions may yield very different results. The point to be gained from
these analyses is that many factors can contribute to spine loading and can impact the pain
pathways described previously.

This work has demonstrated how different factors might impact different types of
loading and the biomechanical responses that lead to them. This investigation provides an
initial picture of the relative contribution of biomechanical and psychosocial workplace job
demands as well as individual factors in the development of spine loading. As one would
expect, load (box) weight lifted contributed significantly to compression force (more than
55%of the explainedvariability); however, boxweight had a lesser role in the resulting shear
forces (15–25%). Thus, controls that are driven solely by weight restriction limits are
considering only a small portion of the big picture involved in low back pain causality.

It is also apparent from this work that individual factors such as personality,
anthropometry, and gender play a larger role in the shear loads but have a relatively limited
influence on compression. The potentially large contribution of anthropometry in the shear
loading regression models suggests the importance of prescribing a workplace design
specifically for an individual worker. Intervention controls in the form of adjustable
equipment may normalize the negative impact of anthropometry. For example, by adjusting
the workplace to the worker, the more extreme postures may have been reduced, and, thus,
reducing the effect of taller standing heights or lessen the impact of heavier upper torso.
Thus,workplace interventions that account for bodydimensions and reduce theweight lifted
are two of the few “controllable”workplace factors and they also have the greatest potential
to impact the loads on the spine.

Psychosocial factors (mental concentration and social environment) have minimal
contribution to the loads relative to the other factors. One explanation for this lack of impact
for psychosocial factors (mental concentration and social environment)maybe the relatively
large contribution of personality. The variation explained by personality may account for
similar variance due to the psychosocial factors. In other words, psychosocial reactionsmay
be directly related to the personality of the individual. Another explanation is that
psychosocial factors may have a relatively small impact on the spine loads and may act
more as modifiers. In other words, psychosocial factors may contribute more interactively,
actually magnifying the effect of the biomechanical factors. Next, it is extremely difficult to
control psychosocial risk factors in a laboratory environment. Thus, psychosocial riskmight
be over represented or underrepresented in a laboratory study. A final explanation may be
that the psychosocial manipulations used in this study were overridden by the physical
demands of the tasks. As indicated in Fig. 2.7 it is suspected that psychosocial factors play
more of a role under low physical load conditions.
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The precision of load placement in lifting tasks can play a substantial role in accounting
for load variance. This factor is a unique stressor, in that it has both biomechanical and
psychosocial components. During precision controlled placement tasks, workers are required
to hold the box at extended distances (biomechanical load) and concentrate onmaintaining its
position (a form of psychosocial demand) as the load is placed into position. Hence, mental
processingoccurs simultaneouslywith thebiomechanical liftingof the load, potentially taxing
multiple components of themusculoskeletal systemand this interaction can lead to significant
increases in trunkmuscle cocontraction.The sizeable influenceofboxplacement indicates the
importance of considering nontraditional andmore complexworkplace factorswhen trying to
reduce spine loading and control the development of low back disorders. This may be
particularly important in lieuof the complexityof theworkplacedue to technologicaladvances
and modern work (i.e., lean manufacturing).

Hence, biomechanicalworkplace factors, individual characteristics, and psychosocial
factors contribute to three-dimensional spine loading. On the basis of this study, loadweight
lifted was the major contributor to compression while individual characteristics accounted
for the majority of A–P shear variability. Biomechanical workplace factors, individual
characteristics, and load placement (combination of psychosocial and biomechanical
aspects) contribute equally to the lateral shear forces. The results stress the importance
of ergonomic controls, particularly, fitting the individual to the workplace. More impor-
tantly, this study points to the importance of considering a multitude of factors when
attempting to control the load placed on the spine.

10.3 CANRISKFACTORINTERACTIONSBEPREDICTED?

Knowledge of the motor recruitment pattern can be a valuable tool in assessing the loads to
whichaworker is expected tobe exposedundermanycondition.This reasoning suggests that
unless an assessment tool is capable of assessing the specific recruitmentpatternsof the trunk
muscles, the tool will probably not be able to accurately assess the loading and subsequent
risk associatedwithwork conditions. Furthermore, implicit in this argument is the fact that it
is extremely difficult to assess muscular recruitment patterns and the subsequent spine
loading that occurs in the workplace. As we will see in the following chapters, most
workplace assessment tools that attempt to evaluate the biomechanical loading of the spine
as a result of the workplace layout are able to only provide a crude assessment of spine
loading. Because simplifying assumptions must be made in terms of which muscles are
recruited to performa task,most of theseworkplace assessments performed at the job site are
incapable of assessing the coactivity of the trunk musculature necessary to realistically
evaluate the loads that are imposed on the spine during the performance of the task. Most
biomechanicalmodels used to evaluate the spine under these conditions predictwhatmuscle
reactions would be expected if no cocontraction occurred. However, as we have seen, large
cocontractions do not only control the load that must be moved but also respond to the
worker’s psychosocial response to the work situation and depend on individual character-
istics of the worker.

Thus, it is of great significance to assess trunk muscle recruitment patterns if one is to
accurately understand spinal loading. A great number of studies have attempted to assess
recruitment patterns of trunk muscles (2–13). However, assessing recruitment patterns of
trunk muscles experimentally is extremely tedious and costly. A number of investigators
have attempted to develop means of predicting recruitment patterns using optimization
theory. Early attempts to predict muscle activities attempted to predict muscle activities

206 CHAPTER10 PHYSICAL, INDIVIDUAL, AND PSYCHOSOCIAL/ORGANIZATIONAL RISK FACTOR INTERACTIONS



based on the minimization of spine loads (14–16) or minimization of the force required
within a muscle (17–19). However, except under extremely artificial experimental condi-
tions, the predicted activities of the trunk muscles seldom matched the observed muscle
activities.

More sophisticated modeling techniques have been employed that involve fuzzy-
logic estimates of muscle force based on the experimental conditions and these
efforts have achieved some level of success but only when trunk external loads
were of sufficient magnitude to minimize the influence of individual or psychosocial
factors (20).

So the question is “what dictates the unique muscle recruitment patterns of an
individual worker?” The answer to this question is probably a mixture or interaction of
innate factors, training, experience, age, anthropometry, stress, personality,work conditions,
and so on. One researcher has suggested that people employ their muscles according to a
satisfaction principle (21). This theory suggests that over a lifetime, people establish a
mental model of what muscles must be recruited to accomplish a specific activity. This
mental model establishes an expectation of what muscles should be recruited given the
situation that the musculoskeletal system must fulfill. Hence, if the expectation is satisfied,
the body’s control loop is closed and the system is satisfied and the mental model is
reinforced. However, if the activity is accomplished unsuccessfully, the mental model is
updated and the prediction systemmay becomemore unstable and erratic. This is often seen
in sporting events, for example,when a basketball playermisses an easy shot, the playermay
“over think” the shot and miss the next several shots because he is no longer relying on the
natural recruitment patterns that have been established over time. Instead the athlete
readjusts the muscle recruitment pattern and cocontracts to a greater extent and ends up
in a cold streak until the natural pattern of muscle recruitment is reestablished. Similar
changes in recruitment patterns occur when a worker experiences back pain. Under these
conditions, theworker cocontracts themuscles to guard against pain; however, in reality, this
cocontraction results inmore loading of the spine.Aswill be discussed further inChapter 14,
this often results in a permanent reestablishment of the mental model (muscle recruitment
pattern) and leads to long-term cocontraction and increases in cumulative loading of the
spine.

Hence,when the numerous interactions between tissue tolerance and spine loading are
considered, it is apparent that numerous unique interactions occur within an individual. As
stated numerous times throughout this book, it is the mixture of risk factors that create the
“perfect storm” for a given individual for work-related low back pain. This line of reasoning
suggests that individual factors interact with the work-related factors of the physical
environment and the psychosocial/organization environment to “tip the balance” of the
load–tolerance relationship within the spine tissue and can result in exceeding the threshold
limit for either damaging spine tissue, stimulating a nociceptor, or upregulating cytokines
within the tissue so that pain is more easily experienced.

10.4 CONCLUSIONS

This brief review of the literature shows that there is a paucity of studies that have explored
the interaction and contributions of the various risk factors on spine loading.While the study
discussed here is certainly suggestive of an influence frommany different types of potential
risk factors on spine loading, it is just one piece of the puzzle. This one studydoes not provide
definitive evidence of the nature of these relationships. The scarcity of studies should
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indicate that manymore study efforts are needed to truly appreciate the contributions of the
combinations of risk factors. The message from this chapter should be that there are many
factors that may combine to influence spine loading.

KEY POINTS

. The mechanism resulting in increases in tissue loading is similar between the three
categories of risk factors (physical, psychosocial/organizational, and individual).This
mechanism involves increases in muscle cocontraction and a resulting increase in
tissue load.

. Studies have documented how the various categories of risk factors contribute to
overall variability in compression or shear loading of spine tissues. All categories of
risk factors contribute to some extent to spine loads. However, the extent of the
contribution to loading depends on the study conditions.

. Interactions between the risk factors also influence spine loading. Many of these
interactions have been demonstrated previously (e.g., interactive influence of person-
ality and psychosocial stress on spine load).

. Our ability to predict muscle cocontractions in response to the risk factors is poor and,
thus, biologically assisted models provide the only means to accurately assess the
impact of risk factors for a given work condition.
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CHAPTER 11
ENGINEERING CONTROLS TO
MEDIATE BACK PAIN AT WORK:
TOOLS FOR THE ASSESSMENT OF
PHYSICAL FACTOR IMPACT ON
SPINE LOADS AND INTERVENTION
EFFECTIVENESS

TH E R O L E S of engineering controls-based interventions intended to mediate

the influence of physical risk factors are discussed. Common risk assessment techniques that

are relevant to the spine tissue loading discussions of previous chapters are reviewed.

Studies demonstrating engineering control effectiveness in mediating low back pain

reporting are presented.

11.1 INTRODUCTION

Chapter 6 has introduced biomechanical logic that underpins the accurate assessment of
spine loading and is fundamental to the interpretation of low back pain loading due to risk
factor exposure. We have seen how sophisticated biomechanical assessment techniques
(such as EMG-assisted biomechanical models) can be employed in laboratory studies to
evaluate the potential risks associated with exposure to physical workplace characteristics
(Chapter 7) that are common tomanyworkplaces. These studies have resulted in a rich body
of literature that canbe used as a guide forworker exposure tomanygenericworkconditions.
However, given the large variety of workplace situations present in industrial settings, there
is often a need to evaluate specific work conditions that may not have been explored in these
laboratory studies. This is especially true for the exploration of interactions among risk
factors that may be unique to a given work environment.

The more robust methods for assessing spine loads that are used in laboratory studies
(e.g., EMG-assisted models) are often impractical for the assessment of risk at thework site
since they require extensive instrumentation.However, there are several techniques that have
been developed to provide rough estimates of biomechanically based risk associated with
work situations that do not require a high level of biomechanical expertise and are available
to thosewishing to perform assessments at theworksite. This section reviews the commonly
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used methods and tools available for these worksite assessments and reviews the literature
that supports their usage.

11.2 STATIC STRENGTH PREDICTION PROGRAMS

The two-dimensional static strength prediction program logic has been described previously.
The same single equivalent muscle vector logic has been used to expand this tool to a
three-dimensional static strength prediction program (3DSSPP). The program considers the
load–tolerance relationship from two aspects. First, an estimate of spine compression is
generated and compared to thegenerally accepted tolerance limits of 3400N. Second, the load
imposed by the task on each of six joints is compared to a static strength database of the
population strength that considers the strength capacity of workers relative to these six joints.

As shown inFig. 11.1, themodel presents a stick figure in three-dimensional space.This
figuremustbeoriented tomimic a static component of the task (one frozenposture) performed
by the worker. The model logic assumes that the internal loads can be assessed by working
backwards fromknowledge about the external loads towhich aworker is exposed under static
conditions.Themodel calculates the torquegenerated about eachof the six joints thatmake up
the stick figure and sums the net resulting force imposed on the low back. The load imposed
about lowback (L5/S1) is considered tobesupportedbya singleequivalentbackmuscle so that
the external load is counterbalanced and equilibrium is maintained in the model.

The relationship between the torque imposed at a joint and the available strength of the
joint has been defined as a lifting strength rating (LSR) andwas used to prospectively assess
low back injuries in an industrial environment (1).

The LSR is defined as theweight of themaximum load lifted on the job divided by the
lifting strength measured in the same lifting posture for a large, strong man. One study
concluded 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

Figure 11.1 Example of 3D static strength prediction program (SSPP). (Courtesy of D. Chaffin).
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magnitude of the load lifted.” This was one of the first quantitative studies to conclude that
not onlywas themagnitude of the load lifted potentially hazardous, but it was also important
to consider the load locationwhen assessing risk. Thus, strength is highly dependent on body
posture. The study also suggested that exposure to moderate lifting frequencies appeared to
beprotective,whereashighor lowrates of liftingwere common in jobswithgreater reports of
back injury.

An industrial study using both the LSR and estimates of back compression forces
(predicted by this program) observed jobs over 3 years in five large industrial plants where
2934 material handling tasks were evaluated (2). The results suggested a positive correlation
between the lifting strength ratio and back incidence rates. The study also reported that
musculoskeletal injuries were twice as likely for predicted spine compression forces that
exceeded 6800N. However, this trend was not evident for back-specific musculoskeletal
incidents specifically. The study also suggested that prediction of riskwas best associatedwith
themost stressful tasks (as opposed to indices that represent risk aggregation).However,more
recent studies in an automobile assembly plant found an increase in low back pain reporting in
workers exposed to prolonged static postures, but did not find an associated increase in low
back forces when they were evaluated using this method (3). This may indicate a different
pathway or mechanism of low back pain for these low- to moderate-load jobs.

Theadvantageof thismodel is that it is relatively straightforwardandeasy touse.Thus, it
can be used routinely to assess both structure-based load andmuscle load on a large scale in a
plant. Themodel is often used as a “first pass” type of assessment to determinewhether a task
requires more sophisticated analyses. The limitations of the model are its moderate costs and
that it cannot assess the effects of motion. In addition, it does not account for trunk muscle
coactivations that can uniquely define tissue loads and are important contributors to both
structure-basedandmuscle-based lowbackpainrisk.Thus, thismodelappears tobebest suited
to the assessmentof jobs that require sustained static posturesand involve largeexternal forces.

11.3 PSYCHOPHYSICAL TOLERANCE LIMITS

Another approach attempting to identify safe exertion limits for the back has been the
psychophysical approach. The psychophysical approach attempts to determine how much
force a person finds acceptable during extended periods of lifting or pushing/pulling. The
psychophysical documents strength when subjects are asked to progressively adjust the
amount of load they can push, pull, lift, or carry until they subjectively feel the load is of a
magnitude thatwouldbeacceptable to themoveraworkshift.Taskvariables suchas liftorigin,
height, loaddimensions, frequencyof exertion, push/pull heights, carryingdistance, andsoon
are systematically altered so that a database of conditions and the acceptable exertion ranges
canbecatalogedforaspectrumofmaleandfemalesubjects.Thesedataare typicallypresented
in tables that indicate the percentage of subjects whowould find a particular load acceptable
foragiven task.Snookandcolleagueshaveproducedextensivedescriptionof these tolerances
(4–9). An example of this information for carrying activities is shown in Table 11.1.

The logic associated with the establishment of psychophysical limits it that this assess-
ment can account formotion and fatigue over extended periods of exertion.Whilemechanical
tissuetolerancelimitsappeartobereasonable thresholdsfortheanalysisoftasksthatmayleadto
an acute trauma event, their application to repetitive tasks (thatmay lead to cumulative trauma
disorder) are less clear. Factors such as tissue adaptation may play a role, making quantitative
analysesof the load–tolerance relationshipdifficult to quantify.Thus, somehave resorted to the
psychophysical approach to establish limits of exposure. Hence, when mechanical tolerances
are not available, some have adopted psychophysical limits as the tolerance.
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Few investigations have formally validated whether the design of work tasks through
psychophysical tolerance limits is protective and minimizes low back pain at work.
However, Snook (5) has observed that low back related injury claims were three times
more prevalent in jobs exceeding the psychophysically determined strength tolerance of
75% of men compared with jobs demanding less strength.

The advantage of this approach is that it is quick and easy to apply and simply requires
one to assess the task conditions and match these conditions to psychophysical tables. In
addition, the application of the approach requires virtually no expense. The disadvantage of
the approach is that people do not necessarily know their appropriate tolerance limit. Given
our knowledge of pain perception and the back (Chapter 5), it is unlikely that people could
perceive when microfractures occur in the vertebral end plate or when proinflammatory
cytokines are about to be released. Hence, it is questionable as to whether this approach is
accurately identifying pain or damage thresholds.

11.4 JOB DEMAND INDEX

Yet another approach that combines concept similar to the LSR along with psychophysically
determined strength was reported in the literature (10) in terms of a job severity index or JSI.
This index considers the ratio of the jobdemands relative to the lifting capacities of theworker.
Job demands include factors such as the weight of the object lifted, the frequency of lifting,
exposure time, and lifting task origins and destinations. A comprehensive task analysis is
required to assess job demands. Theworker capacity includes the strength and body size of the
worker. Strength is determined via psychophysical testing. A prospective study using the JSI
was reported in the literature (11). Although this approach does not assess structure loading, it
is of value in assessing potential trunkmuscle over exertions andmay have some relevance to
the muscle dysfunction pathway described earlier. Results suggested a threshold of a job
demand relative to worker strength above which the risk of low back injury increased.

The authors suggest that thismethod could identify themore costly injuries. The JSI is
not a biomechanical assessment of the lift, so it is not able to quantify loads imposed on spine
tissues that might activate a low back pain pathway. In addition, a low level of task
quantification reduces the specificity of the technique. However, it may reflect a psycho-
physical component of work in that it can help define situations that are subjectivelymore or
less acceptable to the worker. No literature has assessed the validation of this approach.

11.5 NIOSH LIFTING GUIDE AND REVISED EQUATION

11.5.1 The 1981 Lifting Guide

The National Institute for Occupational Safety and Health (NIOSH) has developed two
assessment tools or guides to help determine the risk associated with manual materials
handling tasks. These guides are the tools typically used by federal agencies (i.e., OSHA) to
assess risk associated with a particular work situation. The lifting guide was originally
developed in 1981 (12) and applies to lifting situations where the lifts are performed in
the sagittal plane and to motions that are slow and smooth. Two benchmarks or limits were
definedby this guide.The first limit is called theaction limit (AL) and represents amagnitude
of weight in a given lifting situation that would impose a spine load corresponding to the
beginningpointof lowbackdisorder riskalonga riskcontinuum.TheALwasassociatedwith
the point atwhich people under 40years of age just begin to experience a risk of vertebral end
plate microfracture (3400N of compressive load). Microfractures are one method by which
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disk degeneration is believed to occur (seeChapter 5). Theguide estimates the force imposed
on the spineof aworker as a result of lifting aweight and compares the spine load to theAL. If
theweightof theobject results inaspine load that isbelowtheAL, the job isconsideredsafe. If
theweight liftedby theworker is larger than theAL, there is some levelof risk associatedwith
the task. The general form of the AL formula is defined according to Equation 11.1.

AL ¼ kðHFÞðVFÞðDFÞðFFÞ ð11:1Þ
where

AL¼ the action limit in kg or pounds and
k¼ loadconstant (40 kgor90 lb),whichisthegreatestweightasubjectcould lift ifall

lifting conditions are optimal.
HF¼ horizontal factor defined as the horizontal distance from a point bisecting the

anklestothecenterofgravityoftheloadattheliftorigin.Definedalgebraicallyas
15/H (cm) or 6/H (in.).

VF¼ vertical factor or height of the load at lift origin. Defined algebraically
asð0:004Þ jV�75 (cm) or 1� ð0:01Þ jV� 30 j (in.).

DF¼ distance factor or thevertical traveldistanceof the load.Definedalgebraically as
0.7þ 7.5/D (cm) or 0.7þ 3/D (in.).

FF¼ frequency factor or lifting rate defined algebraically as 1�F/Fmax.
F¼ average frequency of lift and Fmax is between 12 and 18 lifts per minute.

This equation assumes that if the lifting conditions are ideal, aworker could safelyhold
(and implicitly lift) the load of the load constant (k) magnitude (40 kg or 90 lbs). However, if
the lifting conditions are not ideal, the allowableweight is “discounted” according to the four
factorsHF,VF,DF, and FF. These four discounting factors are shown in Fig. 11.2.According
to the relationships indicated in these figures, the HF, which is associated with external
moment exposure, has themost dramatic effect on acceptable lifting conditions (Fig. 11.2a).
Both a vertical height modulator (VF) (indicating the original lift height of a load) and a
vertical distance modulator (DF) (indicating the distance traveled during the lift) are
associated with the back muscle’s length–strength relationship (Fig. 11.2b and c). Finally,
FF attempts to account for the cumulative effects of repetitive lifting (Fig. 11.2d).

The second benchmark associated with the 1981 lifting guide is the maximum
permissible limit or MPL. The MPL represents the point at which significant risk, defined
in part as a significant risk of vertebral end plate microfracture, occurs. The MPL is
associatedwith a compressive load on the spine of 6400N,which corresponds to the point at
which 50%of the peoplewouldbe expected to suffer avertebral endplatemicrofracture. The
MPL is a function of the AL and is defined as follows in Equation 11.2:

MPL ¼ 3ðALÞ ð11:2Þ
The weight that the worker is expected to lift in a work situation is compared to the weight
limits prescribed by theALandMPL. If themagnitudeofweight falls below theAL, thework
is considered safe andnowork adjustments are necessary. If themagnitude of theweight falls
above the MPL, then the work is considered to represent a significant risk and engineering
changes involving the adjustment of HF, VF, and/or DF are required to reduce the AL and
MPL. If the weight falls between the AL and MPL, then either engineering changes or
administrative changes, defined as selecting workers who are less likely to be injured or
rotating workers, would be appropriate.

The AL and MPL were also indexed relative to nonbiomechanical benchmarks.
NIOSH (1981) states that these limits also correspond to strength, energy expenditure, and
psychophysical acceptance points. Weights below the AL are expected to represent tasks
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within the static strength capability of 75% for females and 99% formales. Hence,matching
tasks relative to this limit may be protective from a muscle dysfunction risk standpoint
(Chapter 5). However, it is not known how dynamic strength (involved in much of modern
work) compares to this criterion.

The guide was designed to be used for primarily sagittally symmetric lifts that were
slow and smooth. Only one evaluation of the guide’s effectiveness could be found in the
literature (13). Comparing the predictions with historical data of back injury reporting in
industry, this evaluation indicated an odds ratio of 3.5 with good specificity but low
sensitivity. Thus, while this equation did a reasonable job of identifying jobs that were not
particularly risky, it did not identify problematic jobs well.

Overall, the benefit of this guide is that it is straightforward to use and free. In addition,
given the specificity, if a task is identified as problematic, it probably is worth an
intervention. The disadvantages of the guide include a lack of sensitivity to nonsymmetric
lifts and dynamic movement. In addition, the sensitivity is such that it will most likely not
identify jobs that may be problematic.

11.5.2 The 1993 Revised Equation

The 1993 NIOSH revised lifting equation was introduced to address those lifting jobs that
violate the sagittally symmetric lifting assumption of the original 1981 lifting guide (14).
While NIOSH recommends the use of this revised equation, some prefer to use the original

Figure 11.2 Modifying relationships for spine load estimates relating to the external moment (a),
length–strength relationship of the muscle (b and c), and the temporal components of the work (d)
(from reference 12).
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1981 Lifting Guide. The concepts of AL and MPL were replaced with a concept of a lifting
index or LI, intended for ease of use. The LI is defined in Equation 11.3 as:

LI ¼ L
RWL

ð11:3Þ
where L¼ load weight or theweight of the object to be lifted. RWL¼ recommendedweight
limit for the particular lifting situation.LI¼ lifting indexused to estimate relativemagnitude
of physical stress for a particular job.

If the LI is greater than 1.0, an increased risk of suffering a lifting-related low back
disorder exists. The RWL is similar in concept to the 1981 Lifting Guide AL equation
(Eq. 11.1) in that it contains factors that discount the allowable load according to the
horizontaldistance,vertical locationof the load,vertical traveldistance,andfrequencyof lift.
However, therewerealsoacoupleofadjustmentsmade to theequation.The loadconstantwas
reduced from 40 kg (90 lb) to 23 kg (51 lb), thereby reducing the maximum allowable lift
weight. Inaddition, the formof thesediscounting factorswasadjusted toaccount for the lower
load constant. Also, two additional discounting factors have been included. These additional
factors include a lift asymmetry factor that accounts for asymmetric lifting conditions and a
coupling factor that accounts for whether or not the load lifted has handles. The RWL is
represented in Equations 11.4 (metric units) and 11.5 (US units).

RWLðkgÞ ¼ 23ð25=HÞð1�ð0:003jV�75jÞÞð0:82þ 4:5=DÞÞðFMÞð1�ð0:0032AÞÞðCMÞ
ð11:4Þ

RWLðlbÞ ¼ 51ð10=HÞð1�ð0:0075jV�30jÞÞð0:82þ 1:8=DÞÞðFMÞð1�ð0:0032AÞÞðCMÞ
ð11:5Þ

whereH¼ horizontal location forwardof themidpoint between the ankles at the origin of the
lift. If significant control is required at the destination, thenH should bemeasured both at the
originanddestinationof the lift (incentimetersor inches).V¼ vertical locationat theoriginof
the lift (in centimeters or inches).D¼ vertical travel distance between origin and destination
of the lift (in centimeters or inches). FM¼ frequency multiplier shown in Table 11.2.
A¼ angle between the midpoint of the ankles and the midpoint between the hands at the
origin of the lift (degrees). CM¼ couplingmultiplier ranked as either good, fair, or poor and
described in Table 11.3.

Two assessments of the revised equation, comparing its estimates to injury reporting,
have been performed. One assessment compared the ability of the tool to identify high and
low risk jobs basedonahistorical database (13). This assessment yielded anodds ratio of 3.1.
Further analyses indicated higher sensitivity than the 1981 guide but lower specificity. Thus,
the 1993 revised equation yields amore conservative (protective) prediction ofwork-related
low back disorder risk. This version of the model tended to identify problematic jobs well
(from a low back risk perspective), but unfortunately, also often identified nonrisky jobs as
problematic.

A second analysis using a different data set compared risk odds ratios to the predicted
LI for various jobs (16). For LIs between 1 and 3, the odds ratios ranged from 1.54 to 2.45
indicating an increasing odds ratio with increasing low back pain reporting. However, the
odds ratio for LIs over 3 was lower (odds ratio of 1.63) indicating a nonmonotonic
relationship between the LI and risk.

The advantages of this tool are that it is relatively simple to use and cost free. However,
it appears to be unnecessarily protective and may require the changing of jobs that do not
necessarily placeworkers at risk. In addition, the tool is also unable to consider the effects of
dynamic movements upon risk.
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11.6 VIDEO-BASED BIOMECHANICAL MODELS

A Canadian group of researchers (17) used a quasi-dynamic 2D biomechanical model to
assess cumulative biomechanical loading of the spine in 234 automotive assembly workers.
This study identified four independent risk factors for lowback disorder reporting consisting
of integrated loadmoment (over awork shift), hand forces, peak shear force on the spine, and
peak trunk velocity. They concluded that workers in the top 25% of loading exposure on all
risk factors were at about six times the risk of reporting back pain than those in the bottom
25% of loading.

While this model has helped identify dynamic risk factors, it also requires significant
effort as well as the expense of software to perform the assessments.

TABLE 11.3 Coupling Multiplier

Coupling type V< 30 in. (75 cm) V� 30 in. (75 cm)

Good 1.00 1.00
Fair 0.95 1.00
Poor 0.90 0.90

Reprinted from NIOSH, Application Manual for Revised NIOSH Equation, 1994 (from reference 15).

TABLE 11.2 Frequency Multiplier Table (FM)

Work Duration

�1 h >1 but �2 h >2 but �8 h

Frequency
lifts/min (F)a V< 30 V� 30 V< 30 V� 30 V< 30 V� 30

�0.2 1.00 1.00 0.95 0.95 0.85 0.85
0.5 0.97 0.97 0.92 0.92 0.81 0.81
1 0.94 0.94 0.88 0.88 0.75 0.75
2 0.91 0.91 0.84 0.84 0.65 0.65
3 0.88 0.88 0.79 0.79 0.55 0.55
4 0.84 0.84 0.72 0.72 0.45 0.45
5 0.80 0.80 0.60 0.60 0.35 0.35
6 0.75 0.75 0.50 0.50 0.27 0.27
7 0.70 0.70 0.42 0.42 0.22 0.22
8 0.60 0.60 0.35 0.35 0.18 0.18
9 0.52 0.52 0.30 0.30 0.00 0.15
10 0.45 0.45 0.26 0.26 0.00 0.13
11 0.41 0.41 0.00 0.23 0.00 0.00
12 0.37 0.37 0.00 0.21 0.00 0.00
13 0.00 0.34 0.00 0.00 0.00 0.00
14 0.00 0.31 0.00 0.00 0.00 0.00
15 0.00 0.28 0.00 0.00 0.00 0.00
>15 0.00 0.00 0.00 0.00 0.00 0.00

Reprinted from NIOSH, Applications Manual for the Revised NIOSH Lifting Equation (from reference 15).
aFor lifting less frequently than once per 5min, set F¼ 0.2 lifts/min.
bValues of V are in inches.
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11.7 LUMBAR MOTION MONITOR RISK ASSESSMENT

In an attempt to consider the contribution of trunk dynamics as well as the traditional
biomechanical factors in workplace assessment of risk, a study (18,19) biomechanically
evaluated over 400 industrial jobs (with documented low back disorder risk history) by
observing114workplace andworker-related variables. The studycomparedprimarily physical
workplace characteristics (including dynamic motions to which the workers were exposed) in
those workers performing lifts in high risk jobs (average of 26 low back pain reports per 100
workers) to low risk lifting jobs (0 low back pain reports per 100 workers).

Of the variables explored, exposure to loadmoment (loadmagnitude� distance of load
fromspine)was found to be the singlemost powerful predictor of low back disorder reporting.
This study also identified 16 trunk kinematic variables that resulted in statistically significant
odds ratios associated with risk of low back disorder reporting in the workplace. None of the
single kinematic variables were as strong a predictor as load moment; however, when load
moment was combined with three kinematic variables (relating to the three dimensions of
trunk motion) along with an exposure frequency measure (indicating the temporal aspects of
loading), a strongmultiple logistic regressionmodel resulted that described reporting of back
disorder well (OR¼ 10.7). The analysis indicated that riskwasmultivariate in nature and that
exposure to the combination of the five variables described reporting well.

This information was incorporated into a tool that included this predictive functional
riskmodel (Fig. 11.3) and is capable of accounting for trade-offs between risk variables. For
example, a job task that exposes a worker to lowmagnitude of load-moment can represent a
high risk situation if the other four variables in the model were of sufficient magnitude.
Hence, the model recognizes the trade-offs among the interactive risk factors.

To aid in interpretation of risk, the model has color coded the probability of high
risk groupmembership into a green (safe), yellow (moderate risk), and red (high risk) groups
(Fig. 11.3). Themodel has beenvalidated in a prospectiveworkplace intervention study (20).

However, to perform this assessment, one must assess the three-dimensional dynamic
motions to which the worker is exposed during repetitions of the job task. To provide this
information to the model, a lumbar motion monitor (LMM) is worn by the worker when the

Lift rate 
(lifts/h)

87.3   112.2  137.1   162.1   187.0  211.9  236.9  261.8   286.8

3.8     4.9      5.9       7.0      8.1       9.2     10.3    11.4     12.4

17.8    22.9    28.1    33.2    38.3    43.4     48.5    53.6   58.7

21.96.7       8.6    10.5     12.4    14.3     16.2    18.1    20.0 

63.919.4     25.0    30.5    36.1    41.7    47.2    52.8     58.3  

Probability of high risk group membership

Maximum lateral 
velocity (deg/s)

Average twisting
velocity (deg/s)

Maximum sagittal
flexion (deg)

Maximum moment 
(ft lb)

1009080706050403020100

Figure 11.3 Lumbar motion monitor (LMM) risk model. The probability risk of high risk (of
low back pain) group membership is quantitatively indicated for a particular task for each of five
risk factors indicating how much exposure is too much exposure for a particular risk factor. The
vertical arrow indicates the overall probability of high risk group membership due to the
combination of risk factors. The risk “zone” is also color coded to help in interpretation.
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job is performed (Fig. 11.4). This lightweight device offers little resistance toworkermotion
and simply moves along with the worker’s back without interfering with the job tasks. The
LMM measurements are linked via a radio telemetry system to the risk model described
abovevia a computer program to document trunkmotion exposure on the job. Loadmoment
is input to the model by simplymeasuring the distance of the lifted object from theworker’s
spine multiplied by the object weight. Temporal aspects of the job (lift rate) are also input to
the program by the analyst.

The advantage of this assessment is that it can account for the dynamic components of
taskdemands aswell as the external loads towhich theworker is exposed.Another advantage
is that, since the analyses are computerized, the results are available immediately after data
collection has been completed. This makes it possible to get immediate feedback and
intervention feasibility can be easily achieved via a “trial and error approach.” The
disadvantage of this approach is the cost of the equipment and program needed to perform
the assessment. However, given costs of low back disorders to industry, the device can more
than pay for itself by eliminating one work-related low back problem.

When the findings from these studies are considered in conjunction with previous
epidemiologic evidence at the workplace (3), it is clear that work associated with activity
performed in nonneutral postures increases the risk to the back. Collectively, these studies
indicate that as trunk posture becomes more extreme or the trunk motion becomes more

Figure 11.4 A lumbar motion monitor (LMM) worn by a worker can document worker exposure
to dynamic work conditions. This information is used as part of the input to the risk model
described in Fig. 11.3.
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rapid, reporting of back disorders is greater. While this model is not a direct assessment of
spinal loads associated with the task, it represents the only means to indirectly consider the
interaction among risk factors by assessing loading and risk due to dynamicmotion exposure
in the workplace.

Each of the risk factor scales shown in Fig. 11.3 has also been assessed from a
biomechanical standpoint. Biologically assisted models of spine loading have been used to
assess the range of lift frequency (21,22), trunk twisting (23), load moment (24–26), sagittal
flexion(26),andthetrunk’slateralbendingvelocity(27).Thesestudieshavedemonstratedwhy
the lowervaluesoneachriskfactor scale relate to lower spine loadingcompared togreater scale
values. Thus, this assessment tool enjoys the benefit of a biomechanical validation.

A database of 126 jobs including LMM information was evaluated (28) to precisely
quantify and assess the complex trunk motions of groups with varying degrees of low back
disorder reporting. They determined that groups with greater reporting rates exhibited
complex trunk motion patterns involving high magnitudes of combined trunk velocities,
especially at extreme sagittal flexion, whereas the low risk groups did not exhibit these
patterns.This study suggested that elevated levelsof complex simultaneous velocity patterns
along with key workplace factors (load moment and frequency) were unique to those with
increased low back disorder risk.

A validation study of this technique (described in Chapter 7) was also used to assess
which interventions were effective in reducing low back pain reporting in this assessment
(20).This samestudyobserved the interventions thatwere chosen tocontrol lowbackpainon
the job.As shown inFig. 11.5, under these circumstances, only lift tables and lift aids (such as
hoists and cranes) had any appreciable effect on incident rates. In general, interventions such
as redesign and equipment changes were no more effective than no interventions at all
(control) over the observation period. It is worth noting that the effectiveness (or lack of
effectiveness) of these interventions (as measured by incidence rates) were predictable by
the LMM risk model. Thus, if appropriate measurements techniques are employed, that are
capable of identifying the nature of the risk (e.g., dynamic loading), it is possible to identify
both risky work conditions and appropriate interventions.

The advantages of the LMM risk model include the consideration of dynamic
movement during the task, a strong prediction capability, a historical and biomechanical
underpinning, and a prospectivevalidation. Disadvantages of the system are associatedwith
the cost of the device and the need to instrument the worker to perform an assessment.
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Figure 11.5 Intervention effectiveness in affecting low back pain reporting at the job classified
according to four different intervention categories and a control group (no intervention over the
observation period). (From reference 20).
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11.8 LIFTING THRESHOLD LIMIT VALUES (TLVs)

The lifting threshold limit values orTLVs represent themost recent lifting assessment tool to be
used in theworkplace.TheTLVwasdeveloped by consideringpredictions frombiomechanical
loading fromanEMG-assistedmodel (29), a databaseofhistorical risk associatedwithdifferent
liftingconditions (19), aswell as the3DSSPPandNIOSHliftguidepredictionswhenestimating
risk associated with lifts from different lifting “zones.” The TLVs identify workplace lifting
conditions under which it is believed that nearly all workers may be repeatedly exposed, day
after day, without developing workrelated low back disorders associated with repetitive lifting
tasks (30). Appropriate control measures should be implemented any time the lifting TLVs are
exceeded or lifting-related musculoskeletal disorders are detected.

TheTLVs consists of three charts: the chart used to determine the TLVs is a function of
the lifting duration and lifting frequency. Then, based on one of four categories for height of
the lift (floor to mid-shin height, mid-shin to knuckle height, knuckle height to below
shoulder, and below shoulder to 30 cm above shoulder) and one of three categories of
horizontal lift distance (close, intermediate, and extended), TLVs forweight are given. Thus,
this approachconsiders bothhorizontalmoment andorigin of lift height todefine lift “zones”
in one measure. In some cases, the tables indicate that there is no known safe limit for
repetitive lifting under those conditions.

TheTLVis limited to two-handedmono-lifting tasksperformedwithin30� of thesagittal
plane, so tasks requiring a large amount of trunk twisting should not be analyzedwith this tool.

If any of the conditions listed below are present, then professional judgment should be
used to reduce weight limits below those recommended in the TLVs:

. Lifting at a frequency higher than 360 lifts per hour.

. Extended work shifts: lifting performed for longer than 8 h per day.

. High asymmetry: lifting more than 30� away from the sagittal plane.

. One-handed lifting.

. Lifting while seated or kneeling.

. High heat and humidity.

. Lifting unstable objects (e.g., liquids with shifting center of mass).

. Poor hand coupling: lack of handles, cut-outs, or other grasping points.

. Unstable footing (e.g., inability to support the bodywithboth feetwhile standing).

The lifting TLV does incorporate relatively complex data into a format that is quick,
easy to use, and easy to interpret; hence, it is a very useful tool to quickly assessmany lifting
tasks. The results can also direct the user to job redesign strategies. For example, if the lifting
conditions exceed the TLV, the user can then find cells in the table that would not exceed the
TLV, and then redesign the job accordingly. Since the results are presented in a straightfor-
ward, intuitive format, the TLValso can be useful when requesting support from manage-
ment for resources to institute ergonomic interventions.

The following represent step-by-step instructions for determining the lifting TLV:

1. Understand the limitations and basis of the TLVs.

2. Determineifthetaskdurationislessthanorequalto2 hperdayorgreaterthan2 hperday.

3. Determine the lifting frequency as the number of lifts a worker performs per hour.

4. Use the TLV table that corresponds to the duration and lifting frequency of the task.
(Table 11.4 can be used to determine the appropriate TLV table given the frequency
and the duration.)
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5. Determine the lifting zoneheight basedon the locationof thehands at thebeginningof
the lift. (Fig. 11.6).

6. Determine the horizontal location of the lift bymeasuring the horizontal distance from
the midpoint between the inner ankle bones to the midpoint between the hands at the
beginning of the lift.

7. Determine theTLVfor the lifting task, as displayed in the table cell that corresponds to
the lifting zone and horizontal distance in the appropriate table, based on frequency
and duration (Tables 11.5–11.7).

Figure 11.6 Graphic representation of hand location at lift origin. (From reference 15).

TABLE 11.4 TLVTableCorresponding to Specified Levels of Lifting Frequency and LiftingDuration
(From Reference 30)

Duration of Task Per Day

Lifts per Hour �2 h >2 h

�60 Table 11.5
�12 Table 11.5
>12 and �30 Table 11.6
>60 and �360 Table 11.6
>30 and �360 Table 11.7
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TABLE 11.5 TLVs for Lifting Tasks �2h per Day with �60 Lifts per h or >2 h per Day with
�12 Lifts per h (From Reference 30)

Lifting height
zone

Horizontal
location
of lift

Close lifts: origin
<30 cm from

midpoint between
inner ankle bones

Intermediate lifts:
origin 30–60 cm from
midpoint between
inner ankle bones

Extended lifts: origin
>60–80 cm from
midpoint between
inner ankle bonesa

Reach limitb from
30 cm above to
8 cm below
shoulder height

16 kg 7 kg No known safe limit for
repetitive liftingc

Knuckle heightd

to below shoulder
32 kg 16 kg 9 kg

Middle shin
height to knuckle
heightd

18 kg 14 kg 7 kg

Floor to middle
shin height

14 kg No known safe limit
for repetitive liftingc

No known safe limit for
repetitive liftingc

aLifting tasks should not be started at a horizontal reach distance more than 80 cm from the midpoint between the inner ankle bones
(Fig. 11.2).
bRoutine lifting tasks shouldnot be conducted fromstartingheightsgreater than30 cmabove the shoulder ormore than180 cmabove
floor level (Fig. 11.2).
cRoutine lifting tasks should not be performed for shaded table entriesmarked “no known safe limit for repetitive lifting.”While the
available evidence does not permit identification of safe weight limits in the shaded regions, professional judgment may be used to
determine if infrequent lifts of light weights may be safe.
dAnatomical landmark for knuckle height assumes the worker is standing erect with arms hanging at the side.

TABLE 11.6 TLVs for Lifting Tasks >2h per Day with >12 and �30 Lifts per h or �2h per Day
with >60 and �360 Lifts per h (From Reference 30)

Lifting height
zone

Horizontal
location of lift

Close lifts: origin
<30 cm from

midpoint between
inner ankle bones

Intermediate lifts:
origin 30–60 cm from
midpoint between
inner ankle bones

Extended lifts: origin
>60 to 80 cm from
midpoint between
inner ankle bonesa

Reach limitb from
30 cm above to
8 cm below
shoulder height

14 kg 5 kg No known safe limit
for repetitive liftingc

Knuckle heightd

to below shoulder
27 kg 14 kg 7 kg

Middle shin
height to knuckle
heightd

16 kg 11 kg 5 kg

Floor to middle
shin height

9 kg No known safe limit
for repetitive liftingc

No known safe limit
for repetitive liftingc

aLifting tasks should not be started at a horizontal reach distancemore than 80 cm from themidpoint between the inner ankle bones
(Fig. 11.2).
bRoutine lifting tasks shouldnot be conducted fromstartingheightsgreater than30 cmabove the shoulder ormore than180 cmabove
floor level (Fig. 11.2).
cRoutine lifting tasks should not be performed for shaded table entriesmarked “No known safe limit for repetitive lifting.”While the
available evidence does not permit identification of safe weight limits in the shaded regions, professional judgment may be used to
determine if infrequent lifts of light weights may be safe.
dAnatomical landmark for knuckle height assumes the worker is standing erect with arms hanging at the side.
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If theweight being lifted in the task exceeds the TLV, then changesmust bemade to the
task to ensure that theweight iswithin the limit. Factors such as the characteristics of the task,
typeof industry, andeconomicswill dictate the appropriate task redesignstrategy.Thefollow-
ing hierarchy of controls is suggested when redesigning manual material handling tasks:

1. Eliminate unnecessary lifting: Whenever possible, eliminate manual materials han-
dling bycombiningoperations or shortening thedistances thatmaterialmust bemoved.
Look atmaterial flow through the facility and eliminate any unnecessary lifts. By doing
so, you eliminate worker exposure to the musculoskeletal disorder risk factors. In
addition, the overall efficiency of a facility is generally improved as time previously
required to manually handle materials can be used for other productive tasks.

2. Automate or mechanize lifting: If it is not possible to eliminate the lift, consider
automating the lifting taskorusingamechanical liftingdevice.Devices suchashoists,
cranes, andmanipulators can eliminate the forces on the spine associatedwithmanual
materials handling. Therefore, the likelihood of back injuries is also reduced.

3. Modify the job to fit within worker capabilities: If material must still be handled
manually (or until one of the above approaches can be implemented), design the task
to reduce the stress on the body as much as possible, with emphasis on ensuring that
the weight lifted is below the lifting TLV. Some strategies for job design include the
following:

. Allow for lifting loads as close to the body as possible. Some techniques to reduce
reaching distances are (a) eliminate any barriers such as the sides of bins or boxes,
(b) use a turn table for loads on pallets, and (c) use a tilt table to allow for better
access into bins.

TABLE 11.7 TLVs for Lifting Tasks>2 h per Daywith>30 and�360 Lifts per Hour (FromReference 30)

Lifting height zone
Horizontal

location of lift

Close lifts:
origin< 30 cm
from midpoint
between inner
ankle bones

Intermediate lifts:
origin 30–60 cm
from midpoint
between inner
ankle bones

Extended lifts:
origin >60–80 cm
from midpoint
between inner
ankle bonesa

Reach limitb from
30 cm above to 8 cm
below shoulder
height

11 kg No known safe limit
for repetitive liftingc

No known safe limit
for repetitive liftingc

Knuckle heightd to
below shoulder

14 kg 9 kg 5 kg

Middle shin height to
knuckle heightd

9 kg 7 kg 2 kg

Floor to middle shin
height

No known safe
limit for repetitive
liftingc

No known safe
limit for repetitive
liftingc

No known safe
limit for repetitive
liftingc

aLifting tasks should not be started at a horizontal reach distance more than 80 cm from the midpoint between the inner ankle bones
(Fig. 11.2).
bRoutine lifting tasks shouldnot be conducted fromstarting heights greater than30 cmabove the shoulder ormore than180 cmabove
floor level (Fig. 11.2).
cRoutine lifting tasks should not be performed for shaded table entriesmarked “no known safe limit for repetitive lifting.”While the
available evidence does not permit identification of safe weight limits in the shaded regions, professional judgment may be used to
determine if infrequent lifts of light weights may be safe.
dAnatomical landmark for knuckle height assumes the worker is standing erect with arms hanging at the side.
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. Place the loadasclose towaistheightaspossible.Thismaybeaccomplishedbyusing
adjustable lift tables or inclined conveyors to locate the object to be handled at waist
height.

. Reduce the need to twist the trunk by reorienting the lifting origins and
destinations.

. Reduce theweight of the load being lifted so that theweights arewithin the lifting
TLV.

There are several advantages of the TLV. It incorporates the benefits of several
biomechanical assessment tools into an “easy to use” assessment method. In addition,
biomechanical loads as well as dynamic risk factors are imbedded in the analyses. Finally,
the logic has been tied to historical observations of risk. The disadvantage is, aswith several of
the other measures, the specific information about the task (precision of load placement,
specific trunk motion requirements, etc.) is not considered. However, overall, this is the
single “easy touse” tool that considers several different types of information inone assessment
tool.

11.9 WORKPLACE ASSESSMENT COMPARISONS

The findings of recent quantitative field studies used to assess workplace low back pain risk
using availableworkplace risk factormeasures are summarized inTable 11.8.The studies are
consistent in that even though these studies have not evaluated spinal loading directly,
the exposure measures included were indirect indicators of spinal load and suggest that as
these risk factors increase in magnitude the risk increases. Load location or strength ratings
both appear to be indicators of themagnitude of the load imposed on the spine. The 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 external load. As these metrics change, they can change the nature of the
loading on the backs internal structures.

Table 11.9 shows how the various available assessment tools discussed in this section
compare relative to identified risk factors affecting loading of the spine and potentially
influencing the low back pain pathways discussed earlier. As shown in this table, most of the
assessment tools are sensitive to various components of the physical risk factors discussed in
Chapter 7. Several findings are apparent from this table. First, fewof the assessment tools are
sensitive to all of the physical risk factors. Thus, onemust consider the nature of the physical
risk and then choose the appropriate risk assessment tool if one is to understand the impact of
physical factors on spine loading due to the physical work environment. Second, all of the
estimates of spine loadings used in these assessments are based on crude estimates of
loading. Since none are direct results of biologically assisted models, the loadings are all
simply approximations and not particularly sensitive. Third, none of the assessment
techniques is able to comprehensively evaluate the influence of psychosocial/organizational
or individual risk factors. Thus, the influence of interactions between these risk factors is
typically not evaluated through the use of these tools. Given these constraints, all assess-
ments should be used in conjunction with the realization that the dimensions of the risk
factors not evaluated by the assessment tool may play a role in spine loading and resulting
risk of low back pain.

Collectively, these studies demonstrate that when meaningful biomechanical assess-
ments are performed at theworkplace, associations between biomechanical factors and risk
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of low back disorder reporting are stronger. Several common components of biomechanical
risk assessment can be derived from these studies. First, increased low back pain reporting is
associated with work primarily when the specific load location relative to the body (load
moment or load location) is quantified in some way. Most studies have shown that these
factors are closely associated with increased low back pain reports. Second, many studies
have shown that increased reporting of low back pain can be well characterized when the
three-dimensional kinematic demands of thework are described. Finally, nearly all of these
assessments havedemonstrated that risk ismultidimensional in that there is a synergy among
risk factors that is often associatedwith increased reporting of lowback pain. Several studies
have also suggested that some of these relationships are nonmonotonic.

In summary, these efforts have suggested that the better the lifting dimensions can be
characterized in terms of biomechanical demand, the better the association with risk. This
review also suggests that there are several assessment techniques that are available, many of
which are based on different risk factors or a combination of risk factors. The most
appropriate assessment tool depends on the nature of the risk associated with the job (static
versus dynamic activities, large force versus low level force, etc.)

11.10 CONCLUSIONS

This reviewhas shown that lowback disorders are common in theworkplace andare associated
with occupational tasks when the risk factors of manual materials handling, bending, and
twisting are present. The load–tolerance relationship represents a sound biomechanically
plausible avenue to support the epidemiologic findings. Sophisticated biologically assisted
biomechanical models have been developed that have been used to quantitatively assess many
situations (in the laboratory) that are common to workplaces. There are also a host of
quantitative workplace assessment tools available to assess risk directly at the worksite. Some
of these workplace tools have incorporated the findings of these sensitive laboratory tools.
These tools appear to be most sensitive if they are multifactorial in nature, assess the load
moment exposure, and torso kinematic responses towork situations in three-dimensional space
and employ assessment techniques that are well matched with the nature of the risk on a
particular job (e.g., static versus dynamic risk). The more precisely these job requirements are
documented, the better the association with risk.

This review has also shown that all tools have their strength and weaknesses.
Additionally, the strengths and weaknesses vary between tools. For example, some tools
are more sensitive to static loading risk (e.g., the 3DSSPP), whereas other tools are sensitive
to dynamicmovement loading risk (e.g., the LMMriskmodel). Therefore, it is important for
the tool user to determinewhich risk factor is present in thework situation and then select an
appropriate tool that is sensitive to the nature of the risk. Hence, different tools will be
appropriate for different situations. Likewise, certain tools will be inappropriate for a given
situations. Remember, these are simply tools that should be used in conjunction with the
knowledge and judgments of the person performing the assessment. No tool will represent
the “final word” on LBP risk for all work situations.

KEY POINTS

. Engineering control assessment tools are intended to assess the aspect ofwork that
have the potential to influence risk and are able to be changed. Thus, assessment
tools typically assess the physical components of work.
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. Different assessment tools are based on different assumptions about risk and,
therefore, are sensitive to different components of risk.

. It is important to match the assessment tool to the nature of the risk (e.g., static,
dynamic, etc.) expected at work for the tool to be sensitive in identifying risk.

. Assessment tools that are easy to use are generally insensitive to the specific
nature of the risk factors. Those tools that are more sensitive to risk generally
require more instrumentation and are more expensive.

. While engineering control assessment tools assess different aspects of physical
exposure risk, few are able to account for interactive effects due to the psychoso-
cial/organizational environment or the influence of individual worker.
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CHAPTER 12
ADMINISTRATIVE CONTROLS FOR
THE WORKPLACE: PSYCHOSOCIAL
AND ORGANIZATIONAL
INTERVENTIONS

TH I S C H A P T E R discusses the ability of administrative controls to influence risk

of low back pain reports in the workplace. The process of psychosocial and organization

change and the thinking behind influencing the low back pain pathways is discussed.

Administrative practices such as ergonomics processes, lift training, and back belts are

considered.

12.1 IMPLEMENTING PSYCHOSOCIAL AND ORGANIZATIONAL
CHANGE

Recent findings have shown that there are substantial links and interactions between trunk
muscle cocontraction levels caused by psychosocial factors and the subsequent biomechan-
ical loading of the spine (1,2). This increase in biomechanical loading of the spine may be
significant enough to initiate one of the low back pain pathways discussed earlier. Hence, to
effectively impact low back pain risk in the workplace as well as to maximize the
effectiveness of the physical workplace interventions, it is necessary to consider the
psychosocial and organizational environment surrounding the intervention.

Psychosocial factors can be related to the worker acceptance of physical workplace
interventions. Thus, psychosocial factors should be considered in conjunctionwith physical
adjustments to the workplace. One can develop the world’s best engineering solution to
minimize back stress at work. However, if the workers do not accept the change and use the
intervention, the intervention becomes useless. In addition, the worker may become
resentful of the situation and this may lead to a poorer psychosocial environment. There
are numerous reasonswhyaworkermight not accept a physical change to theworkplace. It is
typical to hear workers proclaim that they like the way the job is designed and they have not
had any problems yet, so they are not going to use the intervention. From the worker’s
perspective, change can be uncomfortable. The first reaction is usually to reject the
intervention. Most interventions take some getting used to and workers rarely give the
new solution a chance by using it formore than a few cycles of the job. Besides, workers take
ownership of their workplace and if you are going to change it, their first reaction is to feel
violated. In addition, few workers are familiar with how back pain occurs in terms of the

The Working Back: A System View, by Williams S. Marras
Copyright � 2008 John Wiley & Sons, Inc.
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delayed effects of nutrition disruption to the disc or the cumulative nature of spine
loading. Therefore, if they are not feeling pain, there is little incentive for the worker to
accept change.

The key to helping the worker accept the change or intervention without risking
negative attitudes is to pay attention to the psychosocial and organizational situation
surrounding theworkplace.Twokeycomponents of intervention acceptance involve training
and worker involvement in the intervention solution. Training should involve a discussion
regarding the progressive nature of back pain. Basic anatomy of the spine, the fundamentals
of biomechanics, and the process of disc degeneration should be covered at a minimum.
However, this training should be performed in a functional manner and should be presented
by someone with credibility in the worker health field.

Worker involvement in the solution shouldmake theworker realize they are part of the
design and the key to the solution. It is often the case that one understands exactly which
physical interventions are necessary to correct a low back risk situation. However, if one
spends some time talking to the workers performing the operation and ask them for their
insight, they may arrive at a similar conclusion as your intervention. The key is to help the
worker take ownership of the idea. If theworker realizes that it is his or her intervention that is
being implemented and that you are simply helping them fulfill their ideas, there is a good
chance theywill use the intervention. This is one of themain advantages of a psychosocially
acceptable intervention.

A reviewofworkplace systems interventions (3) has shown that such interventions can
reduceworkers’ compensation costs if they are implemented correctly. Thus, it is incumbent
uponmanagement to providewell thought through interventions that can interfacewell with
thework situation.However, experiencehas also shown that unless theworkers are accepting
of workplace redesign, the interventions will not be effective.

A proven method to maximize the effectiveness of workplace interventions is to
implement an ergonomics process. These processes are designed to address occupational
health issues in a timelymanner and create an environment thatmakes theworkers accepting
of engineering interventions. Ergonomics processes grew out of efforts to control musculo-
skeletal disorders inmeat-packing facilities (4). The logic behind this approach is to develop
a system or process to identify and correct musculoskeletal problems associated with work.
The process deals with systems changes in the organization. The goal is to develop an
organization where the workers feel empowered and take ownership for their own health.
Labor and management are involved collectively in the design and control of work so that
everyone has a stake in the success of the process. An important aspect of this practice is that
it is considered an ongoing process instead of a program since it is intended to become
an ongoing surveillance and correction component of the business operation instead of a
one-time effort.

Theprocess is intended to encouragemanagement and labor to communicate andwork
as a team to accomplish a common goal ofworker health. To address the psychosocial issues
in the workplace, a key component of an ergonomics process is worker empowerment.
Workers are encouraged to take an active role in the process and take control and ownership
of work design suggestions and changes. Thus, the process encourages a participatory
approach. Benefits of such an approach include increased worker motivation, job satisfac-
tion, and greater acceptance of change. The goal is to create an environment where the
success of the operation is the objective as opposed to the interests of any given individual.
Thus, changing the attitude of the organizational unit is expected to minimize the trunk
muscle cocontractions responses associated with certain personality types and, thereby,
minimize the prolongedmuscle tensions and subsequent spine loading patterns that can lead
to low back pain.
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12.2 ELEMENTS OF THE PROCESS

There are several functions of a successful organizational intervention process. These
functions include management leadership and commitment, employee participation, job
analysis leading to injury prevention and control, training, medical management, program
evaluation, and documentation. A successful process begins with the creation of an
occupational health committee (often called an ergonomics committee). The committee
composition should be balanced between management and labor to encourage a balanced
effort to work toward the common goal. A balance is needed so that the committee is not
controlled by either management or labor. All members should have an equal vote on the
committee andmembersmust not feel intimidated or unwilling to communicate substantive
issues regarding worker health concerns and potential solutions.

Committee members should include those involved with the design of work layout as
well as those empowered to dictate scheduling. In addition, labor representatives to the
committee should include those employeeswhohavebroad experiencewithmanyof the jobs
in the facility aswell as those employeeswho can communicatewellwith themajority of the
work force. This committee then becomes the center of all intervention-related activities
within the facility.

This process consists of a system of componentswhere the different components of the
system interact toproduce thedesired effect.The interactionswithin this systemare shown in
Fig. 12.1. This figure indicates that a steering committee is at the heart of the interactions
with all the components of the process. The process begins with management involvement.
Ergonomic processes must be driven from top down. Thus, management must initiate the
process and visibly demonstrate commitment to the process. In addition, management must
provide resources to the committee. These resources should include financial resources so
that physical interventions can be implemented as well as the access to information such as
injury records, production schedules, and so on.

As indicated inFig. 12.1, the fundamental responsibilitiesof the steeringcommittee are
threefold. First, the committee must monitor the workplace to determine where clusters of

Figure 12.1 Organizational structure of a process designed to minimize the negative impact of
psychosocial problems and help implement effective physical workplace interventions.
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work-related low back disorders are located. Techniques for surveillance includemonitoring
OSHA recordable injury reports and medical reports as well as surveying workers for low
back pain symptoms. The objective of this surveillance effort is to identify which job
processes or organizational units may be associated with an increased risk of low back pain.
For the intervention efforts to become preventive rather than reactive, it is important to solicit
the cooperation of the laborworkforce in this effort.Medical personnel canhelp facilitate this
effort by helping the committee interpret the trends in an objective fashion.

The second responsibility of the committee is the prevention and control of occupa-
tionally related musculoskeletal disorders and in particular low back pain. For the purposes
of low back pain, the techniques discussed earlier can be employed to help isolate the nature
of any potential problems associated with the design of work. The issue of interest here is
often “howmuchexposure to risk factors is toomuch exposure?”Thus, quantitativemethods
can be used to help determinewhich changes are needed and their likely impact.As indicated
in the figure, work design experts can be useful in assisting the committee in performing
these assessments.

The third responsibility of the committee is the training and education of the
workforce. Several levels of training are typically necessary. All workers should receive
short-duration awareness training to inform them that an occupational health process is in
place, familiarize themwith risk factors, andexplain to themhow to interactwith theprocess.
In addition, workers should receive training about the types of symptoms that need to be
reported to the committee for prevention to be successful. This training should also include a
brief review of the spine’s structure and organization and a review of basic back health
information including basic biomechanics. This information will provide a basic under-
standing of low back pain causality for the worker and provide the worker with the
knowledge necessary to motivate them to use an intervention.

Higher level training should also be provided to engineers and supervisors. In general,
training should be of sufficient detail so thatmanagement understands the functioning of the
process and they do not become an impediment to the process success. Both medical
professionals and ergonomic specialists can facilitate these activities. It is also imperative to
set management expectations for the process. Once the work force is educated about the
types of symptoms that should be reported, it is not unusual for incident reporting to increase
dramatically. This is because early symptom reporting is being encouraged. Therefore,
traditional injury reports (that would have occurred without encouragement) are occurring
along with early symptom reports. This combination increases overall reporting. However,
management should not panic since the early symptom reports typically do not incur lost
time. Therefore, lost time drops and soon after incident rates also drop since the problems are
addressed before lost time events occur.

Medical management and the workplace experts serve as resources to the committee
for the process responsibilities. The goal of a process is not to make the ergonomics
committee into ergonomics experts, but to encourage them to actively involve experts to
accomplish the goals of the process. These experts can be valuable in terms of advising the
committee as to how and when to perform surveillance activities as well as suggesting
appropriate interventions for a given situation.

It is imperative that the program be evaluated regularly to justify its continuation.
Issues such as the achievement of program goals, reductions of musculoskeletal disorders,
hazard reduction, and employee feedback should be considered. Corrective actions should
be taken in response to the evaluation. Finally, documentation is an important part of a
successful program. Records should be kept that document the changes made to the
workplace and can serve as justification of expenditures. These records can also be used
to transfer knowledge to new team members.
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Such a process can have a significant impact on musculoskeletal risk, but only if the
process is performed correctly and maintained. Keys to process maintenance include
strong direction, realistic goals, establishment of a system to address employee concerns,
early intervention success, and publicity for the intervention. Although there are few well-
planned studies that explore the success of these processes from an epidemiological
perspective, numerous anecdotal reports of process successes have been reported in the
literature (5).

12.3 TRADITIONAL ADMINISTRATIVE CONTROLS

12.3.1 Worker Selection

Administrative controls and interventions constitute a means to control risk when it is
difficult or impossible to change the physical exposure to risk in the workplace. Adminis-
trative controls basically involve two approaches: (1) identifying workers who are least
likely to suffer a low back disorder when exposed to the work and (2) controlling the length
of exposure time to the risk. Some of the literature has indicated that worker conditioning
is an important factor in determining risk of low back pain in physically demanding jobs
(6,7). A few organizations have based worker selection criteria on conditioning and strength
criteria. However, these practices are not supported by the literature at this time. In addition,
somehavenoted that employing such criteria forworker selection reduces the potentialwork
pool to a very small number and creates staffing problems.

Genetics is believed to play a role in the development of low back pain. However, it is
unclear to what extent genetics plays a role in causality relative to physical risk factors.
Several researchers claim that genetic factors account for the majority of risk (8–12),
whereasother studieshaveattributed lowbackdisorder risk tophysical activities (13–17).As
stated earlier, it is highly likely that both categories of factors interact to set the stage for the
occurrence of low back disorders at the workplace.

From a practical standpoint, there are several problems with attempting to employ
administrative controls based on genetic predisposition to back pain. This approach sets up a
situation for worker selection based on genetics. Until the literature becomes much clearer
with regard to the percent of low back pain variance explained by genetics independent of
work exposure, the legality of worker selection will represent a problematic issue for
employers.

12.3.2 Worker Rotation

Probably the most common administrative control involves worker rotation. Rotation
attempts to control cumulative exposure risk by spreading the risky exposure over a larger
population of workers so that no worker is exposed to the risk for a long period of time. The
problem with worker rotation is that our understanding of time-dependent risk exposure is
poor.Manyof the physical exposure interventions are able to assesswhetherworkconditions
are risky for the low back or safe. However, when risk is present, difficulties arise when one
attempts to assess howmuch exposure to a risk is toomuch exposure to a risk. Most rotation
schemes are arbitrary and are not grounded in the scientific literature. Thus, one rotation
scheme may happen to converge on correct risk exposure limits for a group of workers,
whereas another may not. While many believe that job rotation results in a reduction of low
back pain risk, several studies have shown that risk can actually increase with job rotation
(18,19). These studies have observed that increases in low back pain reporting typically
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occur in the group that was previously not exposed to the low back risk factor. The increase
in risk to this previously unexposed group typically does not offset the reduction in risk to the
high exposure group. Thus, most studies that have attempted to control low back pain risk
have had difficulty determining a safe level of temporal exposure to the risk factor. These
findings are consistent with surveillance risk models that have found the exposure to
extremes of risk wasmore indicative of risk than the length of time exposed to the risk factor
(20,21).

12.3.3 Training

Traditionally, workers have been led to believe that there are correct or incorrect ways to lift
an object. It is a common occurrence to hear one suggest that one “lifts with the legs not the
back” or use a squat lift instead of a stoop lift. While it is appealing to think that one can
control low back risk through technique training, the literature does not support this notion.
Early biomechanical assessments of liftstyle revealed that the liftstyle that minimizes spine
load is highly dependent on the worker’s size and shape (anthropometry) and the conven-
tional thinking that minimal spine load occurred while lifting with the legs was not born out
by the biomechanical analyses (22,23). Later studies using more robust biomechanical
assessment techniques have confirmed that spine loads are not necessarily lower during
squat lifts compared to stoop lifts (24). In addition, since squat lifting requires more energy,
workers tend to gravitate to stoop lift styles as they becomemore fatigued (25). Thus, even if
squat liftswere an effectivemeansof controlling spine loads,workerswould tend tousemore
stoop lifting as the workday progressed. In addition, one needs to consider how training
might affect risk to the other parts of the body. For example, more squat lifts might increase
risk to the lower extremities.

Fromabiomechanical standpoint, the onlyway that training could be effective is if one
was able to train workers to minimize the distance at which the load is lifted relative to the
spine, thereby reducing the spine’s load moment exposure. One technique has used
sophisticated instrumentation to train distribution center workers how to lift while mini-
mizing this loading.Recently, the effectiveness of the trainingwas evaluated in a prospective
studywhere nearly 2000 employeeswere trained and followed over the course of a year (26).
Overall, no difference in low back reporting was noted between the group receiving training
and the control group. However, thoseworkers whowere observed to impose lower twisting
moments on the initial training were less likely to report low back pain. These findings are
consistent with the notion that lifting muscle recruitment patterns are developed over long
periods of time during one’s development and cannot be easily altered. However, the study
results also point to the fact that load exposure does indeed relate to risk of work-related low
back pain reporting.

12.3.4 Stretching Programs

Some companies have adopted stretching programs prior towork tominimize the risk of low
back pain.While these programs have been popular for a number of years, the research does
not support the use of stretching to reduce musculoskeletal injury risk. On the contrary, the
literature is much stronger in demonstrating that there is no reduction in muscle soreness
symptoms after stretching (27–29), and no statistically significant reduction in musculo-
skeletal injury rates after stretching programs are initiated (30,31).

In addition, they may introduce additional risks in terms of microfiber muscle tears,
increased tolerance, and analgesia that can increase the risk of damage (32). Hence,
extensive literature reviews of stretching have concluded that the benefits of stretching
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programs do not outweigh the potential problems (27,32,33). Therefore, ergonomic
practitioners do not often recommend such programs to minimize the risk of low back
pain in industrial environments (32).

12.3.5 Back Belts

Several studies have explored the use of orthoses, back belts, or lifting belts and their
relationship to low back disorder risk. Several comprehensive reviews have appeared in the
literature (34–39), and few preventive benefits of belt wearing have been reported. Studies
have explored the ability and willingness of workers to lift loads when wearing back belts.
One study indicated that subjects were capable of lifting about 19% more weight while
wearingbelts (40).However, it is not clear if anymore tolerance is afforded to the spinewhile
wearing back belts. Some studies have indicated physiological costs to belt wearing
including increased blood pressure (41,42). Others have investigated biomechanical corre-
lates such as range ofmotion (42,43),muscle recruitment patterns (44), and intra-abdominal
pressures (45).

Only recently have the effects of back belts on spinal loading been investigated (35).
One of the first studies to examine spine loading while wearing belts explored the three-
dimensional spinal loads associated with lifting loads of two magnitudes from sagittally
symmetric and asymmetric lift origins to an upright posture with the feet fixed on a force
plate. Three types of lifting belts (leather weight lifting belt, elastic belt, and orthotic belts)
were compared to lifting without a lifting belt. This study confirmed previous findings that
lifting belts reduced peak trunk angles, velocities, and accelerations in the sagittal, lateral,
and transverse planes. Only the elastic belt reduced trunk motions in all three dimensions.
The orthotic belt increased the load moment associated with a given weight. Minor
redistributions in muscle recruitment patterns were noted with belts with slightly less
antagonistic coactivity of the trunk musculature. Reductions in antagonistic muscle
activations were also reported by others under similar conditions (46). When spinal loads
were assessed, only the elastic belt resulted in a reduction in compression and A/P shear
spinal load at L5/S1 (Fig. 12.2). Further analyses indicated that the reduction in load was
associated strongly with the asymmetric lifts and was a function of the design of the elastic
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Figure 12.2 Spine loading associated with lifting using three different types of belts compared to a
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belt. Only the elastic belt was large enough (vertically) to connect the thoraxwith the pelvis.
This connection served to force the torso to act as a unit, thereby reducing the required
antagonistic coactivity typically needed to stabilize the trunk. The other belts were not tall
enough to connect the thoraxwith the pelvis and demonstrated no difference in spine loading
compared to the no-belt condition. Since few occupational conditions requireworkers to lift
asymmetrically without allowing them to move their feet (as were the asymmetric lifting
conditions in this study), the studywas replicated except that the participantswere permitted
to move their feet during the asymmetric lifting conditions (47). When participants were
allowed to move their feet, as would be expected under occupational conditions, no
statistically significant differences in spine loading were observed between the belt and
no-belt conditions.

Some belt manufacturers have claimed that belts are only effective if they
are tensioned properly. One study explored the effect of belt tension on the electromyo-
graphic activity of the 10 power-producing (and spine loading) trunk muscles (48).
When three different belt tension levels were compared with a no-belt condition under a
range of trunk extension moment exertions, no statistically significant differences were
noted.

Collectively, these studies have indicated that there are no significant biomechanical
benefits of back belt usage in terms of protecting the back from excessive loads
under occupational conditions for healthy workers. In addition, a potential problem lies
in the fact that workers are willing to expose themselves to larger loads when wearing
belts (40). Moreover, some studies have noted some negative health effects of belt
usage (34,41,49,50,51). There is some evidence of positive benefits of belt usage, but
only for those who have already suffered back problems and then only for intermittent
use (52).

12.4 SUMMARY

The goal of administrative controls to manage low back pain risk is to impact the potential
biomechanical spine loading that can occur as a result of poor psychosocial or organizational
environments. This brief review has indicated that many administrative controls, by
themselves, are not effective at controlling low back pain risk. Many traditional adminis-
trative controls such as worker selection, conditioning programs, worker rotation schedul-
ing, stretching programs, and supplyingworkers with back belts have not proven effective in
prospective investigations in reducing injury reporting or in reducing the exposure to the low
back pain pathways discussed earlier. For the most part, these programs lack any bio-
mechanical foundation or the proper implementation of the intervention has not been
achieved and documented.

The only administrative control that has been shown to be effective consists of process
controls or ergonomics processes. When such a process is correctly and systematically
employed in awork environment, it provides ameans to increase communication among the
organization and lessens the probability that workers will respond to the organizational and
psychosocial environment by impacting biomechanical loading of the spine. Perhaps the
greatest benefit of this process is that it is a means to gain acceptance for the engineering
controls. Engineering controls are preferable to administrative controls because of their
potential to mediate biomechanical loads imposed on the spine. However, they are only
effective if they are used by theworkers.Administrative controls can help ensure acceptance
and use of these improvements to the workplace.
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KEY POINTS

. Administrative controls can impact psychosocial and organizational risk in the
workplace. When deployed properly, they can influence back risk by reducing the
degree of muscle coactivation and reducing the subsequent loading of the spine.

. Traditional administrative controls techniques such as worker selection, conditioning
programs, stretching, rotation, and back belts, by themselves, have not been proven
effective at reducing low back pain. Although rotation schedules do have the potential
to control risk if implemented properly.

. To be effective, administrative controls should be part of a broader, multidimensional
ergonomics process.

. Anergonomics process is one provenway to organize and control the acceptance of job
interventions and gain worker acceptance. An ergonomics process can also influence
productivity, quality control, and injury/illness reporting and costs.

. Ergonomics processes aremost effectivewhen they are integrated and employed along
with engineering controls.
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CHAPTER 13
INTEGRATING RISK
INTERVENTIONS INTO THE
WORKPLACE

EX A M P L E S O F how biomechanical assessments can lead to effective reductions

in low back pain reports through engineering and administrative intervention

implementations are discussed. Examples from patient handling and distribution center

intervention efforts are used to demonstrate the importance of integrating engineering

and administrative controls.

13.1 INTRODUCTION

We have seen that there are three main risk factor contributors to low back pain. These
include physical exposure to physical risk factors, psychosocial and organizational risk
factors, and individual-based risk factors. For the most part, it is not possible to alter
individual risk factors. Individual factors such as genetics, metabolic processes, and pain
response patterns are not modifiable. We have also seen (Chapters 8 and 9) that personality
and its interaction with psychosocial factors play a major role in trunk muscle recruitment
patterns and can influence the loading of the spine. Thus, there are few opportunities to
modify risk by way of the individual risk factors sincemost of these are inherent qualities of
the worker. Furthermore, we are in the early phases of understanding how these individual
factors interactwith other risk factors. Thus,worker selection and screening,while currently
used, are more difficult to employ successfully since the science associated with worker
selection is relatively weak.

13.2 SYSTEMS INTERVENTION

Physiological conditioning represents one of the few modifiable individual risk factors
available to control lowback pain risk. For optimumback health, it is the responsibility of the
worker to keep in reasonable physical shape. Some of the low back pain pathways discussed
in Chapter 5 are associated with disruption of blood flow and a resultant lack of tissue
oxygenation, cardiovascular fitness, and strength has been shown to significantly reduce the
risk of low back pain in jobs where few other risk factors can be modified (1,2). Factors that
influence cardiovascular fitness such as smoking are also modifiable. However, from a
practical standpoint, in most workplace environments, it is impractical if not impossible to
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demand that workers become and remain physically conditioned. While conditioning may
improve over a short period, long-term success in maintenance of physical conditioning is
difficult on a large scale.

Wellness programs have become popular over the last several years as amechanism to
improve overall worker health. These programs typically involve the promotion of healthy
lifestyles, some of whichmay improve health and fitness factors that can influence low back
pain risk. These include stress reduction, proper diet, and exercise. Wellness programs may
also improve the attitudes of workers in that they may enhance the feeling of well being,
which, in turn, may modify reaction to psychosocial stress factors.

Overall, an intervention strategy that only focuses on the individual risk factors of the
worker can only be minimally effective, since many of the most potent risk factors work as
interactions between categories of risk factors. Thus, the most effective efforts to minimize
riskmodify several risk factors and create a system of interventions that attempt to affect the
interdependency and interaction throughout the entire human system (Fig. 1.2).

13.3 EXAMPLES OF INTERVENTION EFFECTIVENESS

Because of the difficulty in performing intervention research at the worksite, the body of
literature demonstrating intervention effectiveness for any type of intervention is limited.As
wehaveseen, risk ismultidimensional, andmost interventioneffectiveness studieshaveonly
observed the influence of a single intervention on a small group of workers. Much of the
intervention evidence is also anecdotal in nature, which makes it less valuable from a
scientific perspective. Thus, in an attempt to demonstrate these interactions, some examples
of the degree to which risk can be influenced by different categories of interventions for
specific populations of workers are presented.

13.3.1 Patient Handling Interventions

A population at high risk for low back pain consists of those who are involved in patient
handling (lifting). Nurses aides have the highest incidence of disabling back injuries in the
United States (3). The low back pain incidence rate for nurse’s aides is higher than the more
traditional heavy physical occupations such as constructionworkers and garbage collectors.
Both licensed practical nurses and registered nurses have low back pain incidence rates
similar to that of construction workers and garbage collectors. Nurses’ aides accounted for
3.6worker compensation claims due to back injuries per 100workers,whichwashigher than
material handlers (3.4) and construction workers (2.8) (4). Furthermore, nurses’ aides were
more than three times as likely to suffer a low back pain compared to registered nurses (5). It
has been estimated that the incidence rate of low back pain for patient handlers was 83 per
100 full-time nursing personnel in the United States (6).

An analysis of tasks associated with patient handling reveals that most of the patient
handling involves transfer of patients between the bed, chairs, and commodes, as well as
repositioning the patient in bed (7). Some have suggested that two-person patient handling
would minimize the risk to a point where the lifts would be safe from a low back pain
perspective. Using a static single-equivalent muscle model to assess spine compression and
risk of low back pain, one study suggested that two-person handling of patients would be
expected to control the risk of low back pain among patient handlers (8). However, a study
employing both the LMM risk model and an EMG-assisted biomechanical model to assess
the contribution of muscle coactivation during patient handling came to a very different
conclusion (7). Figure 13.1 shows the LMM risk associated with the various one-person and
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two-person lifting tasks involved in patient handling. Figure 13.2 summarizes the spine
compression loading associated with these same tasks. As indicated in these figures, neither
the one-person nor the two-person lifting situations result in risk or spine loading conditions
that would be considered safe from a risk or biomechanical perspective.

These studies indicated that, based on historical risk measures (LMM risk model) and
the biomechanical assessments of loads imposed on the lumbar spine, the risk of low back
problems was substantial during patient lifting. Furthermore, when the proposed interven-
tion of two-person lifting was considered, the biomechanical trade-offs were such that the
increase in risk associated with shear forces did not adequately offset the decrease in risk
associatedwith a reduction in spine compression.The studyevaluating the riskofone-person
versus two-person patient handling concluded that the only means by which low back pain

Figure 13.1 LMM risk associated with the various one-person and two-person lifting tasks
involved in patient handling. (From reference 7).

Figure 13.2 Spine compression loading associated with one-person and two-person lifting tasks
involved in patient handling. (From reference 7).
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would be expected to be reduced would be to incorporate mechanical patient lifting devices
and eliminate lifting patients manually (7). Hence, this evaluation suggested that an
intervention to minimize the impact of the biomechanical loading was necessary during
patient handling.

To assess the effectiveness of such an intervention, a large-scale field intervention
study was performed (9). This study explored the incidence rate of patient handlers before
and after the introduction of patient-handling devices in 86 health care facilities. In this
study, several interventions were investigated. These interventions consisted of (1) inter-
ventions that reduced bending such as adjustable beds, (2) interventions that eliminated
lifting, such as patient hoists, (3) interventions that reduced carrying, such as sliding devices,
and (4) multiple interventions that often included the introduction of not only physical
alterations but also organizational and psychosocial changes (although this category was
mixed with those interventions that involved only multiple physical alterations).

The study observed musculoskeletal disorders over a 1–2 year baseline period
(averaging 445 days) and compared incidence rates to a follow-up period (averaging 629
days). Effectivenesswasmeasured by comparing the follow-up normalized incidence rate to
the baseline normalized incidence rate producing a rate ratio. This rate ratio indicates the
percentage of musculoskeletal disorders observed during the follow-up period compared to
those observed prior to the intervention. Thus, a rate of 0.75 indicates that only 75%of those
incidences were observed after the intervention compared to before the intervention, or in
other words, a 25% reduction. Table 13.1 shows the rate ratio for the various categories of
interventions. These reductions in rates were statistically different for all types of inter-
ventions. There are several points of interest worth noting in this data. First, all interventions
were effective. On average, the reduction in risk was about 48%. Second, interventions that
eliminated the need to exert force (carrying and lifting) reduced the risk to a greater extent
than those interventions that only addressed postural changes.

These data evaluated the impact of interventions on all musculoskeletal disorders
associated with patient handling. However, the motivation for most of the interventions was
the rate of low back disorders. The effects of interventions for low back pain alone are shown
in Table 13.2. This table indicates similar or more dramatic improvements compared to all

TABLE 13.1 Musculoskeletal Disorder Rate Changes (#MSDs/employee-hours worked)*200,000)
Between Baseline and Follow-Up for Interventions in Patient Handling (From Reference 9)

Type of intervention n

Baseline median
(range)

Follow-up median
(range)

Rate Ratio
(FU/BL MSD rate)

Reduce bending 16 9.89 (0.0–42.65) 6.65 (0.0–59.51) 0.66
Zero lift 44 15.38 (0.0–87.59) 9.25 (0.0–28.27) 0.54
Reduce carrying 8 6.47 (0.0–15.80) 0.33 (0.0–6.70) 0.15
Multiple interventions 38 11.97 (0.0–60.34) 7.78 (0.0–25.94) 0.56
All 100 12.32 (0.0–87.59) 6.64 (0.0–59.51) 0.52

TABLE 13.2 Change inMSD Rates for the Back versus Other Body Parts (baseline to follow-up) in
100 Patient Handling Units (From Reference 9)

Part of body
Number of units

decreased or no change
Number of units

increased Median rate ratio

Back 79 (79%) 21 (21%) 0.43
Other Parts of Body* 73 (73%) 27 (27%) 0.51

*Other body parts include shoulder, upper extremity, lower extremity, head, neck, and multiple body parts (excluding back).
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musculoskeletal disorders. Notice in this table the fact that nearly 80% the units observed
decreased their rates (or no change) of back pain and about one-fifth increased their rate of
back pain. In addition,whenchangeswere implemented to improve the riskof lowbackpain,
other parts of the body enjoyed a reduction in risk also.

Thus, these data indicate that, overall, minimizing the physical risk alone reduces the
low back risk by nearly 60%. However, onemust also be cognizant of the fact that theremay
be other factors that may affect these outcomes. First, in a large study such as this, there is
very little control overwhether the interventionswere actually beingused. Figure13.3 shows
the effectiveness of the intervention based on the size of the unit observed.We can speculate
that the compliance with the intervention was much better in the smaller facilities, thus
these units enjoyed a greater reduction in risk. Second, this study was not able to determine
whether preexisting back problems were reaggravated or whether new back problems
were occurring during the follow-up. However, Fig. 13.4 does provide evidence that the
longer the intervention, the greater the benefit from a low back pain standpoint. Hence, it
appears to be the case that fewer new back pain reports were occurring as the follow-up
period progressed.

13.3.2 Types of Physical Interventions

Another example of intervention effectiveness can be seen in a study that explored the ability
of risk prediction indicators to identify changes in lowback pain riskonce interventionswere
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Figure 13.3 Change in incident rate shown as a function of the size of the unit observed (in
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implemented (10). In this study, different categories of interventionwere implemented in an
industrial setting and the differences in low back pain incidence rates 3 years before and
3 years after an intervention implementation were observed. These differences in rates were
used as ameasure of intervention effectiveness.Of the four classes of interventions observed
(as well as a control condition where no interventions were employed), only the lift table
and lifting aid (e.g., overhead lift) interventions produced a positive benefit in injury rates
(Fig. 11.5). Furthermore, the reduction in incidence rates due to these interventions was
rather substantial. This study indicates that not all interventions are equally effective. In fact,
Fig. 11.5 shows that some interventions were no more effective than no intervention at all.
However, the figure also indicates that the intervention must be appropriate for the risk
present. Implicit in this study was the fact that for interventions to be effective one must
employ assessment tools that can effectively pinpoint the conditions that contribute to the
physical risk and are capable of quantifying the extent of the benefit associated with a
potential intervention. Hence, there is a dire need to quantitatively evaluate the nature of the
risk to the low back by using accuratemeasurement tools if one is to optimize the probability
that the problem will be corrected.

13.4 IMPLEMENTING BOTH PHYSICAL AND PSYCHOSOCIAL
INTERVENTIONS

One of the more systematic studies of the effectiveness of implementing an ergonomics
process to impact both the physical environment and the organizational/psychosocial
environment was performed by the United States General Accounting Office in 1997
(11). In this evaluation, musculoskeletal injury rates were observed in five companies of
varying size and with different physical risk factors. These rates were observed before
and after the implementation of an ergonomics process similar to the one described in
Chapter 12. Of the five companies observed, two (Navistar and Sisters of Charity) had
significant rates of low back pain reporting. The interventions included not only physical
interventions to minimize the physical exposures to factors that would be expected to
increase low back loading but also organizational changes to encourage more employee
involvement and worker empowerment. Figure 13.5 indicates the results of these observa-
tions. Substantial reductions inmusculoskeletal injury rates were noted for all of thesework
environments. It is also interesting to note that the reductions reported here were generally
much larger than those in patient-handling facilities (discussed previously) that only
addressed physical problems in many instances (without the introduction of a process).
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Figure 13.5 Change in musculoskeletal disorder reporting in five companies before versus after
implementation of an ergonomics process (11). (Adapted from reference 11).

IMPLEMENTING BOTH PHYSICAL AND PSYCHOSOCIAL INTERVENTIONS 247



13.4.1 Distribution Center Interventions

One of the environments that has been associated with significantly high rates of low back
pain involve distribution centers. These environments are becoming more prevalent in the
United States as more products are being produced in other nations. This means that fewer
products are made in theUnited States; however, more products are stored and distributed in
theUnited States.Workers in these environments known as “pickers” are required to select a
number of cases of a particular product and build an order on a pallet that is to be sent to a
particular store. Thus, high frequencies of lifting occur in these facilities and these
environments represent one of the highest risk occupations for low back disorders.

The Biodynamics Laboratory at The Ohio State University was involved with a case
study of one of these environments. The study observedmusculoskeletal incident rates in the
facility (primarily low back complaints) before and after implementation of some inter-
ventions. The interventions consisted of a process to address psychosocial and organiza-
tional problems (as described in Chapter 12) as well as some physical interventions such as
changing the lifting requirements (by elevating loads andbringing themcloser to theworker)
as well as altering the “picking order” so that the high intensity work was distributed
throughout the workday. Figures 13.6 and 13.7 show the change in lost time and restricted
time over the study, respectively. The interventionswere introduced in 1996. It is interesting
to note the “spike” in reporting at the time of process implementation (as noted in the last
chapter). However, within 2 years of implementation, both lost time and restricted timewere
significantly reduced in this facility. However, implementation of such a process requires
continual maintenance or the incidence rates will return to the original level.

13.5 SUMMARY

This chapter has reviewed several instances of implementing interventions to control low
back pain in the workplace. While intervention examples are often difficult to interpret
because of the potential confounding issues associated with field observations, these
findings are consistent with the pattern of evidence that has been presented throughout
this book. First, physical interventions, by themselves, can be effective in controlling low
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Figure 13.6 Changes in musculoskeletal reporting rates before and after implementation of a
process to address psychosocial/organizational issues and the introduction of engineering controls
(in 1996).
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back pain reporting, but only if the correct intervention is selected for the situation at hand. It
is clear from these case studies that quantitativemeasures of risk are necessary to ensure that
the correct physical aspects of the job are being adequately addressed. Second, when
multiple interventions are implemented, risk is further reduced. Finally, when engineering
controls are combined with administrative controls (typically involving psychosocial and
organizational interventions) risk can be most effectively reduced.

These findings lend indirect support to the notion that both physical and psychosocial/
organizational pathways to lowback pain can bemediated through a combination of changes
to the physical exposures as well as adjustments to the social environment so that the torso
muscle cocontraction pattern and subsequent spine loading pattern are optimized under the
particular work situation. Hence, this information provides further evidence that we must
address the human system in response to thework environment if we are to control the risk of
low back pain.

KEY POINTS

. There is evidence that physical interventions can reduce incidence rates in musculo-
skeletal disorders, particularly in the low back.

. Incidence rate reductions are dependent on the size of the facility (probably due to
compliance), and low back incidence rates decline over time after intervention
implementation.

. Other studies have shown that not all interventions are equally effective. In fact, a large
difference in effectiveness among physical interventions was noted.

. Government studies have shown large reductions in incidence rates with the imple-
mentation of ergonomics processes in different industries.

. Implementation of engineering controls along with an ergonomics process has been
observed to result in largedecreases in incidence rates aswell as decreases in lost time in
distribution center environments.
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Figure 13.7 Changes in lost and restricted time reporting rates before and after implementation
of a process to address psychosocial/organizational issues and the introduction of engineering
controls (in 1996).
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CHAPTER 14
UNDERSTANDING RECURRENT
LOWBACKPAINAND IMPLICATIONS
FOR RETURN TO WORK

TH I S C H A P T E R emphasizes the importance of considering how pain pathways

behave once a low back pain event occurs. The biomechanical consequences of low back

pain involvegreatermuscle coactivation andmore tissue load. It is also reasonable to expect

that recurrent back pain is accompanied by lower biochemical pain thresholds. These

conceptsaresimilar topreviousLBPpathwaydiscussions,however, the systembecomesmore

complex because factors such as pain behavior, memory, societal pressures, and so on can

exacerbate the response. To objectify impairment, a functional impairment measurement

systemispresentedandits relationship to lowbackdisorderstatus isestablished.Next, studies

that have established the differences in trunk muscle recruitment patterns and spine loading

between asymptomatic and patients with low back pain are reviewed. The relationship

between functional impairmentmeasuresandpredictedchanges in spine loading is reviewed.

Finally, field tests predictive of low back pain recurrence are reviewed showing that the

biomechanically relevant measures are predictive of recurrence.

14.1 INTRODUCTION

A continuing dilemma for those involved in the design of work for those returning to the
workplace after a low back pain experience is the prevention of recurrent or secondary low
back pain. A previous episode of low back pain, in and of itself, signals a greater risk of
another lowback pain event. It has beenwell documented that one of the strongest predictors
of future low back pain is a previous history of low back pain (1,2).

Recurrent or secondary low back pain is more complex than the initial low back pain
incident for several reasons. First, it is often difficult to determine whether a low back pain
episode is a new low back problem or an exacerbation of a previous problem. Second, we
expect that the low back pain pathways for recurrent low back pain is similar to the pathways
described earlier; however, they are more complex. Since patients with low back pain are
more cautious of pain, there is more guarding and more fear avoidance behavior. This can
increase tissue loading. In addition, once pain pathways are initiated, we expect that the
upregulation of proinflammatory cytokineswould lower the threshold for pain. This process
would further exacerbate the biomechanical guarding response and most likely initiate a
viscous cycle of pain responses. Thus, theoretically, we expect that recurrent back pain

The Working Back A Systems View, by Williams S. Marras
Copyright � 2008 John Wiley & Sons, Inc.
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initiates a complex sequence of events that can make the pathways described previously
more responsive at lower levels of tissue loading.

A review of risk factors for low back pain found that 80% of the studies examined
concluded that previous history of low back pain was associated with an increased risk of
symptoms (3). Thosewith a history of previous low back pain have twice the rate of new low
back episodes compared to those without a history of low back pain (4). It has also been
reported that themore frequently back pain occurs, the greater the risk of new back pain. For
example, theodds ratio fornewepisodesof lowbackpain in thosematerial handlers reporting
back pain more than twice in a year is 9.8 (2), which represents an extremely high odds ratio
risk.However, it is unclearwhether reports of “new episodes” in these studieswere truly new
or reoccurrences of previous episodes. One might speculate that patients who do not fully
recover from a low back episode might be predisposed to further exacerbation of a low back
pain event. Furthermore, given our knowledge of how pain sensing and perception behaves,
these trends may indicate that central pain is involved and much more difficult to control.

Few studies have evaluated the costs associated with recurrent back pain. The limited
literature that does exist suggests that recurrent low back costs are substantial. A descriptive
study of recurrent low back trends reports that the median disability costs associated with
recurrent back pain episodes were greater than those for nonrecurrent low back pain (5).
Similarly, Washington State Workers’ Compensation data indicated that “gradual onset”
(chronic) back injuries represent two-thirds of the award claims and 60% of lost workdays
attributed to back injuries (6). Likewise, a recent analysis performed on low back related
workers’ compensation claims inOhio indicated that 16% of the back injuries accounted for
80% of back injury costs. Further evaluations suggested that “these high cost back injuries
often result from re-injury of an existing condition” (7). Hence, recurrent low back injuries
could represent a rather large and costly problem.

Unfortunately, we know little about what triggers recurrent low back pain. Although
we know that the risk for back pain increases once a low back pain event has occurred, we do
not know what factors put a worker at risk of recurrent back pain. We know little about how
the biomechanical loads differ in the spinewhen a worker is retuning to work with low back
pain compared to a worker who has never experienced back pain. Furthermore, few studies
have addressed how exposure to physical and/or psychosocial/organizational risk factors
activate the low back pain pathways discussed earlier. If one could understand, quantita-
tively, the characteristics of spine loading in those with LBP, then situations that might
further exacerbate a low back disorder could be avoided when returning a worker to the
workplace.However, themechanismsbywhich ahistoryof lowbackpain increases riskhave
been poorly understood.

Thus, the goal of this discussion will be to review the body of knowledge related to
recurrent backpain andexaminehow itmight relate towork factors from the samesystematic
pattern of evidence standpoint that was used to assess initial risk of low back pain in earlier
chapters. This section will explore the results of biomechanical tissue loading studies
designed to assess how the impaired spine responds to work demands. Finally, we will
examine how low back impairment can be quantified and how quantification may help us
predict the spine loads experienced by individuals with low back pain.

14.2 THE NATURAL HISTORY OF LOW BACK PAIN
RECOVERY

While the history of low back pain can vary greatly between individuals, there are some
typical responses that have been reported in the literature as a function of time (8). There are
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several issues associated with the interpretation of these trends via the literature. First,
different studies report on different aspects of low back pain. Some studies discuss trends
associated with incidents, while others discuss lost work time or pain symptom reporting.
Different measures could find different trends in the history of low back pain. Second, work-
related versus nonwork-related low back pain events can lead to different findings. Third,
different outcome measures can lead to different results. Some studies use pain question-
naires as ameasure,while others use functional performancemeasures.Hence, onemust pay
close attention to which aspect of low back pain system one is documenting to make valid
comparisons.

The typical time sequence for low back pain typically is initiated by an acute pain
phase that lasts for up to 6weeks followedby steady progress. For those patients inwhom the
pain lasts for more than 3 months, this is typically the point at which the low back pain is
described as chronic. Chronic pain can often last for years.

One study has described the recovery pattern of a group of 32 subjects over time of up
to 6 months (8). Different categories of low back pain recovery were tracked including,
symptoms, activities of daily living, work status, and functional performance. The pain
symptoms, activities of daily living, and functional performance all displayed increases in
performance over the fist 3 months. After 3 months, the different measures vary more in
terms of recovery over time, with pain reports decreasing more readily than the return of
functional performance. Return towork appeared to be the least sensitivemeasurewith very
dissimilar responses to the other measures.

Nonetheless, it appears that the general trend for recovery involves first, a gradual
increase in pain reporting, followed by increases in return to activities of daily living,
followedby functional performance return.All thesemeasures returnmonotonically over a3
month period. Improvement in return towork lagged these othermeasures by a large amount.
At the end of 3weeks, half of theworkers thatmissedwork due to lowback pain had returned
to the workplace. However, relatively few workers (20%) missed work to begin with. Thus,
return to work is only a measure of recovery for a small portion of those with low back pain.

14.3 HOW CAN ONE QUANTIFY THE EXTENT OF LOW
BACK PAIN?

From a biomechanical perspective, if one is to understand how the experience of low back
pain is influenced by work factors in a quantitative manner, it is necessary to objectively
quantify the degree of back pain experienced by a worker. It is reasonable to assume that
workers with severe back pain might have a dramatically different response to potential risk
factors thanworkers withmild back pain. Therefore, attempts to understand the quantitative
relationship between low back pain status and the extent of spine loading that could lead to
low back pain must establish quantifiable measures. Only then can the demands of the
workplace be matched to the capabilities of the worker returning to work from a low back
pain event. Unfortunately, most descriptions of low back pain, used for medical diagnostic
purposes, are rather subjective in nature and do not necessarily describe quantitatively the
functional capability of the worker in biomechanically meaningful terms. In the medical
profession, there is an abundance of subjective perception scales, as well as ability tests that
ascertain the patient’s current pain perception status. However, the ability of these scales and
measures to compare the functional ability of the patient’s spine on different days is
poor since pain is a subjective experience. Hence, these evaluations do little to reveal much
about the biomechanical capability of theworker in terms that can be useful in a quantitative
biomechanical assessment.
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One measure reflecting patient status, and potentially spine loading, could be trunk
kinematics. Trunk kinematics has been shown to be related to occupational low back pain
risk (9–11) as well as spine biomechanical loading (12–18) in asymptomatic subjects.
Since trunk motion plays an important role in defining muscle coactivation and the
subsequent spine loading in asymptomatic people, it is logical that trunk motion might
also provide information about the condition of the muscle recruitment system in symp-
tomatic individuals.

Over the past decade, there have been substantial efforts to understand the role of trunk
kinematics in describing the extent of functional impairment associated with low back pain
(19–22). Studies have been able to demonstrate that torso kinematic compromise can be a
sensitive indicator of the degree of low back pain impairment. The torso kinematic profile is
monitored as a function of patient-controlled free-dynamic flexion–extension task exertions
(while the trunk is not exposed to external loads, e.g., not lifting) and is believed to reflect the
torso’s motor recruitment patterns adopted by the patient.

14.3.1 Impairment Assessment

Severitymeasures have been recognized as an essential element ofmedical assessment (23).
Specifically, quantification of function has been regarded as a key to functional restoration
(24). However, an accurate assessment can be problematic. Pathoanatomic (anatomy-based
disorder) diagnosis is rare (25), and the assessment of a low back pain has been subjective
at best.

Traditionally, functional assessments have involved attempts to assess the amount of
weight that patients can handle in a particular position without experiencing pain or have
focused on the range of motion (ROM) available to a patient. The problem with such
assessments is that these outcomemeasures are influencedbypatientmotivation and are thus
subjective. They generally do not account for symptom magnification and have little
relationship to the loading experienced by the spine, since trunk moment exposure is rarely
controlled.

Quantitative assessment of low back pain is important for several reasons. First,
without a quantitative measure of low back status, identification of the extent of low back
pain and the extent of the low back disorder is difficult. In the absence of a quantitative
measure, it is difficult to separate normal variability in function froma true disorder. Second,
without aquantitativemeasureof lowbackpain, treatmentmanagement becomes subjective.
Patients have different pain thresholds and distinguishing different pain tolerances from
different levels of impairment can become difficult. A review of the medical impairment
criteria for low back pain have suggested that measures be developed that are far more
quantitative (26). Third, a quantitative measure would provide insight into functional status
that can bemeaningfully compared at different points in time as one recovers from low back
pain to assess progress. Currently, motivation and desire for secondary gain can influence
assessments of lowback pain.Aquantitativemeasurewouldprovide amore objectivemeans
to assess capabilities andwould relate less tomotivation. Finally, quantitativemeasuresmay
provide a benchmark of when one is ready to return to a job without increasing the risk of
exacerbating the disorder. This is important because exacerbation of the low back pain could
also contribute to chronicity (increasing the probability that central pain is established), and
ultimately, disability. Thus, societywould benefit greatly from aquantitativemeasure of low
back pain.

Quantifying the extent of a low back pain is necessary as a measure of physical
impairment. Physical impairment should not be confused with other low back pain
definitions. Physical impairment is an objective assessment of structural limitations and
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is solely amedical responsibility. It relates to a pathological or anatomical loss (abnormality
of structure) or a physiological loss or limitation leading to loss of ability (functional
impairment) (23). Disability, on the contrary, is assessed based on a patient’s subjective
report but relates to the ability to perform work tasks. The U.S. Bureau of Disability
Insurance (27) specifies that loss or limitation evaluation be objective and “demonstrable by
medically acceptable clinical and laboratory diagnostic techniques.”

Quantification of low back impairment has traditionally been extremely difficult and
elusive. Currently, impairment ratings of LBD vary by asmuch as 70% (28). As an example,
Fig. 14.1 shows the disability ratings of the same patient by 65 independent medical
examiners (IMEs). The figure shows that the range of disability varied from 0% to 70%. The
problem with such subjective assessments that lack objective criteria is apparent from the
lack of convergence of the assessments. It has been estimated that a precise diagnosis is
unknown in 80–90% of disabling LBDs, emphasizing the need for more quantitative
measures (29).

Traditionally, attempts to judge impairments have tried to identify anatomic sources of
the low back pain. Imaging techniques such as CT scans, MRI, and myelograms are used to
assist in the identification of the structure that has been compromised.However, over 85%of
LBDs do not have a pathoanatomic diagnosis (25).

This finding is not surprising since few current imaging techniques are able to observe
anatomic anomalies while subjects are positioned in a functionally painful posture. For
example, most high quality imaging such as MRI is performed while the patient is lying
supine on a table. When lying supine, the vertebrae experience minimal spine force and any
damaged disc will not have enough force imposed on them to divulge a bulging disc on an
image if it were present in more natural work postures (e.g., standing or bent over). Hence,
most traditional imaging is of minimal benefit for identifying spine mechanical problems
due to mismatch of spine loading with spine tolerance.

Given thesedifficulties, recent attempts todevelopameasurement systemfor lowback
pain have centered on functional measures of impairment. Several approaches or method-
ologies have been identified in the literature. These include (1) the use of EMG to observe
flexion–relaxation and/or temporal features of the torso muscles, (2) observation of muscle
fatigue via EMG spectral analysis, (3) observation of EMG activity level, (4) trunk strength,
and (5) documentation of trunk motion components. Table 14.1 summarizes the features of
themore notable studies. Several limitations are associated withmany of these studies (21).
First, many of these previous studies suffer from small population samples that limit their
applicability to the general population. Second, examination of the sensitivity-specificity
column in Table 14.1 indicates that few of these previous studies have considered the issues
of classification error. Furthermore, few of the previous investigations have been able to
identify patients with low back pain from a sufficiently large (normally distributed)
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population of asymptomatic and subjects with low back pain. Finally, few of these studies
have attempted to validate their findings using multiple robust evaluation techniques.

An alternative approach to assessing the extent of low back pain has been suggested
[19–22,71]. This approach documents the symmetric and asymmetric back motion char-
acteristics of a patient and compares these motion characteristics to that of a normal,
unimpaired subject population adjusted for age and gender. Patients are tested in different
torso asymmetries so that different combinations of the trunk’s musclesmust be recruited to
flex and extend the trunk (see Fig. 14.2). Patients are asked to flex and extend their trunk as
fast as possiblewithin thesevarious planes ofmotion (Fig. 14.2a). To control theirmovement
within each plane, they watch and respond to computer feedback that displays their twisting
position.Thus, in effect, thepatients are playing a computergamewith their backunder these
testing conditions.

The motion profile observed during repeated flexion and extension of the torso at
different trunk asymmetries is believed to be a reflection of the trunk’s musculoskeletal
central control program (mental model) often referred to as the “central set” (72). For
asymptomatic subjects, this control program has been well developed over the person’s
lifetime. However, for a patient with low back pain, it is thought that this musculoskeletal
control program must be adjusted to compensate for limitations due to muscle functions,
structural restrictions, and guarding behavior.

Early studies (19) were able to show that the best discriminators between healthy
people and patients with low back pain involved more dynamic trunk motion indicators
(velocity). Later efforts described trunk velocity and acceleration characteristics as well as
expected variability for a large normal population of subjects (71). This study indicated that
age and gender as well as back disorders independently influence trunk motion character-
istics and suggested thatmotion characteristics could be normalized for age and gender. The

Figure 14.2 (a) Asymmetric planes used to solicit the range of musculoskeletal kinematic
performance frompatients. Patients interact with a computer and play a computer gamewith their back
as they flex and extend as fast as they can in each plane of motion. (CW¼ clockwise,
CCW¼ counterclockwise) (from reference21) (b)Kinematic testing using the lumbarmotionmonitor
to monitor spine motion while subject interacts with a computer to control motion.
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study showed that once age and gender was accounted for, the deficit in trunkmotion was an
accurate reflection of the degree of low back impairment.

Recent studies (20,21) compared the activities of asymptomatic subjects to patients
with low back pain and concluded that (1) the trunk motion measures were extremely
repeatable and (2) only dynamic motion characteristics (not ROM) varied as a function of
low back pain. Hence, a common measure of disability, range of motion, showed no
statistically significant difference between a low back pain group and an asymptomatic
group of subjects. However, trunk velocity and acceleration were able to distinguish well
between the two groups.

Measures of trunk instantaneous position, velocity, and acceleration were recorded
and compared to a previously established normative database of trunk motions (71).
Previous studies have indicated that trunk kinematics, once adjusted for age and gender,
are indicative of the degree of low back impairment (20). In this study, kinematic compro-
mise was operationally defined as the subject’s deficit in low back motion characteristics
(kinematics) relative to the expected trunkmotions (defined by the normative database) and
adjusted as a function of the subject’s gender and age. The kinematic compromise summary
measure, “probability of normal” or p(n), was used to concisely indicate the degree of low
back impairment of an individual compared to the normative database (20,21). Thismeasure
is composed of a combination of sagittal plane range of motion, velocity, and acceleration
characteristics, frontal plane and transverse plane motion as well as the ability to complete
the five conditions shown in Fig. 14.2a.

The p(n) measure has been independently validated and reports good sensitivity (92%)
and specificity (97%) (21) in its ability todistinguishbetween individualswithandwithout low
back pain and is considered a quantifiable measure of the extent of a low back disorder
impairment (19–22). This was accomplished by determining howwell the quantification tool
wasable todistinguishbetweena largegroupofnormalandparticipantswith.Table14.2shows
the ability of the kinematic-based assessments to distinguish between asymptomatic and
patientswith lowbackpainasa functionofvariousstatisticalmethods.Ascanbeseen,byusing
some advanced statisticalmethods one is able to distinguish extremelywell between low back
pain and asymptomatic patients using just kinematic measures of performance. The 5% error

TABLE 14.2 Effectiveness of the Kinematic Measure to Distinguish Between Asymptomatic
Patients and those Low Back Pain with Using Different Test Sets and Different Statistical Methods
(CART¼ classification and regression trees; CUS¼ classification using splines;MCUS¼modified
classification using splines) (From Reference 21)

Statistical method

Data set
Disciminant
function CART CUS MCUS

Method 1 Sensitivity (%) 85 90 84
Cross-validation Specificity (%) 95 86 94

Error rate 0.1002 0.1213 0.1027

Method II Sensitivity (%) 83 88 85 86
Training set Specificity (%) 93 87 96 95

Error rate 0.1177 0.122S 0.0852 0.0877

Test set Sensitivity (K) 90 91 90 92
Specificity (%) 94 92 96 37
Error rate 0.0792 0.0870 0.0710 0.0581
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rate for the independent test set is a marked improvement over traditional methods of
evaluating low back impairment that do not assess motion characteristics (Table 14.1).

Figure 14.3 shows how kinematic performance and impairment can be documented.
This figure displays the performance of a given measure of kinematics (in this case, trunk
acceleration in the sagittal plane) normalize relative to patient age and gender. The horizontal
axis shows the percentile performance relative to the performance expected of someone who
has not experienced lowbackpain.Thevertical axis identifies the different asymmetric testing
planes of motion (Fig. 14.2a). Thus, this evaluation indicated that the patient was only able to
generate between16%and21%of the trunk acceleration thatwouldbe expected givenher age
andgender.As impairmentdecreases, theperformancebarswouldmove further to the right.To
track performance at different point in time, different patterned bars document the change in
performance (Fig. 14.4). As can be seen in this figure, the patient improved when moving in
counterclockwiseplanesbutnot inclockwiseplanes.Thesedifferenceswere tracked to tension
on the left nerve root when moving clockwise that indicated a disc bulge on that side of the
back. In this manner, these kinematic analyses can be extended to all kinematic variables.
Figure 14.5 shows the kinematic profiles for a patient in terms of ROM, flexion velocity,
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Figure 14.4 Trunk sagittal acceleration performance (similar to Fig. 14.3) compared at multiple
times during the progression of the rehabilitation.
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Figure 14.3 Trunk sagittal acceleration performance shown as function of the five test planes of
motion. The horizontal axis shows the patient impairment relative to asymptomatic individuals of the
same age and gender.
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extension velocity, flexion acceleration, and extension acceleration in the sagittal plane over
threedifferentexamination times.This figure indicates that the typeofinformationobtainedby
observing ROM is significantly different from that derived from motion measures. Note that
the asymmetry in performance among the testing planes is only apparent when examining the
higher order derivatives of motion (i.e., velocity and acceleration profiles). As with Fig. 14.4,
these asymmetries in performance indicated nerve root compression on one side of the spine.

These results have confirmed that accurate, objective benchmarking of low back pain
can be achieved by documenting motion (kinematic) characteristics. Trunk motion assess-
ment data are rather simple to collect compared to the other systems that attempt to classify
patients with low back pain. Five of the previous studies reporting sensitivity and specificity
required EMG. This often requires disrobing and an application of strength (which may be
limitedbypain sensation in someparticipants). Theother technique reporting sensitivity and
specificity required testing of maximum torso strength (62). Although they reported
respectable sensitivity and specificity, the safety associated with strength testing is often
in question. For example, one study (73) found that they injured more participants using
strength testing than the number of low back pain episodes they were able to prevent. Thus,
the present method is easier to administer and has better accuracy than previous efforts.

Several features of this assessment suggest that the technique of quantifying low back
pain using motion measures is a valid approach. First, a valid method should perform well
over a large number of subjects. With a large data set, questionable subject performance
would be diluted amongst the mass of the database. The study that was used to establish the
validity of this impairment quantification method (21) represents the largest data set for
evaluating the extent of a low back pain found in the literature to date. With over 700
participants and strong sensitivity and specificity findings, this studyprovides a stringent test
of themethodology.Second, several validation and classificationprocedureswere employed
resulting in very similar error rates, sensitivities, and specificities. The convergence of the

Figure 14.5 Range of motion, flexion velocity, extension velocity, flexion acceleration, and
extension acceleration in the sagittal plane shown for patient over three different examination times.
The horizontal axis shows the kinematic performance relative to asymptomatic individuals of the same
age and gender.
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results indicates a very robust and consistent model. Third, compared to other available
methods for identification of lowback pain, this technique not only has a lower classification
error but also has amuch better balance between the strength of sensitivity and specificity. In
fact, it is possible that this approach may outperform the “gold standards” used by the
physicians for inclusion in this study.

Two limitations of this method should also be reported. First, the test can take up to a
half hour to perform and requires the cooperation of the patient. Second, the test is intended
for the nonacute phases of low back pain.

A sensitivity analysis of these study results (21) was performed to determine where
misclassification errors occurred. These analyses indicated that patients misclassified as
normal had statistically lower pain scores by an average of 43% than the correctly classified
patients. It appears that the model did not misclassify randomly but specifically with
participants whose self-reported pain was significantly less severe.

It should also be noted that the measure of low back pain discussed in this six-variable
model uses only a small portion of the available variables. The individual velocity and
acceleration profiles observed in specific asymmetries during the flexion–extension tasks
may serve as furthermeasures of specific structural problems (e.g., sensitivity of a nerve root
at a particular point). A documented motion deficit in one of the specific asymmetries may
indicate a specific disability and may be tracked as an indication of recovery. The value of
motion measures may go well beyond the general assessment reported here.

This method provides a simple, easy-to-use, and sensitive measure that quantifies the
extent of low back pain given the patient’s age and gender. The analyses performed here
evaluate the value of the motion measures in isolation from any other information. Under
realistic usage conditions, one would expect the motion measures to be used in conjunction
with other indicators of disease. For example, factors such as amedical history or straight leg
raise ability may be used in conjunction with trunkmotionmeasures to get a more complete
picture of patient status.

This impairmentmeasurement studydemonstrated that, using thismethod, thedistinction
between muscle and structural source of low back pain is possible. Our studies have indicated
that motion measure models have very different profiles when the origin of a low back pain is
structural versus. muscular (21).

Finally, the results suggest that this quantification technique can be used as a tool to
track patient progress during treatments. One would expect a sensitive measure to track
changes in low back pain status over time. As a test of this expectation, 31 subjects were
tested longitudinally on twodifferent occasions separated by severalweeks. Thepatients fell
into two distinct patterns over this period. Fifteen patients improved, while 16 remained the
same or became worse in terms of reported pain. As self-reported pain improved over
observation time, there were significant changes in the velocity and acceleration measures
(but not in the ROMmeasure) contrary to thosewho did not report improvement. Changes in
ROMwere not indicative of changes in pain status, confirming earlier findings (20).Another
paper (8) thoroughly reports how the motion measures described here are able to track
medical improvement in the LBP over observation periods of 3–6 months.

This quantitative measure of LBP can also serve as a means to track factors affecting
low back pain in future studies. Now that a means to assess the extent of a low back pain has
been established, this “benchmark” can be used as a means to assess and compare the
effectiveness of various treatment modalities. In addition, the measure can also be used to
determine when one might be a candidate for extreme treatments, such as surgery, or when
one is ready to return to theworkplacewithout exacerbation of the problem.Finally, thisLBP
quantification can be used in conjunctionwithworkplace quantificationmeasures so that the
matchingof theworkplace to theperson’s capabilities canbe approachedmore scientifically.
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Currently, efforts are underway to adopt this assessment technique to different
measurement systems including vision–based measurement tools (VICON).

14.3.2 Effort Sincerity

Wehave seen that themorequantitativemethodsattempt todocument the functional capacityof
the torso by observing the torso dynamicmotionprofile. Thesemethods, in oneway or another,
attempt to monitor or summarize the functioning of the trunk’s musculoskeletal system status.
The musculoskeletal system’s status can be defined in terms of muscle recruitment patterns,
muscle size and strength, joint stiffness, experience that can be affected by psychological and
psychosocial factors (such as depression or fear of re-injury), and any other factors that may
influence kinematic and kinetic performance. A clear understanding of the musculoskeletal
system status is needed if functional capacity is to be evaluated objectively.

A potential issue with these measurement systems is that the results are only useful if
the patient cooperates and performs the functional task without unnecessarily magnifying
the impairment and performing at a level that reliably reflects the status of the trunk’s
musculoskeletal system. Patients may magnify impairment for several reasons including
fear, mistaken beliefs, maladaptive coping strategies, and active attempts to seek treatment
(25). If patients with low back pain do not perform the task to the best of their ability during
the functional test session, then the quantitative measure may erroneously document the
musculoskeletal status of the trunk. Thus, it is important to judge whether the patient is
magnifying the low back impairment when assessing trunk status.

Assessing impairmentmagnification during a functional capacity test for the back has
been a challenge. Assessments for other parts of the body often compare an individual’s
performance between limbs or different sites of the body. For example, a comparison of grip
force generation of dominant and nondominant hands has been able to assess sincerity of
effort in maximal grip strength with excellent sensitivity and specificity (74). However, this
method is not feasible for trunk performance evaluation.

Many researchers have attempted to assess maximal versus submaximal exertions of
the back by observing variations in back strength. One study observed variations in force
curves produced by themuscles in the back during isokinetic exertions alongwith heart rate
and reported that only heart rate was acceptably repeatable (75,76). Strength variance was
found to vary greatly as a function of effort level and not necessarily sincerity. Others
observing nonisokinetic dynamic strength found that those with and without back pain
produced equally consistent levels of force (60). It has also been observed that consistencyof
isometric exertions was not a good indicator of submaximal exertions (77–79). Still others
observed variability in isokinetic torque parameters during flexion and extension and have
found that the ratio between flexion and extension strength may be indicative of low back
pain (80). Further attempts to identify submaximal isokinetic strength generation observed
the coefficient of variation of torque generation. Such efforts resulted in reasonable
sensitivity or specificity in identifying sincere efforts, but not both (81).

Another study represents one of the few studies that attempted to identify sincerity
using a large population of subjects (82). A sufficiently large subject population is
important so that the data can be considered representative of a normal distribution of
participant performance. They found that patients suspected of producing submaximal
isokinetic exertions had lower trunk extension and flexion torque levels relative to their
body weight.

Table 14.3 summarizes the ability of these measures to identify submaximal back
exertions. In general, this table indicates that few studies have included large samples of
subjects in their evaluations and few have reported reasonably high sensitivity and
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specificity. Hence, we have few methods to ensure the accuracy of quantitative measures of
low back pain.

The underlying assumption associated with the use of trunk motion quantification is
that deficits in motion reflect the status of the trunk’s musculoskeletal system. As discussed
earlier, themusculoskeletal status is believed to represent the “mentalmodel” or “central set”
(also calledmotor set) or recruitment and firing pattern of the trunkmusculature. The central
set is developed throughout one’s life and is expected to remain relatively consistent unless
one develops low back pain. When low back pain occurs, this recruitment and discharge
pattern is altered and a new central set is established as one discovers the limits of the
disorder.

Even though the muscle recruitment pattern has been changed as a result of the low
back disorder, the pattern is believed to be consistent in its functioning (relative to the status
of the back impairment) and thus repeatable. Specifically, onewould expect that higher order
derivatives of position such as velocity and acceleration would require more information
processing on the part of the person to establish recruitment patterns. It was hypothesized
that higher order motion measures at certain points in the motion would be well established
and repeatable since they represent this “mentalmodel” ofmovement that a person iswilling
to accept. When one magnifies their impairment, they would not rely on this mental model
andmovementswould bemorevariable. Hence, we contend that one should be able to assess
the impairment magnification of an effort by observing a repeatable musculoskeletal
recruitment pattern that should be reflected in trunk motion.

A studywasperformed to test this assumption,where a largegroupof patientswith low
back pain as well as asymptomatic individuals were asked to provide “genuine” efforts of
trunkmotionaswell as feignor exacerbate backpainduringdifferent trials. The repeatability
of the motion kinematics was observed as just discussed (22). The results of this study were
consistent with the hypothesis that a central set or mental model of how recruiting
components of the musculoskeletal system would produce repeatable higher order motion
profiles. Higher order derivatives of motion, such as velocity and acceleration, appear to be
the key to this assessment.

It has been shown that people have great difficulty judging higher order derivatives of a
musculoskeletal exertion (88). Neurophysiological studies (76) have demonstrated that the
musculoskeletal coordination pattern is fine-tuned through experience, and everyday motion
provides abundant opportunities forgaining experience.Thegenerationofmotion requires the
processing (and differentiation) of great amounts of proprioceptive information; and since the
experimental task was to be performed quickly, we feel that the participant must rely on
established lower level neural control programs that must form this central set. It has been
hypothesized that this central set is well established for common tasks such as trunk bending.
One relieson theseestablishedmotor recruitmentprogramsand themotioncomponentswould
be repeatable if the plane of motion was similar on each repetition (as in the unmagnified
conditions). However, if one attempts to override this established central set (as during a
magnification of impairment), the participant would need to reestablish the central set. When
the task isperformedquickly, themotionpatternswould reflect this reprogramming in the form
ofa lackof consistency. Practically, thismeans that onewould expect that if onewas relyingon
the established mental model to govern trunk motion patterns, then repetitions of the same
motions would be nearly identical in timing in terms of higher order kinematics. Thus, as the
torso passes through a given angle, one would expect identical instantaneous velocity and
acceleration to occur on repeated motions if one was relying on the same mental model to
produce the motion. On the contrary, if one were trying to “override” this mental model and
magnify ones symptoms, one would expect that their instantaneous velocity and acceleration
profileswould be far less consistent as one passed through a given torso angle since onewould
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not be relying on an established “mental model” to control ones motions. Figure 14.6a and b
shows an example of this variability through a phase plane of instantaneous trunk velocity in
the sagittal plane versus. instantaneous trunk position for sincere (a) and insincere (b) efforts.
The sincere efforts show much greater consistency on repeated flexion and extension.

Further analyses of the results verified that variability reduction inmotionswas primarily
due to a reduction in variability at certain positions throughout movement. These analyses
indicated that it is not just motion that is repeatable in the central set, but motion at particular
points in space. For example, an acceleration profile may be highly repeatable for sincere
conditions but only at the point where the subject changes direction. This finding is consistent
with the idea that a mental model of recruitment pattern (central set) has been established.

It is also important to recognize that the characterization ofmotion pattern consistency
ismultivariate in nature. An individualmotion parameter, in and of itself, would contain rich
information about the central set. However, models consisting of multivariate parameters
containing actions in all three cardinal planes of the body were capable of discrimination
between the sincere versus insincere exertions when comparing performance in the various
planes.Motion in the different cardinal planes requires different types ofmuscle recruitment
patterns (concentric versus eccentric; agonist versus antagonist) and would be part of
the central set that we are attempting to measure. Hence, differences in the interplay of
motions (phase planes) would be elicited in a range of trunk exertions. This finding indicates
that the central set is indirectly observable through motion profiles but is complex in its
representation.

It is believed that themental model or central set must be reestablished after injury but
would be better established if the period in which the injury stabilizes is longer. Following

Figure 14.6 Phase plane of (a) a sincere and (b) insincere trunk motion efforts.
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this logic, we expect greater ability to identify magnified impairment efforts with asymp-
tomatic participants (as demonstrated in this study) since asymptomatic subjects have
established theirmotionpatterns over avery long period. For the same reason,we also expect
this technique to perform better with the patients with low back pain who are stabilized in
their chronicity. This technique is not intended for the acute phases of low back pain.

Thesemodels indicate that it was indeed possible to distinguish between the groups of
interest using motion generation information. These results also indicated that the error rate
for identifying sincere and insincere efforts in persons without low back pain was much
lower than that for patients with low back pain. This is probably due to a much better
established central set for the asymptomatic subjects compared to the LBD subjects who
needed to reestablish their central set to adapt to their injury.However, even for this lowback
pain group, the model was able to identify exacerbation of impairment 75% of the time.
When the participant population was considered as a mixture of the two groups, the model
performed better with an 18.5% error rate.

These results also produced an excellent balance between sensitivity and specificity.
Although other models were found with better sensitivity or specificity, the emphasis of this
study was to construct multivariate models that optimally identified both the sincere and
insincere efforts. Ideally, one seeks a test that has 100% specificity and sensitivity, which
indicates that the test agrees completely with the gold standard. In the case of sincerity, the
gold standard is a functionofhowwell the subjects compliedwith the experimental procedure.
Inaddition, the subjectswerenot asked tovary their sinceritybyanyparticularamount.Certain
subjects may have chosen a level of insincerity that was close to their sincere level of effort
and in this case it would be difficult to accurately interpret the meaning of the sensitivity
and specificity measures. If participants were asked to choose a greater level of insincerity
(e.g., pretend your back pain was severe), we would expect the distinction between the
sincere and insincere conditions to be far better. Relative to other low back diagnostic
measures, the sensitivity and specificity reported with torso motions compare very
favorably. For example, commonly used neurological tests for lumbar disc herniation vary
from single digits to 66% in terms of sensitivity and from 51% to 99% in terms of specificity
(89).

These findings can be compared to previous studies that have tried to achieve these
same goals. The summary of previous low back sincerity studies (Table 14.3) indicates that
no previous study had employed a subject sample of sufficient size to adequately assess
sensitivity or specificity.

14.4 SPINE LOADING OF THOSE EXPERIENCING
LOW BACK PAIN

While multiple disorder pathways are potentially responsible for recurrent low back pain
(6,90), a biomechanical source of low back disorders has historically been accepted as one
potential pathway. Studies (91–93) have suggested that excessive mechanical loading on
already compromised spinal structures can progressively affect disc degeneration, which
may lead to chronic low back pain. Therefore, it is important to understand the mechanical
loading of a LBP patient’s spine during work tasks (such as lifting exertions) since this may
represent a mechanism that further compromises the back’s musculoskeletal system.

If one could understand, quantitatively, the characteristics of spine loading in patients
with lowbackpain, then situations thatmight further exacerbate a lowbackdisorder couldbe
avoided. However, the mechanisms by which a history of low back pain increases risk have
been poorly understood.
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Several biomechanical studies have attempted to determine whether a history of low
back pain results in greater spine loading and, potentially, an increase in low back pain risk.
Many studies have identified differences inmuscle recruitment patterns between individuals
with low back pain and those not afflicted by low back pain (36,55,94,95). However,
traditionally, it has been difficult to interpret these effects on spine loading (96). It has been
suggested that, given the variability in muscle response in low back pain, the use of
electromyography (EMG)-assisted models might be necessary to appreciate these differ-
ences (96). However, until recently, the use of EMG-assisted models with patients with low
back pain has been problematic since there were no means to properly calibrate the EMG
signal in such patients. This is true since patientswith low back pain are reluctant to exert the
maximum exertions necessary to calibrate the EMG signal.

Recently, an EMG normalization technique not requiring maximum exertions has
been developed and validated that could be used with patients with low back pain (97,98).
These advancements have permitted the first interpretation of spine loading for those
suffering from low back pain (99). This study has demonstrated that after adjusting for
differences in body mass (moment normalization), when patients with low back pain
perform the exact same (kinematically controlled) lifting exertions as asymptomatic
individuals, spine loading of patients with low back pain was 26% greater in compression
and70%greater in anterior–posterior (A/P) shear.Greater spine loadingwasdueprimarily to
increases inmuscle antagonistic coactivation presumably resulting from increased guarding
and an increasedneed for stability.The study also found thatwhen subjectswere permitted to
adapt their own lifting exertion style (as opposed to kinematically controlled exertions),
patients with low back pain changed their kinematic patterns in an attempt to minimize the
externalmoments (and spine loads) towhich theywere exposed. These findings suggest that
subjects with low back pain have developed proprioceptive tolerance limits above which
theyare unwilling to load thebodyand, thus, adapt alternative lifting strategies.However, the
realistic lifting environment often yields situations that make it difficult to employ alterna-
tive lifting strategies. In addition, since individuals with low back pain are typically heavier
than asymptomatic individuals, they experience additional spine loading due to their greater
bodymass.This information suggests that lifting exertionsperformedby thosewith lowback
pain represent a substantially different situation compared to asymptomatic individuals.

An early investigation (99) of spine loading associated with patients with low back
pain investigated controlled velocity sagittally symmetric lifts, exclusively, and compared
LBP patients with asymptomatic individuals performing the same exertions. This investi-
gation showed that even when the spine loadings were adjusted for the greater body mass of
the LBP group (via moment normalization), significant increases in compression (26.3%)
and lateral shear (75.5%)were present for the low back pain group, as shown in Fig. 14.7. In
addition, the low back pain group exhibited statistically significant increases in muscle
activities for all 10 muscles averaging 123% of the asymptomatic group values (Fig. 14.8).
The coactivity index (a measure of the agonist muscle activities compared to antagonist
muscle activities) for the low back pain group was also significantly larger compared to the
asymptomatic group’s index, suggesting that the low back pain group has nearly 50%more
antagonistic muscle coactivation compared to the asymptomatic group. Hence, it appears
that increased coactivation of the trunkmuscles, also referred to as stability, has the effect of
significantly increasing the compression and shear forces acting on the spine.These analyses
indicate that when low back pain and asymptomatic subjects perform the same exact
exertion, both the absolute and relative biomechanical costs to the patients with low back
pain are much greater than for an asymptomatic individual. When this increase in spine
loadings is coupledwith the increased levels of proinflammatory cytokines (lower threshold
for pain), we would expect that patients with low back pain are at a much greater risk of
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recurrent low back pain. This situations has implications for the return to work for those
suffering from low back pain.

Recent studies (100,101) have also suggested that spine tolerances to internal loads can
also be compromised in those suffering from LBP. Excessive mechanical loading on already
compromised spinal structures can progressively affect disc degeneration and may result in
chronic lowbackpain.Therefore, it is important to understand, quantitatively, themechanisms
by which spine loading occurs in patients with low back pain so that we can compare spine
loading due to patient activitieswith spine tolerance levels. This comparisonwould allowus to
identify situations that might lead to further spine damage. Such an understanding would be
useful for several purposes. First, it is important to understand spine loading in patients with
low back pain so that they are not offered treatment modalities that might exacerbate the low
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Figure 14.7 Normalized lateral shear andCompression force for individuals with low back pain and
asymptomatic individuals for the controlled static exertions. (From reference 99).
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back pain and result in pain chronicity. Second, this information would be important in
matching the work performed by patients with low back pain to their spinal tolerance limits.
Third, since we know that everyday activity is important for low back pain recovery, we can
better understand the limits of these activities before further damage would be expected.

A recent study explored how three-dimensional spine loading compared in subjects
experiencing low back pain compared to asymptomatic individuals among the variety of
unrestrained lifting conditions and situations that would be expected of patients with low
back pain as they returned to the workplace (102). The idea here was that the patient might
compensate for their pain by changing their trunk kinematics and therefore compensate for
the increased spine loads observed during the previous trunk velocity-controlled study. This
study exploreddifferences invertical/horizontal lift origins aswell as asymmetric lift origins
between a relatively large group of patients and asymptomatic individuals (123 individuals).

Spine loads were significantly greater in the low back pain group compared to the
asymptomatic group.Over all conditions, compressionwas about 11%greater andA/P shear
about 18% greater in the patients with low back pain. Statistically significant increases in
spine loading were noted as a function of lift origin region, lift asymmetry position, and the
magnitude of the weight lifted for the low back pain group compared to the asymptomatic
group among most of the dimensions of spine loading. Compression and A/P shear values
were of greater magnitude and greater relative difference than the lateral shear values.

Figures 14.9 and 14.10 show the difference in compression and A/P shear, respec-
tively, between the asymptomatic and lowback pain groups as a function of lift origin region.
Under all lift origin conditions, subjects with low back pain exhibited greater compression
and A/P shear. However, the relative difference varied as a function of the region. Under the
most biomechanically taxing lift origin region conditions, both compression and A/P shear
differences between the subject groups were the smallest observed (10–13% difference in
compression for the far-knee, far-waist, and knee regions, and 11–19% differences in A/P
shear for the same lift origin regions), whereas the largest relative differences between the
subject groups occurred at the least taxing lift origin regions (25–30% difference in
compression for shoulder and waist regions and 24–35% difference in A/P shear for the
same regions).

Figure 14.9 Compressive force as a function of lift origin and subject group (* indicates significant
differences between groups, P < 0.05). (From reference 102).
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Similarly, patients with low back pain always exhibited greater compression and A/P
shear loading under all symmetric/asymmetric conditions compared to the asymptomatic
subjects. Figures 14.11 and 14.12 indicate that compression and A/P shear differences were
greater between subject groups when lifting clockwise (CW) compared to lifting from
counterclockwise (CCW) asymmetries (over twice as much compression difference be-
tween low back pain and asymptomatic groups when lifting in CW positions compared to
CCW positions). The same trend held for A/P shear, but the differences were not as great,
with greater differences between subject groups seen in CW lifts compared to CCW lifts
(about 3% difference in increase between directions).

Figure 14.10 A/P shear force as a function of lift origin and subject group (* indicates significant
differences between groups, P < 0.05). (From reference 102).

Figure 14.11 Compression force as a function of lift asymmetry position and subject group
(* indicates significant difference between groups, P < 0.05). (From reference 102).
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Asignificantdifferencebetween lowbackpain andasymptomatic individuals alsowas
present for the unique combinations (interaction) of lift origin region and asymmetry.
Consistent with the previous patterns, patients with low back pain exhibited greater A/P
shear loads under many of the condition combinations. As shown in Figs. 14.13 and 14.14,
many of the lift origin/asymmetry combinations were significantly greater (20–30%) inA/P
load for the lowback pain group. Of particular interest were the differences in loads between
subject groups at the far-knee origin region in combination with the CW and CCW
asymmetries. Little difference existed in the symmetric A/P loads between subject groups.
However, far greater A/P loads (15–30%) occurred at the asymmetric lifting positions
under the far-knee lift origin regions. This condition was of particular concern since the
loads approached or exceeded 1000N in shear, which is often considered the tolerance limit
for A/P shear (16).

Significant differences in compression and lateral shear occurred as a function of the
weight handled between the low back pain and the asymptomatic group. In all cases, the low
back pain group exhibitedmore loading compared to the asymptomatic group. However, the

Figure 14.12 A/P shear force as a function of lift asymmetry position and subject group (* indicates
significant difference between group, P < 0.05). (From reference 102).

Figure 14.13 A/P shear lift origin by asymmetry position interaction for the asymptomatic group.
(From reference 102).
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differences in loading between subject groups were greatest at the lower weights of lift.
Compression differences were approximately 3% different and lateral shear differences
were about 5.3% different under the 4.5 kg lifting condition. As the weight increased, this
difference in spine loading decreased to the point where at 11.4 kg the loading differences
between subject groups were minimal due to weight lifted.

Significantmuscle usage differenceswere observed between subjects groups. Aswith
the earlier controlled trunkmotion study, statistically greater activitywasobserved in the low
back pain group for all muscle groups except for the erector spinae muscle group. Average
increases in muscle activities in the low back pain group compared to the asymptomatic
group were on the order of 32%.

This effort represents a step toward quantitativelymatching a patient’s specific abilities
to an acceptable level of spine loading experienced during a lifting exertion. The load
magnitudes selected for this study were purposely designed to represent the load magnitudes
commonly recommended in return-to-work programs. The results demonstrate that in those
suffering from lowbackpain, spine loading is increased relative to asymptomatic counterparts
over a series of lifting exertions representative of those expected in a work environment.

Someof themost surprising findings of this study involved the nature of the relationship
between the spine loadings of patients with low back pain and specific workplace conditions.
The general pattern of spine loadings in asymptomatic individuals behaved as expected
(103,104) varying as a function of lift origin region, lift asymmetry position, andweight lifted.
However, the nature of thedifferences in spine loadingpatternsbetweenpatientswith lowback
pain and asymptomatic subjects among the experimental conditionswere not expected. These
findingsprovideseveral significant insights into the functioningof the trunk’smusculoskeletal
system in response to the experience of low back pain. Several unique findings are worthy of
discussion.

First, when the percent change in spine loading was considered as a function of lift
origin region, larger differences between low back pain and asymptomatic groups were
observed in lift origin regions that would be expected to be least stressful, biomechanically.
In the cases of both compression andA/P shear, Figs. 14.9 and14.10 indicated that the largest
difference in loading between LBP patients and asymptomatic individuals occurred in the
shoulder lift origin region followed by thewaist lift origin region. In absolute terms, these lift
origin regions are the least taxing on the biomechanical system. However, the relative
increase in loading among subjects with low back pain compared to the asymptomatic group

Figure 14.14 A/P shear lift origin by asymmetry position interaction for the patient group. (From
reference 102).
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is large (25–35%) in these two regions. Thus, patients with low back pain pay a greater
relative biomechanical cost for lifting in these regions.Most notably, the increasedA/P shear
observed in the shoulder lift origin region in the lowback pain group resulted in amean shear
value that exceeded that in the knee lift origin region for both the low back pain and
asymptomatic subjects, whereas A/P shear in the shoulder region was lower than that in the
knee region for the asymptomatic subjects.

Examination of the kinematic profiles recorded during lifting exertions revealed that
mean sagittal plane angular hip velocities and accelerations of patients with low back pain
were equal to or even greater than those of the asymptomatic group under these presumably
less taxing conditions.Hence, there appears to be amusculoskeletal trade-offwhere subjects
with low back pain employ greater hip movement in lieu of torso motion. Examination of
theEMGdata recordedduring the lifting exertions revealed significantly increased activities
(up to 60%) for subjects with low back pain compared to the asymptomatic group in all
muscles except the erector spinae group in the shoulder and waist lift origin regions. These
findings indicate that the musculoskeletal system increases antagonistic coactivation as a
means to control or stabilize or “guard” against this increased kinematic task demand. It is
interesting that lesser erector spinae activity is displayed compared to the asymptomatic
group. This indicates avery different coactivation strategy in the LBPgroup compared to the
asymptomatic group. It is this “different” coactivation pattern that results in increases in
spine loading in the LBP group.

Second, perhaps themost unexpectedpattern involving differences in loading between
the low back pain group and the asymptomatic group involved the asymmetric lift position
variable. The differences in compression between the low back pain group and the
asymptomatic groups were more than twice as large in the CW asymmetries compared to
that in the CCWasymmetries. Such differences had not been reported earlier and indicate
that we are either preprogrammed to prefer motions in the CCW direction, possibly as a
function of hand preference, or we are conditioned to prefer CCW lift origins due to the
physical layout of our environment.

Our results indicate little difference betweenCWandCCWcompressionvalueswithin
the asymptomatic group, but show increases in compression in CW compared to CCW
movements within the patients with low back pain. Further analyses revealed that spine
lateral kinematics as well as pelvic rotation kinematics changed significantly between
subject groups as a function of asymmetry position. Thus, indicating the adoption of
alternative lifting strategies in the lowback pain group.However, these adaptations occurred
only as a function ofCCWasymmetry.Kinematicmeasureswere essentially the sameduring
lifting in the CW direction for both groups of subjects. However, as was the case for
differences observed as a function of lift origin region, themusculoskeletal systemwas taxed
to a greater degree in the CWdirection compared to the CCWdirection. It is unclear why the
low back pain group did not choose to adopt alternative lifting strategies in the CWdirection
as they did in the CCW direction.

Interesting differences in antagonistic coactivation also occurred as a function of the
asymmetric lifting positions. Under most conditions, the low back pain group coactivated
the trunkmuscles to amuch greater extent than did the asymptomatic group. Examination of
the CW–CCW differences in EMG patterns indicated that patients with low back pain
coactivated 8 of the 10 trunkmuscles to a greater degree in theCWdirection compared to the
CCW direction. This greater muscle activation in the CW direction was responsible for the
greater loading. It was also interesting that when the subject pain diagrams were reviewed,
twice as many subjects reported right-side pain compared to left-side pain. Thus, the
majority of subjects might have increased guarding when rotating CW. Certainly the
increased tension in the trunk muscles resulting from this coactivation would place patients
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with low back pain at a greater risk of activating both the structural disruption and muscle
function disruption pain pathways discussed in Chapter 5.

Third, to a lesser extent than expected, load weight magnitude also played a role in
spine loading differences between low back pain and asymptomatic subjects. In general,
larger differences between the low back pain and asymptomatic subjects groups were
observed at the lower weight levels, but these differences were rather minor compared to
the asymmetry and lift origin differences. As with the other significant spine loading
differences, differences in loading could also be explained by differences in muscle
coactivations. These findings again suggest that the largest differences in spine loading
between asymptomatic subjects and patients with low back pain are found in the least taxing
conditions.

One might question why the relative differences in loading were greater in the least
taxing biomechanical conditions. It would appear that these less biomechanically taxing
positions provide theopportunity for patientswith lowbackpain to increase spine coactivity in
an attempt to increase spine stability (105–107). There is no need for an intact (asymptom-
atic) individual to cocontract to the same degree as LBP patients in these postures. However,
under the more taxing external loading conditions, both groups of subjects sense the need to
control trunk motion and stability to a greater degree and, therefore, coactivate the trunk
muscles. In addition, under greater external loading condition, system stability is inherent
with greatermagnitude loads. Thus, the difference between thegroups is diminished.Hence,
compared to asymptomatic workers, it appears that the least taxing activities would
contribute relatively more to a cumulative trauma index compared to the more taxing
tasks (108–110).

As a general example of this relationship, Fig. 14.15 shows our typical load–tolerance
relationship for a range of low, medium, and high external loading magnitudes for a LBP
patient and asymptomatic person. The figure shows the expected tolerance limits that would
most likely be related to proinflammatory cytokine upregulation tolerance limits (at least for
the LBP patient). By examining the relationship between load and tolerance for both LBP
patients and asymptomatic workers, we see that the loading for the LBP patient is much
greater than that for the asymptomatic worker under the low force conditions but approach
the same levels of magnitude as those for the asymptomatic worker exposed to greater
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Figure 14.15 Load–tolerance relationship for different levels of external load applied to LBP and
asymptomatic workers.
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external loads. However, comparing the relationship of the load to the tolerances, we see that
the load approaches or exceeds the tolerance for theLBPpatient, although this occurs only at
the high loads for the asymptomatic worker.

Thus, exertion conditions that would be considered relatively low stress, and would
be considered good candidates for return to work tasks, may be more costly from a
biomechanical perspective than expected. These findings are consistent with previous
epidemiologic observations (99) that found that “pain associated with carrying out simple
dailymovements”was the best indicator of low back pain relapse. Hence, their findingsmay
indicate that the patients were experiencing greater spine loading in these simple tasks than
would be expected.

14.5 CAN KINEMATIC IMPAIRMENT ASSESSMENTS PREDICT
CHANGES IN SPINE LOADING?

Given the increasedspine loadingexpectedofLBPpatientsduring liftingexertions, itwouldbe
desirable to predict the degree towhich patientswith low back painwould increase their spine
loading given their low back pain status, so that activity limitations could be quantitatively
prescribed.Traditionally, strength-based functionalcapacityassessmentshavebeenemployed
in an effort to match the abilities of the patient with low back pain with task demands to
determine when an individual may return to physically demanding activities. A multitude of
capacity measures, such as strength and range of motion, have been employed to characterize
the abilities of the patient with low back pain in an attempt to determine when a patient’s
abilities have returned to normal or determine when the patient’s abilities meet job demands
(57,111–115).However, thesemeasures donot reflect the underlying changes in spine loading
that occur in the individual with low back pain that might potentially result in exacerbation of
low back pain. Thus, a void exists in that we have nomeans to estimate how the extent of low
back pain impairment relates to the increases in spine loading associated with an exertion.

We have just seen that trunk kinematics has been shown to be related to occupational
LBP risk (9–11) as well as spine loading (12–18) in asymptomatic subjects. Efforts have also
been able to demonstrate that torso kinematic compromise is a sensitive indicator of the degree
of lowbackpain impairment.The torsokinematicprofile isbelieved to reflect the torso’smotor
recruitment patterns adopted by the patient (21,22,117). In addition, we have just seen that
patients with low back pain experience significantly greater spine loads compared to
asymptomatic individuals. Hence, it is reasonable to expect that spine kinematics deficits
might relate to changes in spine load in the patient with low back pain, and this relationship
might provide insight into the spine loads expected in the patient returning to the workplace.

To assess the relationship between an individual’s kinematic status and spine loading, a
study was performed where a kinematic pretest evaluated patients with low back pain
andasymptomaticindividualsfor theirdegreeoftorsokinematiccompromiseusingthevalidated
kinematic testing methodology discussed earlier in this chapter (117). A laboratory study
employingthesamepopulationofsubjectsevaluatedspineloadingsforbothgroupsofsubjectsas
they lifted a variety of loads from a spectrum of lift origin locations. Kinematic performance
measures and lifting condition information were used to develop a model that predicted spine
loads for all subjects. One hundred and twenty-three subjects participated in this study.

The relationship between the kinematic performance measures (describing low back
impairment)and thespine loadingmeasuresobtainedduring the liftingexertionswereevaluated
forevidenceofsignificant relationships.Variableswereselectedandused todevelopastatistical
model that described the relationship between p(n), the physical characteristics of the
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experimental condition (lift origin, asymmetry, andweight) in predicting spine loading over the
range of p(n) for each loading dimension. Statistics indicating the degree of variability in spine
loading explained by the kinematic compromise (pseudo-R2 values) estimate that the degree of
kinematic compromise (measure as p[n]) can explain 87%, 61%, and 65% of the variability in
spine compression, A/P shear, and lateral shear, respectively.

As an exampleof this relationship, Figs. 14.16 and14.17describe the compression and
A/P shear behavior, respectively, for this model as a function of lift asymmetry and the p(n)
measure for all lift origin regions. These figures indicate how spine loading is expected to
vary as p(n) goes from 0 (fully impaired) to 1.0 (average of the asymptomatic individual) for

Figure 14.16 Compression as a function of p(n) and asymmetry for each lift region
(pN¼ 1¼ normal asymptomatic worker). (From reference 117).
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the combinations of different origins and asymmetries. Much greater differences between
asymptomatic and low back pain spine compressions were observed when lifting from CW
lift origins compared to CCW lift origins.

As seen in Fig. 14.18, compression could vary by more than 1000N as kinematic
capacity varies. Increases in spine loading in kinematically impaired subjects were as large
as 79% over the range of p(n) under some conditions. Figure 14.18 indicates how the p(n)
variable interacts with the load weight lifted to yield differences in spine compression.
In general, compression increased by 2% for every 1 kg increase in weight lifted. Similar
relationships were developed forA/P and lateral shear forces. A/P shear increased by 2% for

Figure 14.17 A/P shear as a function of p(n) and asymmetry for each lift region (pN¼ 1¼ normal
asymptomatic worker). (From reference 117).
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each kilogram increase in weight, whereas lateral shear force increased by nearly 3% for
every kilogram increase in weight lifted.

This evaluation has been able to estimate the degree of increased spine loading
expectedas a functionofkinematic compromise and thephysical characteristics of the lifting
situationof thepatientwith lowbackpain.Since the studycontaineda relatively large subject
population (over 100 subjects) for a detailed biomechanical study, the statistical power
permitted us to assess, in detail, the response of the musculoskeletal system.

Examinationof the results indicated thatwhen loadingwas increased inpatientswith low
back pain compared to asymptomatic individuals there was a “mismatch” between kinematic
task demands and the kinematic abilities of thepatientwith lowback pain. The patientwith low
back pain respondedwith increased torsomuscle coactivation resulting in significantly greater
loading compared to an asymptomatic individual.

For example, under many lifting exertion conditions where the largest differences in
loading between subject groups were noted (Fig. 14.14), the average peak sagittal velocity
during lifting for both groups was about the same. However, the kinematic capacity
(impairment assessment measures) of the two subject groups observed was significantly
different with larger relative kinematic deficits seen with subjects with low back pain
(relative to the asymptomatic subjects). Thus, a kinematic mismatch between task demands
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Figure 14.18 Compression as a function of p(n) for each weight. (pN= 1= normal asymptomatic
worker). (From reference 117).
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versus. subject kinematic status appears to reflect the differences in spine loading between
the low back pain and asymptomatic group via a muscle coactivation mechanism.

Perhaps the most remarkable finding of this studywas the ability to characterize these
underlying mismatches and their subsequent effect on spine loading through a relatively
simplemodel. Themodel reflects spine compression best (explaining 87%of thevariability)
and spine A/P shear moderately well (explaining 61% of the variability). Thus, this model
can predict changes in spine loads (compared to an asymptomatic individual) given the
lifting situation and the degree of a LBP patient’s kinematic compromise.

These findings have significant implications for the return towork of individuals with
lowback pain in that given kinematic capabilities of a patient with lowback pain, it would be
possible to quantitatively determine which specific work activities might compromise the
rehabilitation of the patient. Thus, patients with low back pain could return towork sooner if
one could determine which specific tasks should be avoided. In addition, periodic remo-
nitoring of the patient’s kinematic status would reveal when the patient with low back pain
would be able to return tomore demanding tasks without risk of excessivemechanical spine
loading. Hence, these findings suggest that it is possible to minimize exposure to activities
that might be responsible for a recurring back problem exacerbated by mechanical loading.

Collectively, this study indicated that valuable information is contained within
kinematic information relative to the recruitment pattern and functioning of the musculo-
skeletal system. Based on these results, it is highly likely that trunk kinematic deficits are
reflective of increase in trunk muscle coactivation that probably arise from a desire of the
patientwith lowbackpain to increaseguardingand stability but also result in greater loading.
These findings also suggest that those jobs thatwouldbe expected to impose the least amount
of risk may involve far more spine loading than expected. It appears that patients with low
backpain experiencegreater levels of coactivity (compared to asymptomatic subjects) under
conditions where externally imposed loads are minimal. It is assumed that the increase in
coactivity is intended to increase stability in situations where stability is marginal.

14.6 LIFTING EXPOSURE LIMITS FOR WORKERS
WITH LBP

These previous investigations have demonstrated that spine loading is a function of back
health status (impairment) as well as where (in space) a worker is lifting a load. The
previously mentioned studies have shown that we can reasonably estimate spine loads if we
simply know the origin of the lift as defined by different lifting “zones.” Furthermore, if we
understand the low back impairment status of the worker, we can also show how loading
differs for an asymptomatic worker compared to a worker with LBP.

Recently, a study was performed for the Ohio Bureau of Workers’ Compensation to
identify safe lifting limits for workers who were returning to work after suffering a low back
pain event (118). A large group of workers withmuscle-based LBP as well as a large group of
age-and gender-matched asymptomatic individuals were asked to lift from various lifting
zones. Using the low back impairment tool described earlier (lumbar motion monitor based
kinematic assessment), theLBPgroupwas found tohave an average impairment ratingp[n] of
0.13. The lifting zones varied in height off the floor (four zones) and distance from the spine
(two zones) as well as asymmetric locations (five zones). A biologically assisted biomechani-
cal model was used to analyze spine loads for compression, A/P shear, and lateral shear as the
asymptomatic and LBPworkers lifted from these different zones. Spine loadswere compared
with traditional spine tissue tolerance limits to identify acceptable lifting limits for the LBP
workers compared to the asymptomatic workers.
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The results of these investigations are reported in Figs. 14.19–14.21 for three
asymmetric lift origins. The figures indicate the horizontal reach distance zones of 30 or
60 cm and vertical lift origins defined as floor, knee, waist, or shoulder levels. Each zone
shows acceptable lifting load limits for both asymptomatic and workers with low back pain.
These values vary from 4.5 to 11.4 kg for LBP workers and can range to 32 kg for
asymptomatic workers. The values are pattern coded to indicate low risk, medium risk,
or unacceptable zones and weight combinations. Note that acceptable lifting limits canvary
up to a factor of 3 between LBP and asymptomatic workers. This demonstrates the strong
influence of the muscle recruitment system (internal loads) to determine spine loading in
asymptomatic workers compared to LBP workers. Thus, it is important to accommodate
LBP workers and adjust their lifting exposure when they return to work.

14.7 RECURRENCE OF LBP AND WORK

One of the significant problems with interpreting recurrence rates concerns the lack of a
standardized definition for recurrence. Some have proposed lost work time as a standard for

Figure 14.19 Acceptable lifting limits for asymptomatic versus LBP workers when lifting in zones
within �30� of symmetric. (From reference 118).

286 CHAPTER14 UNDERSTANDING RECURRENT LOW BACK PAIN AND IMPLICATIONS FOR RETURN TO WORK



recurrence (119–121).Others havedefined recurrence as report of an additional claimwithin
a given period (5). Still others report recurrence as a function of pain symptom reports (121).
One would expect different rates of recurrence depending on the nature of the definition
adopted. Hence, the definition of low back pain recurrence should play a pivotal role in
assessing predictors of recurrent low back pain.

As we have seen, the causal mechanisms behind low back pain are multidimensional,
complex, andmost likely, interactive. The source of low back pain canvary significantly and
few low back pain reports can be associated with a specific anatomical problem. Causality
sources range frommuscular problems, to structural problemswithin the spine, to upregula-
tion of cytokines at a specific site, and quite often are unknown. Each of these mechanisms
may ormay not initiate pain and eachmay have avery different potential for recurrence. One

Figure 14.20 Acceptable lifting limits for asymptomatic versus. LBP workers when lifting in zones
between 30� and 60� of asymmetry (twisting). (From reference 118).
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would expect that the mechanisms underlying recurrence might also be complex, multidi-
mensional, and possibly different from the mechanisms involved in the initial onset of low
back pain. Due to the complexity and many potential sources or initiators of pain, it is
difficult to assess predictors of recurrence.

A recent study could help shed some light on the issue of recurrence (122). This study
prospectivelymonitoredworkers who had reported a low back pain episode (due towork) as
they returned to full duty work and identified, quantitatively, which factors and how much
exposure to the contributing factors play a role in predicting low back pain recurrence as a
function of four definitions of low back pain (symptoms, medical visits, lost time, and
confirmed lost time) over the course of a 1-year period.

Figure 14.21 Acceptable lifting limits for asymptomatic versus. LBP workers when lifting in zones
between 60� and 90� of asymmetry (twisting). (From reference 118).
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The study was designed to monitor industrial workers over the course of a 1-year
period after returning to their full duty jobs following a low back pain report. When workers
returned to full duty, five types of assessments were performed including (1) a low back
kinematic functional assessments (discussed earlier in this chapter), (2) evaluation of the job
physical demands, (3) psychosocial assessment of the job environment, (4) self-reported
impairment includingperceptionof symptomsandpsychologicalmeasures, and (5)personal
factors including anthropometry and low back pain history. Workers were monitored to
assess recurrence according to the four different definitions of low back pain recurrence.

In this investigation, 206 patients were followed as they returned to their jobs in 41
different industrial work environments. Recurrence rates varied depending on the definition
of recurrence. A monotonic decrease in recurrence reporting occurred as the definition of
recurrencebecamemore restrictive.For example,when recurrencewasdefined simplyas the
presence of pain, 58% of the population reported a recurrence. However, when recurrence
was defined as lostworkdays,which had to be confirmedwith the employer, recurrence rates
fell to 10%.

This investigation yielded several general observations worthy ofmention. First, none
of the psychosocial workplace measures yielded statistically significant differences for any
of the LBP recurrence definitions.

Second, none of the physical workplace measures, by themselves, demonstrated a
statistically significant difference among nonrecurrent and recurrent low back pain cases
when themost restrictivedefinitionof recurrencewas used.However, as the definition of low
back pain recurrence becamemore liberal, more of the physicalworkplace factorswere able
to distinguishbetweenLBP recurrencegroups, indicating thatmore subjective reports of low
back pain were associated with a job’s physical requirements.

Third, a large difference in the number of statistically significant kinematic functional
assessment measures were noted between the recurrent and nonrecurrent low back pain
groups as a function of the recurrence definition. The most liberal measure of recurrence
(pain) yielded half the number of significant differences in kinematic functional abilities as
compared to the three more restrictive definitions of low back pain recurrence.

Fourth, subjective symptom measures tended to be significantly different between
recurrent andnonrecurrent groups regardless of thedefinitionof recurrence. Specifically, the
Million visual analog scale (VAS), which measures subjective impairment of activities of
daily living, the McGill Pain Questionnaire Present Pain Intensity Score as well as several
other subscores, the NASS symptom questionnaire, and several SF-36 Health Survey scores
were equally responsive to all low back pain recurrence outcomes.

Fifth, of the personal/anthropometric measures, only marital status and education
distinguished between recurrence groups for the most restrictive definition of low back pain
recurrence (confirmed lost time), whereas hours worked, overtime, restricted days, and lost
days (prior to return to work) indicated a statistically different profile between recurrence
groups for the less restrictive definitions of recurrence (pain reporting and medical visits).

A multiple logistic regression model of recurrence based on the various recurrence
definitions is shown in Table 14.4. This table shows the combination of variables that best
distinguishbetween thosepatientswhoexperiencea lowbackpain recurrencebasedon the four
definitionsof recurrence.This table indicates that recurrencecanbeestimatedwith surprisingly
good sensitivity and specificity. In addition, the multivariate models indicate that different
variables are important in predictingdifferent recurrencedefinitions. It is interesting tonote that
the most subjective definition of recurrence (pain) can be predicted using two self-reported
perception of impairment variables, one variable from the kinematic functional assessment,
physicalworkplacemeasures, andpsychosocialmeasures. It is also interesting tonote that some
of thevariablesemployed in themultivariatemodelcontribute topredictionincombinationwith
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other variables but are not significant predictors by themselves. The nextmost liberal definition
of recurrence also employs at least one variable from each category of measures to predict
recurrence. However, when the more restrictive measures of recurrence are evaluated, the
models rely heavily on a combination of worker’s perception of impairment response and two
quantitative descriptions of the kinematic capacity of the worker. It was also notable that the
most restrictive definitions of recurrence produced the best balance between sensitivity and
specificity with confirmed lost time being predicted with sensitivity and specificity of 80%.

The predictive ability of the individual variables entering into the multiple logistic
regressionmodels are reported in Table 14.5. It is notable that, in general, themore objective
predictors resulted in stronger odds ratios as the recurrence definition became more
restrictive.

This study indicates that the variables that predict recurrence are a complex mix
of perceptual impairment, psychophysical, kinematic ability, and physical demand vari-
ables. These findings emphasize the highly multidimensional nature of low back pain
recurrence. However, the combination of variables that best predict recurrence is also
highly dependent on how one defines low back pain recurrence. It is notable that the
significant predictor variables shifted from a broad mix of all combinations of variable
categories (i.e., perceptual, workplace, functional status, etc.) to a combination of only
subjective impairment and physical ability categorical variables as the definition of
recurrence becomes more restrictive. Thus, low back pain recurrence prediction is highly
dependent on how it is defined.

These analyses provide insight into the causality issues associated with recurrent low
back pain. Several points areworth noting in this respect. First, perhaps themost useful point
associated with recurrence prediction is the ability to define categories of variables that
contribute to the prediction of recurrence. In these analyses, all categories of variables that
might predict recurrent low back pain based on the literature were included. As discussed
earlier, different combinations of variables predict different definitions of recurrence. This
confirms some of the previous contentions stated in the literature (119–121). These findings

TABLE 14.4 Model Parameters Derived from the Five Types of Assessments that Best Predict
Recurrence (as Distinguished by the Different Definitions of Recurrence) (From Reference 122)

Model parameter Pain Medical visits Lost time Confirmed lost time

Million visual analog score 72.0* 45.0* 86.0* 86*
SF-36 physical function 26.5*
Sagittal flexion velocity at 15 left 11.2*
Sagittal extension acceleration at 15 left 63.1* 59.8*
Sagittal range of motion at zero 33.4*
Clinical lateral velocity (deg/sec) 48.9*
Lateral acceleration demand to capacity 1.44
Mean load (kg) 88
Mean moment (N m) 36
Hours worked 48*
Supervisor support 3.38
Workload variance 2.84
Role conflict 2.82

Sensitivity 79% 78% 79% 80%
Specificity 73% 74% 78% 80%

*The sensitivity and specificity indicate the ability of the multiple logistic regression model to identify LBP recurrence.
Indicates significance P> 0.05 for univariate analysis.
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suggest difficulty in interpretingmuch of the previous literature regarding recurrence unless
the definition of recurrence is clearly defined.

Second, we identified the specific categorical variables that produced the best models
of recurrence.Ourgoal inmodel buildingwas to producemodels that had the least number of
variables but that distinguished best between recurrence and nonrecurrence. With this
understanding in mind, we observe that in the less restrictive definitions of recurrence, all
classes of categorical variables play a role. It is interesting to note that someof thesevariables
by themselves (e.g., psychosocial factors) do not play a role in identifying recurrence.
However, when combined with other workplace, kinematic functional abilities, and
perception of pain variables, they can identify pain reporting or visits to medical facilities
well. Hence, pain reporting and experiencing symptoms severe enough to seek medical
attention are driven by a number of psychometric impairment and physical factors,
supporting a biopsychophysical model of pain recurrence. However, kinematic functional
assessments played amajor role alongwith perception in identifying lost time and confirmed
lost time definitions of recurrence. It is interesting to note that the difference between
these models is simply an addition of a (univariate) psychosocial role conflict variable
and demand–capacity variable that in combinationwith perceptual and kinematic functional
assessment variables produced the highest levels of sensitivity and specificity (80% each).

Third, the increasing importance of the kinematic functional assessments as a function
of more restrictive definitions of recurrence suggests a greater biomechanical role in the
more restrictivedefinitions of recurrence.Whileworkplace analyses indicated thatmost jobs
to which workers returned would be classified as moderate risk via quantitative work
assessment tools (9,10), laboratory assessments of deficits in kinematic abilities have

TABLE 14.5 Odds Ratios (95% Confidence Intervals) for Variables that Entered the Final Models
(From Reference 122)

Model parameter Pain Medical visits Lost time Confirmed lost time

Million visual
analog score

7.70 (2.88–20.62) 4.13 (2.17–7.86) 6.19 (2.47–15.52) 10.00 (3.62–27.62)

SF-36 physical
function

6.29 (3.14–12.59)

Sagittal flexion
velocity at 15 left

4.18 (2.22–7.86)

Sagittal extension
acceleration at 15
left

9.81 (3.26–29.47) 15.37 (3.46–68.37)

Sagittal range of
motion at zero

2.84 (1.10–7.34)

Clinical lateral
velocity (deg/sec)

3.85 (2.08–7.16)

Lateral acceleration
demand to
capacity

6.53 (1.47–29.00)

Mean load (kg) 1.53 (0.84–2.78)
Mean moment (Nm) 1.01 (0.58–1.79)
Hours worked 2.79 (1.50–5.17)
Supervisor support 3.39 (1.23–9.31)
Workload variance 2.32 (1.28–4.26)
Role conflict 2.91 (0.65–13.04)
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reported much greater spine loading of patients who suffered kinematic impairments
compared to patientswho possessed greater kinematic capacities (117). Hence, collectively,
these findings suggest that patients returning to the workplace with less kinematic capacity
were experiencing greater spine loadings as they performed their regular jobs. This suggests
caution in early return to work unless the patient’s kinematic functional abilities are near
normal when they return to even moderately demanding jobs.

It should also be noted that the difference between lost time and confirmed lost time
may be driven by the severity of the pain or reporting policy. Postreporting interviews with
the patients described some unexpected reporting issues. Some patients felt their jobswould
be in jeopardy if they reported a low back pain problem so they took a personal day off or a
vacation day. In other instances, company policywas such that lost days were not associated
with a report unless a minimum of two lost days occurred. Thus, some of the data in this
category may reflect a more restrictive definition of recurrence than originally thought.

Thedifferences among the trends associatedwithdifferent definitions of lowbackpain
recurrence are remarkable. It is interesting to observe how the individual variables, by
themselves, related to recurrence. Surprisingly, psychosocial factors and many of the
workplace physical factors played little role in predicting recurrence, especially when the
more restrictive definitions of recurrence are considered. This may emphasize that low back
pain recurrence is very different in nature from the initial low back pain event and is
influenced by very different factors. Perceptions of pain and lowback impairment, aswell as
objective measures of physical abilities (kinematic functional assessments), appear to play
much greater role in predicting recurrence. These pain perceptions may be a result of the
upregulation of cytokines and the resultant increase in sensitivity that is often observed once
one develops low back pain.

14.8 A RETURN-TO-WORK STRATEGY

Considering these findings collectively provides some insight into a proper return-to-work
strategy. First, since spine loading of workers returning to the workplace is heavily
influenced by kinematic mismatch between the job-defined kinematics and the worker’s
kinematic ability, it is important tomake sure theworker is returned to a job that is designed in
such a way that risk to the low back is minimum from a kinematic standpoint. Chapter 11
discusses methods to assess the contribution of kinematics to overall risk. Next, it is
important to assess the kinematic capacity of the worker. As shown in Fig. 14.17, kinematic
compromise can seriously impact spine loading. Thus, the risk of recurrence is related to the
kinematic capacity of the job compared to the abilities of the worker. Ideally, the worker’s
p(n) should be above 0.5 (the value at which a person is classified as normal) before return to
work. Finally, attitudes about the workers pain should be considered via the MVAS.
Activities of daily living should not be a challenge to the worker when returning to work.
As with most primary low back pain, this strategy represents a systematic approach to
managing the various components and risk factors for low back pain.

14.9 CONCLUSIONS

This chapter has shown that secondary or recurrent low back pain represents a major
challenge to those responsible for the design of work expected to accommodate someone
recovering from low back pain. There appears to be a significant biomechanical cost to
returning to theworkplacewith low back pain symptoms. Laboratory studies have indicated

292 CHAPTER14 UNDERSTANDING RECURRENT LOW BACK PAIN AND IMPLICATIONS FOR RETURN TO WORK



that spine loading is up to 70% greater (especially in shear) for the individual with low back
pain compared to an asymptomatic individual performing the exact same task. This
increased loading is due to increased coactivation of the torso muscles in the individual
with lowbackpain, presumably in anattempt to stabilize and“guard” theback.However, this
response requires a high biomechanical cost.

This assessment has also shown that it is possible to predict increases in spine loading
by monitoring the patients kinematic capacity. Using these quantitative tools to assess the
individual’s capacity for natural kinematicmotion and comparing this to the requirements of
the work, it is possible to match the work requirements to the worker.

It is possible to predict low back pain recurrence, but it depends heavily on the
definition of recurrence. The most accurate predictions can be made for the least subjective
measures of recurrence and involve a multidimensional combination of patient kinematic
capacity, task demands, subjectivewell-being, and psychosocial response. This information
confirms that there are many factors that could activate low back pain pathways discussed
earlier, and that these pathways are similar to that for the initial exposure to low back pain.
However, amajor differencewith recurrent low back pain is that the load tolerance is greatly
reduced before the activation of pain pathway. Thus, interventions that are beneficial for the
recurrence of low back pain can also minimize the initial onset of low back pain.

Finally, these efforts simply begin to help us understand the mechanisms of recurrent
low back pain and work. Future studies need to delineate the role of the interactions among
risk factors in triggering the low back pain pathway. In addition, future studies need to define
more precisely howmuch tissue loading is necessary to exceed the pain initiation thresholds
(i.e., upregulation of cytokines, tissue damage, etc.).

KEY POINTS

. Spine loading is generally much greater in those suffering from low back pain due to
cocontraction of the trunk muscles. This cocontraction is presumed to be a result of
guarding and an attempt to increase stability.

. Kinematic deficits have also been noted in those suffering from low back pain, and this
deficit can be quantified.

. The degree of kinematic deficits is linearly related to the increases in spine loading
compared to an asymptomatic individual.

. Recurrence depends heavily on the definition of recurrence. More restrictive and
objective definitions are a function of (1) perceptions about the ability to performdaily
activities, (2) kinematic compromise of the back, (3) the kinematic demands of the job
to which the worker is returning, and (4) the role conflict environment of the work.

. Return-to-work strategies should include (1) assessment of the kinematic and job
requirements of the job to which the worker is returning, (2) an assessment of
kinematic compromise, (3) evaluation of worker perceptions about their health, and
(4) evaluation of psychosocial status (role conflict).

REFERENCES

1. SMEDLEY J, et al. Prospective cohort study of predictors
of incident low back pain in nurses. Br Med J 1997;314
(7089):1225–1228.

2. van POPPEL MN, et al. Risk factors for back pain
incidence in industry: a prospective study. Pain 1998;
77(1):81–86.

REFERENCES 293



3. FERGUSON SA, MARRAS WS. A literature review of low
back disorder surveillance measures and risk factors.
Clin Biomech 1997;12:211–226.

4. PAPAGEORGIOU AC, et al. Influence of previous pain
experience on the episode incidence of low back pain:
results from the South Manchester Back Pain Study.
Pain 1996;66(2–3):181–185.

5. MACDONALD MJ, et al. A descriptive study of recurrent
low back pain claims. J Occup Environ Med 1997;39
(1):35–43.

6. NRC. Musculoskeletal disorders and the work-
place: low back and upper extremity. Panel on Muscu-
loskeletal Disorders at the Workplace. Washington
(DC): National Academy of Sciences, National
Research Council, National Academy Press; 2001
p.492.

7. HAMRICK C. CTDs Ergonomics in Ohio. International
Ergonomics Association (IEA) 2000/Human Factors
and Ergonomics Society (HFES) 2000 Congress; San
Diego (CA): Human Factors and Ergonomics Society;
2000.

8. FERGUSON SA, MARRAS WS, GUPTA P. Longitudinal
quantitative measures of the natural course of low
back pain recovery. Spine 2000;25(15):1950–
1956.

9. MARRAS WS, et al. Biomechanical risk factors for
occupationally related low back disorders. Ergonomics
1995;38(2):377–410.

10. MARRAS WS. et al. The role of dynamic three-dimen-
sional trunk motion in occupationally-related low back
disorders. The effects of workplace factors, trunk
position, and trunk motion characteristics on risk of
injury. Spine 1993;18(5):617–628.

11. MARRASWS. et al. Prospective validation of a low-back
disorder risk model and assessment of ergonomic inter-
ventions associated with manual materials handling
tasks. [in process citation]. Ergonomics 2000;43
(11):1866–1886.

12. FATHALLAH FA, MARRAS WS, PARNIANPOUR M. An as-
sessment of complex spinal loads during dynamic lift-
ing tasks. Spine 1998;23(6):706–716.

13. GRANATA KP, MARRAS WS. The influence of trunk
muscle coactivity on dynamic spinal loads. Spine
1995;20(8):913–919.

14. GRANATA KP, MARRAS WS. Relation between spinal
load factors and the high-risk probability of occupa-
tional low-back disorder. Ergonomics 1999;42(9):
1187–1199.

15. MARRAS WS, DAVIS KG, SPLITTSTOESSER RE. Spine
loading during whole body free dynamic lifting.
Columbus (OH):TheOhioStateUniversity; 2001. p.84.

16. MARRAS WS, GRANATA KP. Spine loading during trunk
lateral bending motions. J Biomech 1997;30(7):
697–703.

17. MARRAS WS, GRANATA KP. Changes in trunk dynamics
and spine loadingduring repeated trunkexertions.Spine
1997;22(21):2564–2570.

18. MARRASWS,GRANATAKP.Abiomechanical assessment
and model of axial twisting in the thoracolumbar spine.
Spine 1995;20(13):1440–1451.

19. MARRAS WS, WONGSAM PE, FLEXIBILITY velocity of the
normal and impaired lumbar spine. Arch Phys Med
Rehabil 1986;67(4):213–217.

20. MARRAS WS, et al. The classification of anatomic- and
symptom-based low back disorders using motion mea-
sure models. Spine 1995;20(23):2531–2546.

21. MARRAS WS, et al. The quantification of low back
disorder using motion measures. Methodology and
validation. Spine 1999;24(20):2091–2100.

22. MARRAS WS, et al. Impairment magnification during
dynamic trunk motions. Spine 2000;25(5):587–595.

23. WADDELLG,ALLAND,NEWTONM.Clinical evaluationof
disability in low back pain, In The Adult Spine: Prin-
ciples and Practice. FRYMOYER JW, editor. Philadelphia:
Lippincott-Raven; 1997.171–183.

24. TEASELL RW, HARTH M. Functional restoration. Return-
ing patients with chronic low back pain to work—
revolution or fad? Spine 1996;21(7):844–847.

25. DILLANE J, FRY J, KALTON G. Acute back syndrome: a
study from general practice. Br Med J ,1966;2:82–84.

26. SPIELER EA, et al. Recommendations to guide revision
of the guides to the evaluation of permanent im-
pairment. J Am Med Assoc 2000;283(4):519–523.

27. Insurance. U.S. Board of Disability, Disability Evalua-
tionUnderSocial Security;AHandbook for Physicians.
U.S. Government Printing Office; 1970 .

28. FRYMOYER JW, Apractical guide tocurrentUnitedStates
impairment rating: a critical analysis. In FRYMOYER JW,
editor. The Adult Spine: Principles and Practice. New
York: Raven Press; 1991.

29. SPRATT KF, et al. A new approach to the low-back
physical examination. Behavioral assessment of me-
chanical signs. Spine 1990;15(2):96–102.

30. BRADLEY LA, et al. Comment on “personality organi-
zation as an aspect of back pain in a medical setting”. J
Person Assess 1978;42(6):573–578.

31. GRABINER MD, KOH TJ, EL GHAZAWI A. Decoupling of
bilateral paraspinal excitation in subjects with low back
pain. Spine 1992;17(10):1219–1223.

32. AHERN DK, et al. Comparison of lumbar paravertebral
EMG patterns in chronic low back pain patients and
non-patient controls. Pain 1988;34(2):153–160.

33. TRIANO JJ, SCHULTZ AB. Correlation of objective mea-
sure of trunkmotion andmuscle functionwith low-back
disability ratings. Spine 1987;12(6):561–565.

34. PAQUET N, MALOUIN F, RICHARDS CL. Hip–spine move-
ment interaction and muscle activation patterns during
sagittal trunk movements in low back pain patients.
Spine 1994;19(5):596–603.

35. WATSON PJ, et al. Surface electromyography in the
identification of chronic low back pain patients: the
development of the flexion relaxation ratio. Clin Bio-
mech (Bristol, Avon) 1997;12(3):165–171.

36. HUBLEY-KOZEY CL, VEZINA MJ. Differentiating tempo-
ral electromyographic waveforms between those with
chronic low back pain and healthy controls. Clin Bio-
mech (Bristol, Avon) 2002;17(9–10):621–629.

37. NEWCOMER KL, et al. Muscle activation patterns in
subjects with and without low back pain. Arch Phys
Med Rehabil 2002;83(6):816–821.

294 CHAPTER14 UNDERSTANDING RECURRENT LOW BACK PAIN AND IMPLICATIONS FOR RETURN TO WORK



38. LEINONEN V, et al. Back and hip extensor activities
during trunk flexion/extension: effects of low back pain
and rehabilitation. Arch Phys Med Rehabil 2000;
81(1):32–37.

39. NOUWEN A, Van AKKERVEEKEN PF, VERSLOOT JM.
Patterns of muscular activity during movement in
patients with chronic low-back pain. Spine 1987;12
(8):777–782.

40. HODGES PW. Changes inmotor planning of feedforward
postural responses of the trunk muscles in low back
pain. Exp Brain Res 2001;141(2):261–266.

41. PEACH JP, MCGILL SM. Classification of low back pain
with the use of spectral electromyogram parameters.
Spine 1998;23(10):1117–1123.

42. ROY SH, et al. Spectral electromyographic assessment
of back muscles in patients with low back pain under-
going rehabilitation. Spine 1995;20(1):38–48.

43. KLEIN AB, et al. Comparison of spinal mobility and
isometric trunk extensor forceswith electromyographic
spectral analysis in identifying lowbackpain. PhysTher
1991;71(6):445–454.

44. MAYERTG, et al. Lumbar myoelectric spectral analysis
for endurance assessment. A comparison of normals
with deconditioned patients. Spine 1989;14(9):986–
991.

45. BIEDERMANN HJ, et al. Power spectrum analyses of
electromyographic activity. Discriminators in the dif-
ferential assessment of patients with chronic low-back
pain. Spine 1991;16(10):1179–1184.

46. LARIVIERE C, et al. Evaluation of measurement strate-
gies to increase the reliability of EMG indices to assess
back muscle fatigue and recovery. J Electromyogr
Kinesiol 2002;12(2):91–102.

47. ODDSSON LI, De LUCA CJ. Activation imbalances in
lumbar spine muscles in the presence of chronic low
back pain. J Appl Physiol 2003;94(4):1410–1420.

48. KANKAANPAAM, et al. Backandhip extensor fatigability
in chronic low back pain patients and controls. Arch
Phys Med Rehabil 1998;79(4):412–417.

49. SHERMAN RA, Relationships between strength of low
back muscle contraction and reported intensity of
chronic low back pain. Am J Phys Med 1985;64
(4):190–200.

50. COOPER RG, et al. Increased central drive during
fatiguing contractions of the paraspinal muscles in
patients with chronic low back pain. Spine 1993;18
(5):610–616.

51. ALEXIEVAR. Some differences of the electromyograph-
ic erector spinae activity between normal subjects and
low back pain patients during the generation of isomet-
ric trunk torque. Electromyogr Clin Neurophysiol
1994;34(8):495–499.

52. ROBINSON ME, et al. Lumbar iEMG during isotonic
exercise: chronic lowbackpainpatients versus controls.
J Spinal Disord 1992;5(1):8–15.

53. LAMOTH CJ, et al. Effects of chronic low back pain on
trunk coordination and back muscle activity during
walking: changes in motor control. Eur Spine J 2006;
15(1):23–40.

54. PIROUZI S, et al. Low back pain patients demonstrate
increased hip extensor muscle activity during standard-
ized submaximal rotation efforts. Spine 2006;31(26):
E999–E1005.

55. DANNEELS LA, et al. Differences in electromyographic
activity in the multifidus muscle and the iliocostalis
lumborum between healthy subjects and patients with
sub-acute and chronic low back pain. Eur Spine J
2002;11(1):13–19.

56. MANDELL PJ, et al. Isokinetic trunk strength and lifting
strength measures, Differences and similarities between
low-back-injured and noninjured workers. Spine 1993;
18(16):2491–2501.

57. KISHINO ND, et al. Quantification of lumbar function.
Part 4, Isometric and isokinetic lifting simulation in
normal subjects and low-back dysfunction patients.
Spine 1985;10(10):921–927.

58. KUMAR S, DUFRESNE RM, Van SCHOOR T. Human trunk
strength profile in flexion and extension. Spine 1995;20
(2):160–168.

59. MAYER TG, et al. Use of noninvasive techniques for
quantification of spinal range-of-motion in normal sub-
jects and chronic low-back dysfunction patients. Spine
1984;9(6):588–595.

60. MCINTYREDR, et al.Acomparisonof thecharacteristics
of preferred low-back motion of normal subjects and
low-back-pain patients. J Spinal Disord 1991;4(1):
90–95.

61. HULTMAN G, et al. Body composition, endurance,
strength, cross-sectional area, and density of MM erec-
tor spinae in men with and without low back pain. J
Spinal Disord 1993;6(2):114–123.

62. NEWTON M, et al. Trunk strength testing with iso-
machines. Part 2. Experimental evaluation of the Cybex
II Back Testing System in normal subjects and patients
with chronic low back pain. Spine 1993;18(7):812–824

63. LEE JH, OOI Y, NAKAMURA K. Measurement of muscle
strength of the trunk and the lower extremities in sub-
jects with history of low back pain. Spine 1995;20
(18):1994–1996.

64. ITOT, et al. Lumbar trunkmuscle endurance testing: an
inexpensive alternative to a machine for evaluation.
Arch Phys Med Rehabil 1996;77(1):75–79.

65. BRADY S, MAYER T, GATCHEL RJ. Physical progress and
residual impairment quantification after functional res-
toration: Part II. Isokinetic trunk strength. Spine 1994;19
(4):395–400.

66. RUDY TE, et al. Body motion during repetitive isody-
namic lifting: a comparative study of normal subjects
and low-back pain patients. Pain 2003;105(1–2):319–
326.

67. DESCARREAUXM,BLOUIN JS, TEASDALEN. Force produc-
tion parameters in patients with low back pain and
healthy control study participants. Spine 2004;29
(3):311–317.

68. MELLIN G, et al. A controlled study on the outcome of
inpatient and outpatient treatment of lowbackpain. Part
II. Effects on physicalmeasurements threemonths after
treatment. Scand J Rehabil Med 1989;21(2):91–95.

REFERENCES 295



69. JAYARAMAN G, et al. A computerized technique for
analyzing lateral bending behavior of subjects with
normal and impaired lumbar spine. A pilot study. Spine
1994;19(7):824–832.

70. MCCLURE PW, et al. Kinematic analysis of lumbar and
hip motion while rising from a forward, flexed position
in patients with and without a history of low back pain.
Spine 1997;22(5):552–558.

71. MARRASWS, et al. A normal database of dynamic trunk
motion characteristics during repetitive trunk flexion
and extension as a function of task asymmetry, age and
gender. IEEE Trans 1994;2(3):137–146.

72. HORAK F, DIENER H. Cerebellar control of postural
scaling and central set in stance. J Neurophysiol
1994;72: 479–493.

73. BATTIEMC, et al. Isometric lifting strengthasapredictor
of industrial back pain reports. Spine 1989;14(8):851–
856.

74. CHENGALUR SN, et al. Assessing sincerity of effort in
maximal grip strength tests. A J Phys Med Rehabil
1990;69(3):148–153.

75. HAZARD RG, REEVES V, FENWICK JW. Lifting capacity.
Indices of subject effort. Spine 1992;17(9):1065–
1070.

76. HAZARD RG, et al. Isokinetic trunk and lifting strength
measurements: variability as an indicator of effort.
Spine 1988;13(1):54–57.

77. ROBINSONME, et al. Reproducibility ofmaximal versus
submaximal efforts in an isometric lumbar extension
task. J Spinal Disord 1991;4(4);444–448.

78. ROBINSONME, et al. Effect of instructions to simulate a
back injury on torque reproducibility in an isometric
lumbar extension task. J Occup Rehabil 1992;2:191–
199.

79. SMITH G, et al. Validation of a protocol for determining
submaximal efforts in back strength assessment. Int Soc
Biomech 1991;397–399.

80. HUPLIM, et al. Isokinetic performance capacity of trunk
muscles: Part I: The effect of repetition onmeasurement
of isokinetic performance capacity of trunk muscles
amonghealthy controls and twodifferent groups of low-
back pain patients. Scand J Rehabil Med 1996;28
(4):201–206.

81. LUOTO S, et al. Isokinetic performance capacity of
trunk muscles: Part II. Coefficient of variation in
isokinetic measurement in maximal effort and in
submaximal effort. Scand J Rehabil Med 1996;
28(4):207–210.

82. REID S, HAZARD RG, FENWICK JW. Isokinetic trunk-
strength deficits in people with and without low-back
pain: a comparative studywith consideration of effort. J
Spinal Disord 1991;4(1):68–72.

83. RENEMAN MF, et al. Testing lifting capacity: validity of
determining effort level bymeans of observation. Spine
2005;30(2):E40–E46.

84. JAY MA, et al. Sensitivity and specificity of the in-
dicators of sincere effort of the EPIC lift capacity test
on a previously injured population. Spine 2000;25
(11):1405–1412.

85. SIMONSEN JC. Coefficient of variation as a measure of
subject effort.ArchPhysMedRehabil 1995;76(6):516–
520.

86. DVIR Z, KEATING J. Identifying feigned isokinetic trunk
extension effort in normal subjects: an efficiency study
of the DEC. Spine 2001;26(9):1046–1051.

87. DVIR Z, KEATING JL. Trunk extension effort in patients
with chronic low back dysfunction. Spine 2003;28
(7):685–692.

88. KROEMER KH, MARRAS WS. Towards an objective as-
sessment of the “maximal voluntary contraction” com-
ponent in routine muscle strength measurements. Eur J
Appl Physiol 1980;45(1):1–9.

89. DEYO RA, DIEHL AK. Lumbar spine films in primary
care: current use and effects of selective ordering crite-
ria. J Gen Intern Med 1986;1(1):20–25.

90. NRC. Work-related musculoskeletal disorders: report,
workshop summary, and workshop papers. Steering
Committee for theWorkshop onWork-Related Muscu-
loskeletal Injuries: The Research Base. National Acad-
emy of Sciences, National Research Council.Washing-
ton (DC): National Academy Press; 1999. p.229.

91. ADAMS MA, et al. Mechanical initiation of inter-
vertebral disc degeneration. Spine 2000;25(13):
1625–1636.

92. ADAMS MA, MCNALLY DS, DOLAN P. ‘Stress’ distribu-
tions inside intervertebral discs. The effects of age and
degeneration. J Bone Joint Surg Br 1996;78(6):965–
972.

93. ADAMS MA, et al. Sustained loading generates stress
concentrations in lumbar intervertebral discs. Spine
1996;21(4):434–438.

94. LU WW, et al. Back muscle contraction patterns of
patients with low back pain before and after rehabilita-
tion treatment: an electromyographic evaluation. J Spi-
nal Disord 2001;14(4):277–282.

95. NG JK, et al. EMG activity of trunk muscles and torque
output during isometric axial rotation exertion: a com-
parison between back pain patients and matched con-
trols. J Orthop Res 2002;20(1):112–121.

96. LARIVIE’RE C, GAGNON D, LOISEL P. A biomechanical
comparison of lifting techniques between subjects with
and without chronic low back pain during freestyle
lifting and lowering tasks.ClinBiomech (Bristol,Avon)
2002;17(2):89–98.

97. MARRAS WS, DAVIS KG. A non-MVC EMG normaliza-
tion technique for the trunkmusculature: Part 1.Method
development. J Electromyogr Kinesiol 2001;11(1):
1–9.

98. MARRAS WS, DAVIS KG, MARONITIS AB. A non-MVC
EMG normalization technique for the trunk muscula-
ture: Part 2. Validation and use to predict spinal loads. J
Electromyogr Kinesiol 2001;11(1):11–18.

99. MARRAS WS, et al. Spine loading characteristics of
patients with low back pain compared with asymptom-
atic individuals. Spine 2001;26(23):2566–2574.

100. LOTZ JC. Animal models of intervertebral disc
degeneration: lessons learned. Spine 2004;29(23):
2742–2750.

296 CHAPTER14 UNDERSTANDING RECURRENT LOW BACK PAIN AND IMPLICATIONS FOR RETURN TO WORK



101. LOTZ JC, CHIN JR. Intervertebral disc cell death is
dependent on the magnitude and duration of spinal
loading. Spine 2000;25(12):1477–1483.

102. MARRAS WS, et al. Spine loading in patients with low
back pain during asymmetric lifting exertions. Spine J
2004;4(1):64–75.

103. MARRAS WS, et al. Effects of box features on spine
loadingduringwarehouseorder selecting.Ergonomics
1999;42(7):980–996.

104. MARRAS WS, DAVIS KG. Spine loading during asym-
metric lifting using one versus two hands. Ergonomics
1998;41(6):817–834.

105. CHOLEWICKI J,MCGILL S.Mechanical stability of the in
vivo lumbar spine: implications for injury and chronic
low back pain. Clin Biomech (Bristol, Avon) 1996;11
(1):1–15.

106. CHOLEWICKI J, VANVLIET IJ. Relative contribution of
trunk muscles to the stability of the lumbar spine
during isometric exertions. Clin Biomech (Bristol,
Avon) 2002;17(2):99–105.

107. PANJABIMM.The stabilizing systemof the spine.Part I.
Function, dysfunction, adaptation, and enhancement.
J Spinal Disord 1992;5(4):383–389. discussion 397.

108. CALLAGHAN JP, SALEWYTSCH AJ, ANDREWS DM. An
evaluation of predictivemethods for estimating cumu-
lative spinal loading. Ergonomics 2001;44(9):
825–837.

109. KUMAR S. Cumulative load as a risk factor for back
pain. Spine 1990;15(12):1311–1316.

110. SEIDLER A, et al. The role of cumulative physicalwork
load in lumbar spine disease: risk factors for lumbar
osteochondrosis and spondylosis associated with
chronic complaints. Occup Environ Med 2001;58
(11):735–746.

111. LINDSTROM I, et al. Mobility, strength, and fitness after
a graded activity program for patients with subacute
low back pain. A randomized prospective clinical

study with a behavioral therapy approach. Spine
1992;17(6):641–652.

112. LINDSTROM I, OHLUND C, NACHEMSON A. Validity of
patient reporting and predictive value of
industrial physical work demands. Spine 1994;19(8):
888–893.

113. MELLIN G, et al. Outcome of a multimodal treatment
including intensive physical training of patients
with chronic low back pain. Spine 1993;18(7):
825–829.

114. HAZARD RG, et al. Functional restoration with behav-
ioral support. A one-year prospective study of patients
withchroniclow-backpain.Spine1989;14(2):157–161.

115. MAYER TG, et al. A prospective two-year study of
functional restoration in industrial low back injury. An
objective assessment procedure. J Am Med Assoc
1987;258(13):1763–1767.

116. MCGILL S. Low Back Disorders: Evidence-Based
Prevention and Rehabilitation. Vol. XV. Champaign
(IL): Human Kinetics; 2002. p.295.

117. MARRAS WS, et al. Functional impairment as a
predictor of spine loading. Spine 2005;30(7):729–737.

118. FERGUSONSA,MARRASWS,BURRD.Workplacedesign
guidelines for asymptomatic vs. low-back-injured
workers. Appl Ergon 2005;36(1):85–95.

119. deVETHC, et al. Episodes of lowbackpain: a proposal
for uniform definitions to be used in research. Spine
2002;27(21):2409–2416.

120. OLESKE DM, et al. Association between recovery out-
comes for work-related low back disorders and per-
sonal, family, and work factors. Spine 2000;25
(10):1259–1265.

121. WASIAK R, PRANSKY GS,WEBSTER BS.Methodological
challenges in studying recurrence of low back pain. J
Occup Rehabil 2003;13(1):21–31.

122. MARRASW, et al. Low back pain recurrence in occupa-
tional environments. Spine 2007; 32(21):2387–2397.

REFERENCES 297



CHAPTER 15
CONCLUSIONS

The previous chapters have laid the foundation for a systematic understanding of how the
various risk factors associatedwith low back pain can be integrated via a logical sequence of
events and provide a potential explanation for how lowback pain can occur due to exposures
in theworkplace.Asnoted at the beginningof this book, onemust view these potential causal
pathways as pieces of a puzzle that must be viewed in context for a comprehensive picture to
emerge. The puzzle pieces begin with an understanding of which factors must be integrated
into a working hypothesis. The literature is filled with epidemiologic evidence suggesting
that physical work factor exposure, psychosocial/organizational work factor exposure, and
individual risk factors interact to define the risk of low back disorders in the workplace.
While it is difficult to act upon a person’s individual risk factors within the work environ-
ment, it is imperative that we consider how they interact with work-related risk factors if we
are to control the risk. The operative word in this statement is interact. While each one of
these categories of risk factors are believed to independently influence risk, the key to
understanding overall risk of low back pain is to appreciate how these various categories of
risk factors might intermingle to exacerbate risk.

The next piece of the puzzle in understanding the working back is to appreciate the
mechanismsbywhich these epidemiologically identified risk factors can interact.The lineof
reasoning in this effort suggests that biomechanical loading of the tissues can provide this
common conduit. We have seen that, anatomically, there are many structures and tissues
within the spine and general low back region that are capable of initiating a pain response.
However, these tissues require stimulation, at least initially, to project a pain sensation to the
brain. This is an important prerequisite for pain. It is highly unlikely that tissues become
sensitized without any mechanical stimulation what so ever. While the pain may not be
perceived immediately while the stimulus is present, the application of tissue load is the
event that can initiate the sequence of events that result in pain perception. Though we have
seen that numerous tissues are capable of transmitting a pain signal from the peripheral
tissue, it is also clear thatwith enough stimulation, especially repeated stimulation, the tissue
can become overly sensitized. Hence, the biomechanical stimulus need not be large in
magnitude to perpetuate the pain. In addition, the pain literature has clearly shown that if the
sensitization of the peripheral tissue continues, it is possible for the pain to become
centralized, residing in theCNSandvarious locations in the brain. Thus, onemust appreciate
the temporal history of exposure and pain perception to understand how pain can be
exacerbated at the workplace. The modern pain literature clearly shows that, given
this progression of pain from peripheral to central, it is possible to experience pain even
after the original tissue has recovered from an insult. This cascade of pain responses
merely requires a restimulation of the tissue at a relatively low level to propagate the pain
sequence.
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Our knowledge of pain perception suggests that it is important to address the work
factors that can result in pain early in the pain perception process. If one waits until low
back pain is severe enough to result in lost work time before one addresses the work
factors, then the chances that the pain has become centralized is greatly enhanced and it
is far more difficult to control and problem. Thus, early intervention is the key to the
control of work-related low back pain. However, given the interaction of physical,
psychosocial/organizational, and individual factors in defining tissue load, interventions
must be systematic in their approach. They must not only address physical workplace
factors but must also address the organizational and psychological components of
work.

Administrative interventions are often a necessary part of this systematic approach to
address low back pain in the workplace. Administrative efforts operate at several levels (1).
For one, administrative surveillance programs impact the attitude of the workers who are at
risk. Shaping attitudes in terms of empowering workers to take control of their destiny and
helping theworkers to understand that theyhavecontrol over theirworkenvironment and life
are important factors in mediating the biomechanical and biochemical response of the
individual to the workplace.

Next, administrative efforts are also necessary to quantitativelymonitor potential risk
“hot spots” in the work environment. Administrative surveillance can identify work
situations in need of attention.

Another important role of administrative controls is to assist in rehabilitation at
work. It is important for management to recognize the pain cascade for return to the
workplace of workers who are recovering from a low back pain problem. We must be
cognizant of the extraordinary sensitivity to pain that can be self-perpetuating once the
pain becomes centralized. The returningworkermust be understood psychologically aswell
as in the social andorganizational context. Their sensitivity to load andperceivedpain is real,
and we know that they must deal with the issues of “pulling their own weight” and
assimilating into the workplace amongst the potential ridicule of coworkers. We must
understand that given the coactivity expected in the power-producing muscles of the torso
when suffering from low back pain, the loading of the spine is greater when recovering
workers perform the same work as asymptomatic workers. In addition, we know that a
psychosocially stressful environment can impose additional loading due to coactivation
of the torso muscles. Hence, we must better understand the biomechanical costs of work
when workers recovering from low back pain return to the workforce. We must adjust the
physical and psychosocial/organizational work environment accordingly. Quantitative
techniques for addressing these issues have become available in recent years as outlined
in Chapter 14.

The administrative controls should be coupled with engineering controls to optimally
minimize risk. The common pain pathway between physical aspects of thework andmental
aspects of the work involve the activation of the muscles that load the spinal tissue through
biomechanical mechanisms. An understanding of biomechanical loading of the spine’s
tissues is essential to understanding how the pathways can lead to low back pain at work.
Modeling approaches have evolved over the last several decades from single equivalent
muscle static models to multiple muscle models, to biologically (EMG) assisted dynamic
motionmodels to stability-drivenmodels.Whilemuchof the current effort in biomechanical
modeling within the field is focused on the influence of stability, stability-driven models
appear to bemore appropriate for large-magnitude loading. They have not yet proven useful
in assessing the role of the majority of work (moderate external force manipulation) in
loading the spine compared to person-specific biologically assisted models of the spine.
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We are fortunate that over the past two decades, person-specific biologically assisted
biomechanical models have been available to assess how individuals respond to the various
physical and nonphysical risk factors to which workers are exposed. These person-specific
models are essential to understand how risk factors can influence tissue loading. Coactiva-
tion of the trunk muscles appears to be the common link among the risk factors in
exacerbating spine loading. Only multiple muscle biologically assisted models have
been successful at evaluating the coactivation of muscles occurring with as a result of
physical or psychosocial factors at work. Thus, currently, only these models are able
to accurately interpret the impact of the host of risk factors (physical, psychosocial/
organization, and individual) that load the pain-sensing tissue of the back. Biomechanical
modeling continues to evolve with recent advances importing person-specific spine
imaging into the model so that the roles of individual variations in bone, disc, and nerve
status can be considered and their influence of spine loadings during work can be better
understood.

These biologically assisted models have demonstrated how the physical and
psychosocial/organizational risk factors can increase tissue loadwhen the person is exposed
to risk factors of sufficientmagnitude. However,models of sufficient sensitivity are required
to understand how these risk factors result in sufficient tissue loading due to work.
Unfortunately, many of the biomechanical assessment techniques that have traditionally
been used to assess risk in the workplace have not been sensitive enough to detect these
changes in tissue loading with sufficient accuracy especially when considered over
prolonged periods of exposure. Subsequently, some have concluded that there is little
biomechanical relationship between low back pain and work. Had these studies used more
sophisticated models as are used in modern laboratory assessments, it is likely that there
wouldbeamuch stronger appreciation for the roleof biomechanical loading in lowback risk.
In other words, it is not that biomechanical loading is incapable of initiating low back pain.
Instead, the biomechanical assessments tools that have been used in the past have not been
robust enough to pinpoint the loading profiles of the tissues with adequate accuracy.
Therefore, to control risk a work, more sophisticated risk tools should be employed to
assess risk due to the physical work environment.

This book has shown that there is indeed adequate evidence to support the contention
that work can lead to low back disorders. The key to making this argument is to view the
various dimensions of the evidence in perspective. Only through this systematic view of the
pain-sensing process applied to the trunk’s anatomy viewed in combination with a realistic
viewof how spine tissues are stimulated via the development of biomechanical forces acting
within the trunkcanwedevelopa realistic understandingof thebackpainpathways.Once the
pieces of this low back causal pathway puzzle are put in place, it is possible to see how the
physical and organizational/psychosocial risk factors can potentially contribute to low back
pain development and the exacerbation of back pain. An appreciation for the causal
pathways, their ability to be influenced by workplace and personal risk factors, and the
ability and limitations of current workplace assessment tools to assess risk should arm one
with the knowledge necessary to make intelligent, well-educated assessments of how the
workplace cancontribute to risk. In addition, this understanding shouldenableone to take the
necessary actions that are necessary to modify the risk. Most importantly, it is necessary to
appreciate that when dealing with the working back, we are working with a system and to
affect system change it must be addressed via a number of crucial points within the system.
For the working back, these crucial points include understanding the individual’s make up
and knowing what and how to modify the physical and psychological aspects of the
workplace.
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15.1 SUMMARY

. Low back pain is a common problem in the workplace that is caused by:

Tfactors inherent to the individual worker,

Tphysical work factors,

Tpsychosocial/organizational (psychological) work factors,

Tinteraction of these risk factors.

. These factors manifest themselves through muscle recruitment patterns (muscle
cocontraction), which influence force imposed on the tissues of the back and spine
structures.

. Acute or repetitive forces imposed on the (peripheral) tissues act as a stimulus to
sensitize the tissues. This sensitization results in pain.

. If stimulation is repeated or prolonged, the sensitization can become neropathic and
even central (to the brain) and is capable of precipitating pain even after the peripheral
insult to the tissue has ceased and the tissue has recovered.

. Sensitization of workers returning to the workplace after low back pain can result in
increased loading of the tissues compared to asymptomatic workers.

. Administrative interventions including organizational and psychosocial changes in
conjunctionwith changes in the physical work environment (engineering controls) can
optimally minimize risk. However, only biomechanically and biologically sensitive
assessment tools can provide useful information about risk.

. Back pain at work is a systems problem and the solutions to reduce risk and return
workers to the workplace after low back injury must be approached at a systems level.
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