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Preface

I must confess to a love of human factors and ergonomics methods. This is a love bordering on obsession.
Ever since I was taught how to use hierarchical task analysis (HTA) almost 20 years ago, I have been
hooked. Since that time, I have learned how to use dozens of methods. Each time, it is a mini-adventure.
I sometimes wonder if I will understand a new method properly, but when it clicks, I feel euphoric. I
have also spent a good deal of time training others in the use of methods. This is an extremely rewarding
experience, particularly when a trainee presents an analysis of his/her own that shows a clear grasp of
how the method works. I have also enjoyed developing some new methods. For example, in collaboration
with Chris Baber at the University of Birmingham, I have developed an error-prediction methodology
called “task analysis for error identification” (TAFEI). As with HTA, we have sought to underpin TAFEI
with a theory of human performance. We are still discovering new aspects of the TAFEI analysis, and it
gives us both a thrill to see other people reporting their studies using TAFEI.

The inspiration for this handbook came after I wrote A Guide to Methodology in Ergonomics with Mark
Young, which was also published by Taylor & Francis. It was clear to me that, although the human factors
and ergonomics literature is full of references to methods, there are few consistent standards for how
these methods are described and reported. This handbook began in 2000 with a proposal to Taylor &
Francis. Fortunately, Tony Moore smiled on this book. With his go-ahead, I contacted experts in each of
the various domains of ergonomics methods and asked them to edit different sections of the book. I feel
very fortunate that I managed to recruit such an eminent team. To be fair, they did not take much
persuasion, as they also agreed that this project was a worthwhile undertaking. The next step was to ask
experts in the various ergonomics methodologies to summarize their methods in a standardized format.
It was a pleasant surprise to see how willingly the contributors responded.

Now, some 4 years after the initial conception, all of the contributions have been gathered and edited.
On behalf of the editorial team, I hope that you, the reader, will find this to be a useful handbook. We
hope that this book will encourage developers of methods to structure the reporting of their methods
in a consistent manner. Equally important, we hope that this handbook will encourage users of the
methods to be more adventurous.

Neville A. Stanton
August 2004
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1.1 Aims of the Handbook

The main aim of this handbook is to provide a comprehensive, authoritative, and practical account of
human factors and ergonomics methods. It is intended to encourage people to make full use of human
factors and ergonomics methods in system design. Research has suggested that even professional ergon-
omists tend to restrict themselves to two or three of their favorite methods, despite variations in the
problems that they address (Baber and Mirza, 1988; Stanton and Young, 1998). If this book leads people
to explore human factors and ergonomics methods that are new to them, then it will have achieved its goal.

The page constraints of this handbook meant that coverage of the main areas of ergonomics had to
be limited to some 83 methods. The scope of coverage, outlined in Table 1.1, was determined by what
ergonomists do.

From these definitions, it can be gleaned that the domain of human factors and ergonomics includes:

+ Human capabilities and limitations

+ Human—machine interaction

+ Teamwork

+ Tools, machines, and material design
+ Environmental factors

+ Work and organizational design

These definitions also put an emphasis (sometimes implicit) on analysis of human performance, safety,
and satisfaction. It is no wonder, then, that human factors and ergonomics is a discipline with a strong
tradition in the development and application of methods.

Hancock and Diaz (2002) argue that, as a scientific discipline, ergonomics holds the moral high ground,
with the aim of bettering the human condition. They suggest that this may be at conflict with other aims
of improving system effectiveness and efficiency. No one would argue with the aims of improved comfort,
satisfaction, and well-being, but the drawing of boundaries between the improvements for individuals
and improvements for the whole system might cause some heated debate. Wilson (1995) suggests that
the twin interdependent aims of ergonomics might not be easy to resolve, but ergonomists have a duty
to both individual jobholders and the employing organization. Ethical concerns about the issue of divided
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TABLE 1.1 Definitions of Human Factors and Ergonomics

Author Definition of Human Factors and Ergonomics

Murrell, 1965 ...the scientific study of the relationship between man and his working environment.
In this sense, the term environment is taken to cover not only the ambient
environment in which he may work but also his tools and materials, his methods of
work and the organization of the work, either as an individual or within a working
group. All these are related to the nature of man himself; to his abilities, capacities
and limitations.

Grandjean, 1980 ...is a study of man’s behavior in relation to his work. The object of this research is
man at work in relation to his spatial environment...the most important principle
of ergonomics: Fitting the task to the man. Ergonomics is interdisciplinarian: it bases
its theories on physiology, psychology, anthropometry, and various aspects of
engineering.

Meister, 1989 ....1s the study of how humans accomplish work-related tasks in the context of human-
machine system operation and how behavioral and nonbehavioral variables affect
that accomplishment.

Sanders and McCormick, 1993 ...discovers and applies information about human behavior, abilities, limitations, and
other characteristics to the design of tools, machines, tasks, jobs, and environments
for productive, safe, comfortable, and effective human use.

Hancock, 1997 ...1s that branch of science which seeks to turn human—machine antagonism into
human-machine synergy.

Source: Dempsey, P.G., Wolgalter, M.S., and Hancock, P.A. (2000), Theor. Issues Ergonomics Sci., 1, 3—10. With permission.

responsibilities might only be dealt with satisfactorily by making it clear to all concerned where one’s
loyalties lie.

The International Encyclopedia of Human Factors and Ergonomics (Karwowski, 2001) has an entire
section devoted to methods and techniques. Many of the other sections of the encyclopedia also provide
references to, if not actual examples of, ergonomics methods. In short, the importance of human factors
and ergonomics methods cannot be overstated. These methods offer the ergonomist a structured
approach to the analysis and evaluation of design problems. The ergonomist's approach can be described
using the scientist-practitioner model. As a scientist, the ergonomist is:

+ Extending the work of others

+ Testing theories of human—machine performance

+ Developing hypotheses

* Questioning everything

+ Using rigorous data-collection and data-analysis techniques
+ Ensuring repeatability of results

+ Disseminating the finding of studies

As a practitioner, the ergonomist is:

+ Addressing real-world problems

+ Seeking the best compromise under difficult circumstances
+ Looking to offer the most cost-effective solution

+ Developing demonstrators and prototype solutions

* Analyzing and evaluating the effects of change

+ Developing benchmarks for best practice

+ Communicating findings to interested parties

Most ergonomists will work somewhere between the poles of scientist and practitioner, varying the
emphasis of their approach depending upon the problems that they face. Human factors and ergonomist
methods are useful in the scientist-practitioner model because of the structure, and the potential for
repeatability, that they offer. There is an implicit guarantee in the use of methods that, provided they are
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used properly, they will produce certain types of useful products. It has been suggested that human factors
and ergonomist methods are a route to making the discipline accessible to all (Diaper, 1989; Wilson,
1995). Despite the rigor offered by methods, however, there is still plenty of scope for the role of
experience. Stanton and Annett (2000) summarized the most frequently asked questions raised by users
of ergonomics methods as follows:

+ How deep should the analysis be?

+ Which methods of data collection should be used?

+ How should the analysis be presented?

+ Where is the use of the method appropriate?

+ How much time and effort does each method require?

+ How much and what type of expertise is needed to use the method?
+ What tools are there to support the use of the method?

+ How reliable and valid is the method?

It is hoped that the contributions to this book will help answer some of those questions.

1.2 Layout of the Handbook

The handbook is divided into six sections, each section representing a specialized field of ergonomics
with a representative selection of associated methods. The sequence of the sections and a brief description
of their contents are presented in Table 1.2. The six sections are intended to represent all facets of human
factors and ergonomics in systems analysis, design, and evaluation. Three of the methods sections
(Sections I through III) are concerned with the individual person and his or her interaction with the
world (i.e., physical methods, psychophysiological methods, and behavioral-cognitive methods). One of
the methods sections (Section IV) is concerned with the social groupings and their interaction with the
world (i.e., team methods). Another of the methods sections (Section V) is concerned with the effect

TABLE 1.2 Description of the Contents of the Six Methods Sections of the Handbook

Methods Sections in Handbook Brief Description of Contents

Section I: Physical Methods This section deals with the analysis and evaluation of musculoskeletal factors
The topics include: measurement of discomfort, observation of posture, analysis
of workplace risks, measurement of work effort and fatigue, assessing lower back
disorder, and predicting upper-extremity injury risks
Section II: Psychophysiological This section deals with the analysis and evaluation of human psychophysiology
Methods The topics include: heart rate and heart rate variability, event-related potentials,
galvanic skin response, blood pressure, respiration rate, eyelid movements, and
muscle activity
Section III: Behavioral-Cognitive This section deals with the analysis and evaluation of people, events, artifacts, and
Methods tasks
The topics include: observation and interviews, cognitive task analysis methods,
human error prediction, workload analysis and prediction, and situational
awareness
Section IV: Team Methods This section deals with the analysis and evaluation of teams
The topics include: team training and assessment requirements, team building,
team assessment, team communication, team cognition, team decision making,
and team task analysis
Section V: Environmental Methods This section deals with the analysis and evaluation of environmental factors
The topics include: thermal conditions, indoor air quality, indoor lighting, noise
and acoustic measures, vibration exposure, and habitability
Section VI: Macroergonomics This section deals with the analysis and evaluation of work systems
Methods The topics include: organizational and behavioral research methods,
manufacturing work systems, anthropotechnology, evaluations of work system
intervention, and analysis of the structure and processes of work systems
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that the environment has on people (i.e., environmental methods). Finally, the last of the methods sections
(Section VI) is concerned with the overview of work systems (i.e., macroergonomics methods). These
sets of methods are framed by the classic onion-layer analysis model, working from the individual, to
the team, to the environment, to the work system. In theoretical system terms, the level of analysis can
be set at all four levels, or it may focus at only one or two levels. The system boundaries will depend
upon the purpose of the analysis or evaluation.

Each section of the handbook begins with an introduction written by the editor of that section. The
introduction provides a brief overview of the field along with a description of the methods covered in
the sequence that they appear. The editor responsible for that section determined the contents of each
section. Their brief was to provide a representative set of contemporary methods that they felt were useful
for ergonomic analyses and evaluation. Given the restrictions on page length for the handbook, this was
a tall order. Nonetheless, the final set of chapters does present a good overview of contemporary devel-
opments in ergonomics methods and serves as a useful handbook. Some of the methods in Section V,
Environmental Methods, do not follow the template approach, especially in lighting and thermal meth-
ods. This is because there is no single method that is favored or complete. Therefore, it would be very
misleading to select any single method.

Wilson (1995) divides ergonomics methods into five basic types of design data:

1. Methods for collecting data about people (e.g., collection of data on physical, physiological, and
psychological capacities)

2. Methods used in system development (e.g., collection of data on current and proposed system
design)

3. Methods to evaluate human—machine system performance (e.g., collection of data on quantitative
and qualitative measures)

4. Methods to assess the demands and effects on people (e.g., collection of data on short-term and
longer-term effects on the well-being of the person performing the tasks being analyzed)

5. Methods used in the development of an ergonomics management program (e.g., strategies for
supporting, managing, and evaluating sustainable ergonomics interventions).

These five basic types of design data have been put into a table to help in assessing their relationship
with the six methods section in this book, as shown in Table 1.3.

As Table 1.3 shows, the methods in this handbook cover all of the five basic types of design data. The
darker shading represents a primary source of design data, and the lighter shading represents a secondary,
or contributory, source of design data.

TABLE 1.3 Mapping Wilson's Five Basic Types of Design Data onto the Method Sections in the Handbook

Demand and Ergonomics
Data about Systems Human-Machine Effects on Management
People Development Performance People Programs

Physical

Psychophysiological

Behavioral—-
Cognitive
Team

Environmental

Macroergonomics
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1.3 Layout of Each Entry

The layout of each chapter is standardized to assist the reader in using the handbook. This approach was
taken so that the reader would easily be able to locate the relevant information about the method. All of
the information is given in a fairly brief form, and the reader is encouraged to consult other texts and
papers for more background research on the methods and more case examples of application of the
methods. The standard layout is described in Table 1.4.

The standardized approach should support quick reference to any particular method and encourage
the readers to browse through potential methods before tackling the particular problem that they face.
It is certainly the intention of this text to encourage the use of ergonomics methods, provided that suitable
support and mentoring is in place to ensure that the methods are used properly.

1.4 Other Methods Books

The number of methods books continues to grow, making it impossible to keep up with every text and
to choose or recommend a single method book for all purposes. The best advice is to select two or three
that meet most of your needs, unless you can afford to stock a comprehensive library. There tend to be
four types of methods books. The first type is the specialized and single authored, such as Hierarchical
Task Analysis (Shepherd, 2001). The second type of book is specialized and edited, such as Task Analysis
(Annett and Stanton, 2000). The third type of book is generalized and edited, such as Evaluation of
Human Work (Wilson and Corlett, 1995). The fourth kind of book is generalized and authored, such as
A Guide to Methodology in Ergonomics (Stanton and Young, 1999). This classification in presented in
Table 1.5.

TABLE 1.4 Layout of the Chapters in the Handbook

Section Chapter Description of Contents

Name and acronym Name of the method and its associated acronym

Author name and affiliation Names and affiliations of the authors

Background and applications Introduces the method, its origins and development, and applications

Procedure and advice Describes the procedure for applying the method and general points of expert advice

Advantages A list or description of the advantages associated with using the method

Disadvantages A list or description of the disadvantages associated with using the method

Example Provides one or more examples of the application to show the output of the method

Related methods Lists any closely related methods, particularly if the input comes from another method
or the method's output feeds into another method

Standards and regulations Lists any national or international standards or regulations that have implications for
the use of the method

Approximate training and Provides estimates of the training and application times to give the reader an idea of

application times the commitment

Reliability and validity Cites any evidence on the reliability or validity of the method

Tools needed A description of the tools, devices, and software needed to carry out the method

References A bibliographic list of recommended further reading on the method and the

surrounding topic area

TABLE 1.5 Methods Books Taxonomy

Specialized Generalized
Authored  Hierarchical Task Analysis A Guide to Methodology in Ergonomics
by Andrew Shepherd by Neville Stanton and Mark Young
Edited Task Analysis Evaluation of Human Work

by John Annett and Neville Stanton by John Wilson and Nigel Corlett
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TABLE 1.6 Overview of Other Methods Books
Author(s) Title Edited/Authored  Date (ed.)  Pages Coverage *
Annett and Task Analysis Edited 2000 242 B/C, T
Stanton (1st)
Corlett and The Ergonomics of Workspace and ~ Edited 1995 128 P, B/C
Clarke Machines (2nd)
Diaper and Task Analysis in Human—Computer ~ Edited 2004 760 B/C, T
Stanton Interaction (1st)
Helender et al. Handbook of Human—Computer Edited 1997 1582 P, B/C,T,M
Interaction (2nd)
Jacko and Sears The Human—Computer Interaction Edited 2003 1277 P,B/C, T, M
Handbook (1st)
Jordan et al. Usability Evaluation in Industry Edited 1996 252 P, B/C
(1st)
Karwowski and The Occupational Ergonomics Edited 1999 2065 P, PP, B/C, T,E,M
Marras Handbook (1st)
Kirwan A Guide to Practical Human Authored 1994 592 B/C
Reliability Assessment (1st)
Kirwan and A Guide to Task Analysis Edited 1992 417 B/C
Ainsworth (1st)
Salvendy Handbook of Human Factors and Edited 1997 2137 P, PP, B/C, T,E,M
Ergonomics (2nd)
Schraagen et al. Cognitive Task Analysis Edited 1999 B/C
(1st)
Seamster et al. Applied Cognitive Task Analysis Authored 1997 338 B/C
(1st)
Shepherd Hierarchical Task Analysis Authored 2001 270 B/C
(1st)
Stanton Human Factors in Consumer Edited 1998 287 P, B/C
Products (1st)
Stanton and A Guide to Methodology in Authored 1999 150 B/C
Young Ergonomics (1st)
Wilson and Evaluation of Human Work Edited 1995 1134 P, PP, B/C, T,E,M
Corlett (2nd)

2Key to coverage: physical methods (P), psychophysiological methods (PP), behavioral and cognitive methods (B/C), team
methods (T), environmental methods (E), macroergonomic methods (M).

An analysis of 15 other methods books published over the past decade shows the range of edited and
authored texts in this field, the length of the books, and their coverage. Any of these books could
complement this handbook. Where they differ is in their scope (e.g., either being focused on human—com-
puter interaction or more generalized) and their coverage (e.g., either covering one or two areas of
ergonomics or having more general coverage). A summary of the texts is presented in Table 1.6.

As Table 1.6 indicates, there is certainly no shortage of ergonomics methods texts. Selection of the
appropriate text will depend on the intended scope and coverage of the ergonomics intervention required.

1.5 Challenges for Human Factors and Ergonomics Methods

Ergonomics science abounds with methods and models for analyzing tasks, designing work, predicting
performance, collecting data on human performance and interaction with artifacts and the environment
in which this interaction takes place. Despite the plethora of methods, there are several significant
challenges faced by the developers and users of ergonomics methods. These challenges include:

+ Developing methods that integrate with other methods
+ Linking methods with ergonomics theory
+ Making methods easy to use
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+ Providing evidence of reliability and validity
+ Showing that the methods lead to cost-effective interventions
+ Encouraging ethical application of methods

Annett (2002) questions the relative merits for construct and criterion-referenced validity in the devel-
opment of ergonomics theory. He distinguishes between construct validity (how acceptable the underlying
theory is), predictive validity (the usefulness and efficiency of the approach in predicting the behavior of
an existing or future system), and reliability (the repeatability of the results). Investigating the matter further,
Annett identifies a dichotomy of ergonomics methods: analytical methods and evaluative methods. Annett
argues that analytical methods (i.e., those methods that help the analyst gain an understanding of the
mechanisms underlying the interaction between human and machines) require construct validity, whereas
evaluative methods (i.e., those methods that estimate parameters of selected interactions between human
and machines) require predictive validity. This distinction is made in Table 1.7.

This presents an interesting debate for ergonomics: Are the methods really this mutually exclusive?
Presumably, methods that have dual roles (i.e., both analytical and evaluative, such as task analysis for
error identification) must satisfy both criteria. It is possible for a method to satisfy three types of validity:
construct (i.e., theoretical validity), content (i.e., face validity), and predictive (i.e., criterion-referenced
empirical validity). The three types of validity represent three different stages in the design, development,
and application of the methodology, as illustrated in Figure 1.1. There is also the question of reliability,
and a method should be demonstrably stable over time and between people. Any differences in analyses
should be due entirely to differences in the aspect of the world being assessed rather than differences in
the assessors.

Theoretical and criterion-referenced empirical validation should be an essential part of the method
development and reporting process. This in turn should inform the method selection process. Stanton
and Young (1999) have recommended a structured approach for selecting methods for ergonomic
analysis, design, and evaluations. This has been adapted for more generic method selection and is
presented in Figure 1.2.

As shown in Figure 1.1, method selection is a closed-loop process with three feedback loops. The first
feedback loop validates the selection of the methods against the selection criteria. The second feedback
loop validates the methods against the adequacy of the ergonomic intervention. The third feedback loop
validates the initial criteria against the adequacy of the intervention. There could be errors in the
development of the initial criteria, the selection of the methods, and the appropriateness of the inter-
vention. Each should be checked. The main stages in the process are identified as: determine criteria
(where the criteria for assessment are identified), compare methods against criteria (where the pool of
methods are compared for their suitability), application of methods (where the methods are applied),
implementation of ergonomics intervention (where an ergonomics program is chosen and applied), and
evaluation of the effectiveness of the intervention (where the assessment of change brought about by the
intervention is assessed).

TABLE 1.7  Annett's Dichotomy of Ergonomics Methods

Analytic Evaluative
Primary purpose Understand a system Measure a parameter
Examples Task analysis, training needs analysis, etc. Measures of workload, usability, comfort,
fatigue, etc.
Construct validity =~ Based on an acceptable model of the system and Construct is consistent with theory and
how it performs other measures of parameter
Predictive validity =~ Provides answers to questions, e.g., structure of Predicts performance
tasks
Reliability Data collection conforms to an underlying model Results from independent samples agree

Source: Adapted from Annett, J. (2002), Theor. Issues Ergonomics Sci., 3, 229-232. With permission.
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Construct
Theory or model validity
of performance
A
y Content
Methodology validity
for prediction
A
] Predictive
Prediction of validity
performance
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Actual
Validation of Validation of Validation of performance
theory method prediction

FIGURE 1.1 Validation of methods. (Adapted from Diaper, D. and Stanton, N.A. [2004], The Handbook of Task
Analysis for Human-Computer Interaction, Lawrence Erlbaum Associates, Mahwah, NJ. With permission.)

Develop criteria for - Asst;ss dP001 (,)f ¢ -
ergonomic analysis methods agains
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A Validate
\ selection
process
i i
Valid o Validate o Select and
ali .ate assessment apply methods:
criteria process Analyse output
development
\
Assessment of the Decide upon
effectiveness of the [*® ergonomics
intervention intervention

FIGURE 1.2 Validating the methods selection ergonomics intervention process. (Adapted from Stanton, N.A. and
Young, M.S. [1999], A Guide to Methodology in Ergonomics, Taylor & Francis, London. With permission.)

The ultimate criteria determining the usefulness of ergonomics methods will be whether or not they
help in analyzing tasks, designing work, predicting performance, collecting data on human performance
and interaction with artifacts and the environment in which this interaction takes place. This requires
that the twin issues of theoretical validity and predictive validity be addressed when developing and
testing old and new methods. The approach taken in this handbook provides a benchmark on reporting
on human factors and ergonomics methods. The information provided here is what all developers should
ask of their own methods and, at the very least, all users of methods should demand of the developers.
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The use of physical methods to assess how work is being performed is crucial to the work of many
ergonomists. The physical methods included in this section can be used to obtain essential surveillance
data for the management of injury risks in the workforce. It is generally accepted that many musculosk-
eletal injuries begin with the worker experiencing discomfort. If ignored, the risk factors responsible for
the discomfort eventually will lead to an increase in the severity of symptoms, and what began as mild
discomfort will gradually become more intense and will be experienced as aches and pains. If left
unchecked, the aches and pains that signal some cumulative trauma eventually may result in an actual
musculoskeletal injury, such as tendonitis, tenosynovitis, or serious nerve-compression injury like carpal
tunnel syndrome. Sensations of discomfort are the body’s early warning signs that some attribute of the
worker’s job should be changed. Discomfort will also adversely affect work performance, either by
decreasing the quantity of work, decreasing the quality of work through increased error rates, or both.
Reducing the levels of discomfort actually decreases the risk of an injury occurring. Consequently, changes
in levels of discomfort can also be used to gauge the success of the design of an ergonomic product or
the implementation of an ergonomic program intervention.

Three methods are presented (Chapters 3 through 5) that can be used to assess levels of musculoskeletal
discomfort among workers. These methods all use self-report surveys to quantify discomfort, because
discomfort cannot be directly observed or objectively measured. The methods in this section are repre-
sentative of the range of methods available to the ergonomist. The section does not present a compre-
hensive set of all available methods for assessing discomfort. Other methods are available, and several of
these are referenced in the chapters included in this section. The three chosen methods presented here
are PLIBEL, the U.S. National Institute of Occupational Safety and Health (NIOSH) discomfort surveys,
and the Dutch Musculoskeletal Survey.

The PLIBEL method is one of the earliest methods developed to gauge a worker’s degree of muscu-
loskeletal discomfort. It comprises a checklist of items derived from a comprehensive review of the
ergonomics literature. It allows workers to systematically assess workplace ergonomic hazards associated
with five body regions by completing a simple checklist. An assessment can be made for a task or several
tasks or for a complete job. PLIBEL results can serve as the basis for discussions on improvements to job
design. PLIBEL is available in several languages.

The NIOSH discomfort questionnaires have been extensively used in U.S. studies of ergonomic hazards.
This self-report method allows the ergonomist to easily assess measures of musculoskeletal discomfort
in numerous body regions, such as the intensity, frequency, and duration of discomfort. This chapter
also gives a comprehensive list of NIOSH research reports.

The Dutch Musculoskeletal Survey represents one of the most comprehensive and thoroughly validated
survey measures of musculoskeletal discomfort. It exists in short and long forms, depending on the intent
of its use. It comprises a collection of scales that deal with a broad range of workplace ergonomic hazards,
and thus the ergonomist can selectively choose the relevant scales. Analytical software is also available
for this survey, though only in Dutch at present.

0-415-28700-6/05/$0.00+$1.50 2.1
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Other survey questionnaires are also available to researchers, such as the Cornell Musculoskeletal
Discomfort Survey (Hedge et al., 1999); the Standardized Nordic Questionnaire (SNQ), which focuses
on general body, low back, and neck/shoulder complaints (Kuorinka et al., 1987); and a more recent
revision of this (Dickinson et al., 1992) called the Nordic Musculoskeletal Questionnaire (NMQ). These
instruments can be self-administered or interview administered.

Although self-reports of discomfort provide valuable information to the ergonomist, they are intrusive
and they do require some effort on the part of the worker to answer the various questions, and this may
be disrupting to work activities. There is considerable value in using unobtrusive methods to gauge injury
risks. Consequently, several methods have been developed to systematically assess a worker’s posture
while performing work. Posture is an observable reflection of musculoskeletal activity, and these methods
all allow the ergonomist to assess risks by systematic observation alone. This means that ergonomic
analyses can be performed on visual recordings of workplaces, such as videotapes or photographs. It is
assumed that every body segment moves through a range of motion, termed the “neutral zone,” within
which the anatomical stresses and strains are insufficient to initiate an injury process. However, the
further the worker makes excursions away from this neutral zone, the greater the injury risk, especially
when such excursions are frequently repeated and/or sustained for extended periods. These postural
observation methods also offer the advantage that they allow high-risk postures to be readily identified
for corrective action, often even before the worker has been exposed for a sufficient time to develop
significant musculoskeletal discomfort. Thus, when correctly used, posture targeting methods provide
even earlier risk detection capabilities than do discomfort surveys.

Four methods (Chapters 6 through 9) are presented that provide the ergonomist with an excellent
arsenal of postural evaluation tools. The Quick Exposure Checklist has a high level of usability and
sensitivity, and it allows for quick assessment of the exposure to risks for work-related musculoskeletal
disorders. This method has the advantage that it can be used to analyze interactions between various
workplace risks, even by relatively inexperienced raters. The RULA and REBA posture-targeting methods
are probably the most well-known methods for rapid assessment of risks. The RULA method is well
suited to analyzing sedentary work, such as computer work. The REBA method is ideal for rapid
assessment of standing work. Both of these methods have been extensively used in ergonomic research
studies and also in evaluating the impact of workplace design changes on body posture. The Strain Index
is a more comprehensive method that specifically focuses on the risks of developing distal upper extremity
musculoskeletal disorders, i.e., injuries of the elbow, forearm, wrist, and hand. All of these methods take
little time to administer and can be used in a wide variety of work situations. The methods can be used
to assess overall postural risks and/or those to specific body segments.

Other similar posture-targeting methods, such as the Ovako Working Posture Analysis System
(OWPAS) (Karhu et al., 1977) and the Portable Ergonomics Observation (PEO) method (Fransson-Hall
etal., 1995), have not been included but can also be used. The OWPAS method involves direct observation
and sampling of tasks using a whole-body posture-coding system to estimate injury risks. The PEO
method records hand, neck, trunk, and knee postures and also evaluates manual handling activities, such
as lifting. Real-time observations are directly entered into a computer. Ergonomists can use posture-
targeting methods to measure the success of any ergonomic design changes to equipment or to the layout
of a workplace, and the ability to quantify changes in likely injury risk can be a valuable aid to management
decision making. With the advent of handheld personal digital assistants (PDAs), the ergonomist can
easily carry an extensive ergonomics toolkit into any workplace and generate almost instant analyses and
reports, as is shown in Chapter 10, which discusses the use of PDAs.

The measurement of work effort and fatigue was one of the earliest challenges that ergonomists faced,
and this challenge remains today. Although the performance of work in more-deviated postures invariably
requires more muscular effort, which in turn may accelerate muscular fatigue, none of the methods used
to assess discomfort or posture actually yields information on the degree of work effort or on the level
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of accumulated fatigue that could amplify an injury risk. Two methods are included that quantify effort
and fatigue. The Borg Ratings of Perceived Exertion scale (Chapter 11) provides a physiologically validated
method for quantifying how much effort is involved in performing physical work. The Muscle Fatigue
Assessment method (Chapter 12) characterizes discomfort and identifies the ways that workers change
their behavior in an attempt to cope with accumulated fatigue. Both methods are invaluable to the
successful design of physical jobs so that neither the quantity nor quality of work performance will suffer
over the course of a work shift, and so that the worker will not experience undue physical demands or
fatigue that could increase the risks of an injury or accident.

Evaluations of discomfort, work posture, and effort provide valuable insights into possible injury risks
in the workplace. However, such approaches do not necessarily help to predict the risks of potentially
acute injuries, such as back injuries, and they do not set safe limits on work or predict how changes in
a job will impact the level of safety. Back injuries account for up to 50% of musculoskeletal injuries in
the U.S., costing the U.S. economy up to $60 billion each year (NAS, 2002), and ergonomic research has
been undertaken to set safe limits for lifting work. Two methods for assessing back injury risks are
presented here. Using a psychophysical approach to assessing strength, Snook tables (Chapter 13) set safe
weight limits for men and women who perform lifting, pushing, and pulling tasks at work. These give
the ergonomist a quick method for assessing the injury potential of a specific work task that involves
these actions. Mital tables are a similar tabular method for determining lifting limits (Mital, 1984), and
revised tables were introduced in 1989 to also deal with asymmetrical lifting tasks and confined lifting
situations (Mital, 1989; Mital, 1992). However, Snook tables are presented here because they also set the
maximum acceptable weights for lifting and lowering, and set the maximum forces for pushing, pulling,
and carrying tasks.

A predictive method for determining back injury risks was pioneered by the NIOSH in 1981 and has
undergone substantial revision and enhancement since then, with a revised equation being introduced
in 1991. The NIOSH lifting equation has not been included because it is widely used and is a well-known
method (see http://www.cdc.gov/niosh/94-110.html). Also, the lifting equation method does not account
for motion at the time of lifting, and it does not use any measurement of actual spinal loading. The more
recent Lumbar Motion Monitor method described in Chapter 14 was developed to overcome these
limitations of the NIOSH lifting equation by providing a more direct assessment of the dynamic com-
ponents of low back disorder risks at work.

The final two methods that are described, the OCRA and MAPO methods (Chapters 15 and 16), are
the most comprehensive, yet they are also somewhat complex and the most time consuming. The OCRA
index is a detailed analytical and reliable method that can be predictive of upper-extremity injury risks
in exposed worker populations. The OCRA index can also be used as the basis for identifying opportu-
nities for task and/or workstation redesign, and as a means of evaluating the success of any interventions.
The MAPO method has been specifically developed to analyze health-care workplaces, especially those
places where workers are involved in the care and handling of disabled patients, paralyzed patients, and
wheelchair-bound patients. Nursing work that involves patient handling poses the greatest risks for
developing a lower-back injury, and without ergonomic attention, this situation may worsen as the
nursing workforce ages and as the patient population gets heavier. Unlike the majority of the other
physical methods, the MAPO method also incorporates an assessment of the environment in which the
work is being performed.

The range and scope of the methods described in this section provide the reader with the tools to
undertake a range of studies, including epidemiological ergonomic research, evaluations of ergonomic
programs and design interventions, surveillance of workplace ergonomic hazards, and the detection and
quantification of exposures to adverse workplace physical ergonomic stressors. Armed with this battery
of tools, the ergonomist will be well positioned to systematically tackle a wide range of workplace issues
and to implement effective solutions to the problems that are uncovered.
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3.1 Background and Applications

The Swedish Work Environment Act stipulates that the employer shall investigate occupational injuries,
draw up action plans, and organize and evaluate job modifications. Hence it is also of interest for the
government’s Labour Inspectorate to study conditions and improvements in the workplace.

The “method for the identification of musculoskeletal stress factors which may have injurious effects”
(PLIBEL) was designed to meet such needs (Figure 3.1). PLIBEL has been used in several studies, in
practical on-site ergonomic work, and as an educational tool. It has been presented in various parts of
the world and translated into several languages (Kemmlert, 1995, 1996a, 1996b, 1997).

PLIBEL is a simple checklist screening tool intended to highlight musculoskeletal risks in connection
with workplace investigations. Time aspects as well as environmental and organizational considerations
also have to be considered as modifying factors.

The checklist was designed so that items ordinarily checked in a workplace assessment of ergonomic
hazards would be listed and linked to five body regions (Figure 3.1). Only specific work characteristics,
defined and documented as ergonomic hazards in scientific papers or textbooks, are listed (Figure 3.2
and Figure 3.3). Whenever a question is irrelevant to a certain body region, and/or if documentation has
not been found in the literature, it is represented by a gray field in the checklist and need not be answered.

The list was made in 1986, and new references have since then been read continuously and the list
updated. Mostly, these only add knowledge to the primary list, which accordingly has not been changed.
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Neck/shoulders,
upper part of back

1 12
1 383 7 9 11
1 3 9 11 12 21
3 911 12 21

Original papers

Aaras 1987
Anderson 1984
Bhatnager et al. 1985
Bjelle et al. 1981
Bovenzi 1991

Chen 1991

Drury 1985

NO O~ WOWN =

8 Felson 1988

9 Grandjean et al. 1983
10 Harms-Ringdahl 1986
11 Hinting et al. 1980
12 Hunting et al. 1981

13 Johansson and Aronsson
1980

Jonsson et al. 1988
Keyserling et al. 1988
Kilbom 1994a

Kilbom et al. 1984

14
15
16
17

18
19
20

Kilbom et al. 1991
Kivimaki et al. 1992
Kjellberg et al. 1992

12 21

21
22
23
24
25
26
27

28
29
30
31
32

33
34
35
36
37

38
39
40
4

Elbows, fore- Hips, knees,
arms, hands feet Low back
40 49 63 49 63
11 12 2 2 15 30
7 9 18 60 30 3 915
3 9 15 30
3 9 30

15 28 38 49| 28

Review papers and text books

Kvarnstréom 1983 42
Laville 1968 43
Luopajarvi et al. 1979 44
Magnusson 1991 45
Mathiassen 1993 46
Punnett et al. 1991 47
Riihimaki 1990 48
Ryan 1989 49
Sakakibara et al. 1987 50

Shute and Starr 1984 51
Silverstein et al. 1986 52
Skoldstrom 1987 53
Starr et al. 1985 54
Stenlund et al. 1993 55
Sundelin 1992 56
Tola et al. 1988 57
Vanden Bossche

and Lahaye 1984 58
Vingard et al. 1991 59
Vink et al. 1992 60

Winkel and Ekblom 1982
Ortengren et al. 1982

61
62
63

Bongers et al. 1993

Chaffin 1973

Chaffin and Andersson 1984
Enander 1984

Gerune et al. 1993

Hagberg and Wegman 1987
Jorgensen and
Biering-Serensen 198
Jorgensen et al. 1993
Karasek and Theorell 1990
Lloyd 1986

Mital and Kilbom 1992

Mital et al. 1993

Pedersen et al. 1992
Rempel et al. 1992
Riihimaki 1991
Sommerich et al. 1993

Stock 1991

Sundstrom-Frisk 1990
Tichamer 1978

Wallace and Buckle 1987
Winkel and Westgaard 1992
Hansen, Winkel and
Jorgensen 1998

FIGURE 3.2 Documented background for PLIBEL. References, as numbered in the footnote, are given for each risk
factor in relation to body regions, as in the PLIBEL form. Note, however, that in this presentation the distribution

is by four body regions. Hips, knees, and feet are combined in the table.
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Also take these factors into consideration

The possibility to take breaks and pauses 21 25 35 50 57 59 61
The possibility to choose order and

type or work tasks or pace of work 13 21 35 50 57

If the job is performed under time

demands or psychological stress 13 21 35 42 50 59 61
If the work can have unusual or

unexpected situations 34 38 50 56

Presence of:

cold 6 45 51

heat 32 53

draught 35 36

noise 20

troublesome visual conditions 1 11 22 33 61

jerks, shakes or vibration 5 24 34 37 46 48 52 54 56

FIGURE 3.3 Documented background for modifying factors (for references, see footnote to Figure 3.2).

Only one — concerning hips, knees, feet, and the lower spinal region — has the kind of new information
searched for and has therefore been added to the documented background (Figure 3.2).

3.2 Procedure

A workplace assessment using PLIBEL starts with an introductory interview with the employee and with
a preliminary observation. The assessments focus on representative parts of the job, the tasks that are
conducted for most of the working hours, and tasks that the worker and/or the observer look upon as
particularly stressful to the musculoskeletal system. Thus several PLIBEL forms may have to be filled in
for each employee. The assessments should be related to the capacity of the individual observed. Unusual
or personal ways of doing a task are also recorded.

When an ergonomic hazard is observed, the numbered area on the form is checked or a short note is
made. In the concluding report, where the crude dichotomous answers are arranged in order of impor-
tance, quotations from the list of ergonomic hazards can be used. Modifying factors — duration and
quantities of environmental or organizational factors — are then taken into consideration (Figure 3.1).

Usually PLIBEL is used to identify musculoskeletal injury risk factors for a specific body region, and
only questions relevant to that body region need be answered. In cases where a more general application
is desired, the whole list is used, and the result can be referred to one or more body regions.

To use PLIBEL, first locate the injured body region, then follow the white fields to the right and check
any observed risk factor(s) for the work task. The continued assessment is more difficult, as it requires
consideration of questions a through f (Figure 3.1). These can either upgrade or minimize the problem.
Additional evident risks, not mentioned in the checklist, are noted and addressed.

For example, there are no duration criteria for a PLIBEL record, and so cumbersome but short-lasting
and/or rare events can also be recorded. In fact, the purpose of the interview with the worker that precedes
the observation is to make such aspects of the task manifest.

A participatory approach of this kind has also been suggested by other authors (e.g., Drury, 1990),
who recommend that observers talk to operators to get a feel for what is important. If only “normal”
subjects and work periods are chosen for assessments, many of the unusual conditions that may constitute
main hazards can be missed.

A handbook (unpublished material) has been compiled to provide the scientific background for each
item and help identify the cutoff point for “yes” or “no” answers. This facilitates the assessments, which
are to be performed by knowledgeable and experienced observers. To make the checklist easy to handle
and applicable in many different situations, the questions are basic.

The analysis of possible ergonomic hazards is done at the workplace, and only relevant risk information
from the assessment is considered. The issues identified as risks are arranged in order of importance.
The concluding report gives an interpretation of the ergonomic working conditions, starting with the
most tiresome movements and postures.
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3.3 Advantages

The PLIBEL method is a general assessment method and is not intended for any specific occupations or
tasks. It observes a part, or the whole, of the body and summarizes the actual identification of ergonomic
hazards in a few sentences.

It is simple and is designed for primary checking. For labor inspectors and others observing many
tasks every day, it is certainly enough to be equipped and well acquainted with the checklist.

PLIBEL is an initial investigative method for the workplace observer to identify ergonomic hazards,
and it can be supplemented by other measurements, for instance weight and time, or quotations/
observations from other studies.

Although it is tempting to add items to the checklist, to obtain a simple and quantitative measure of
ergonomic conditions after a workplace assessment, PLIBEL should not be modified or used in this way.
Different ergonomic hazards do not have an equal influence on worker injury, and certain problems can
appear with more than one hazardous factor in the checklist.

3.4 Disadvantages

The PLIBEL method is a general assessment method and is not intended for any specific occupations or
tasks. Many other methods are intended for a specific occupation or body region and can record more-
detailed answers. If necessary, these more specific methods can easily be used to supplement the PLIBEL
questions.

3.5 Example

PLIBEL analysis of the following task (Figure 3.4) reveals that the task entails a risk of musculoskeletal
stress to the lower region of the back due to the nonresilient walking surface, the unsuitably designed
tools and equipment, and the lack of any possibility to sit and rest. Repetitive and sustained work is
performed with the back flexed slightly forward, bent sideways, and slightly twisted. Loads are repeatedly
lifted manually and often above shoulder height. Note that the text order has been expressed by giving
the most exposed body region and the environmental and instrumental conditions first. The second
sentence above gives “the answers” from the body, followed by a description of the tiresome, and perhaps
individual, way of performing the task.

3.6 Related methods

To provide a reference instrument for PLIBEL, an inventory of available scientific literature on occupa-
tional risk factors for musculoskeletal disorders was performed. Original papers, review papers, and

FIGURE 3.4 Example of a task posing ergonomic hazards that was analyzed using PLIBEL.
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textbooks were studied. After a thorough review of the literature, the German ergonomics job analysis
procedure AET (Arbeitswissenshaftliche Erhebungsverfahren zur Titigkeitsanalyse) was chosen as the
referent instrument for field testing (Rohmert and Landau, 1983).

Like PLIBEL, AET is applicable to all sorts of occupational tasks. It covers workplaces, tools and objects,
degree of repetitiveness, work organization, cognitive demands, and environmental factors such as visual
conditions, noise, and vibration. But while AET analyzes all components in a man-at-work system,
PLIBEL focuses on one extreme phenomenon, i.e., the occurrence of an ergonomic hazard.

Two researchers, who each had been practicing AET and PLIBEL and clearing very many workplace
assessments, identified 18 matching items in the two methods. For PLIBEL, only dichotomous answers
are used, whereas multilevel codes in steps 0 through 5, are applied in AET. For each of the items, the
corresponding level between the two methods was identified. The two observation methods were then
used simultaneously for observations on a total of 25 workers, men and women in different tasks.

When the results of PLIBEL and AET were compared, the agreement between matching items was
considerable. However, the modifications of AET scores for a dichotomous coding could not completely
eliminate the differences between the methods. In concordance with its purposes, PLIBEL was more
sensitive to ergonomic hazards.

3.7 Standards and Regulations

PLIBEL was designed to meet the needs of a standardized and practical method for the identification of
ergonomic hazards and for a preliminary assessment of risk factors. An ergonomics screening tool, for
the assessment of ergonomic conditions at workplaces, has been suggested as a feasible instrument by
other researchers.

Moreover, it is valuable to have a systematic assessment method when doing follow-ups and when
analyzing how intervention after the onset of occupational musculoskeletal injuries could be made more
effective.

PLIBEL follows the standards and regulations of the day, and although it is a self-explanatory, subjective
assessment method, registering only at a dichotomous level, it requires a solid understanding of ergo-
nomics. To use the method skillfully, a certain degree of practice is firmly recommended.

3.8 Approximate Training and Application Time

Identifying an awkward situation is not difficult, nor is it difficult to find such a situation with the aid
of the checklist. PLIBEL is quick to use and easy to understand, and users will become familiar with this
tool within hours. However, although PLIBEL is a self-explanatory subjective assessment method that
makes dichotomous judgments about risks, it requires a solid ergonomics understanding, and skillful
use of the method requires practice.

3.9 Reliability and Validity

A reliability and validity study of the method has been performed according to Carmines and Zeller
(1979). It was tested (Kemmlert, 1995) for:

Construct validity
Criterion validity
Reliability
Applicability

The agreement between matching items was considerable, and the interobserver reliability yielded
kappa values expressing a fair to moderate agreement on the following questions:

Is the content of PLIBEL and the set of items consistent with theoretically derived expectations?
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Can occurrence of the criterion (ergonomic hazard) be validated by comparison with another method?

Are the results from different users of the PLIBEL method consistent when observing the same working
situation?

How has the method been used? What are the experiences?

PLIBEL has been translated into several languages, including English, Dutch, French, Spanish (Serra-
tos-Pérez and Kemmlert, 1998), and Greek (Serratos-Pérez and Kemmlert, 1998).

Observational findings have provided a basis for recommended improvements, for discussion of
ergonomics problems, and for work-site education. Moreover, PLIBEL has been used for ergonomics
education both in industry and in the Swedish school system.

3.10 Tools Needed

Paper, pencil, a folding rule, and a camera are sufficient for ordinary workplace observations and for
initial identification of ergonomic hazards.
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4.1 Background

Self-report measures of musculoskeletal discomfort are widely used and generally accepted as a proxy or
risk factor for musculoskeletal disorders in epidemiologic research and workplace health surveillance.
Discomfort measures are also commonly used to evaluate ergonomic interventions, or as a screening
tool in the context of hazard surveillance to detect exposures to workplace physical stressors.

As popularized by the classic work of Corlett and Bishop (1976), the most familiar forms of muscu-
loskeletal discomfort surveys employ body maps together with rating scales for assessing attributes of
discomfort in multiple regions of the body. Cameron (1996) and Straker (1999) provide excellent reviews
of the literature on measurement of body part discomfort, including the wide range of methods employed.

Of the many methods for surveying musculoskeletal discomfort, few have been used repeatedly in a
standardized fashion. Exceptions include the Standardized Nordic Questionnaire (SNQ) (Kourinka et
al., 1987) and the University of Michigan Upper Extremity Questionnaire (UMUEQ) (Franzblau et al.,
1997). These two instruments are similar in many respects to the discomfort surveys used by the National
Institute for Occupational Safety and Health (NIOSH).

Table 4.1 describes characteristics of major NIOSH studies of musculoskeletal discomfort that have
been conducted in the last decade, including laboratory and epidemiologic investigations and workplace
health hazard evaluations. Most of these studies (all but 8, 10, 20) were conducted in actual workplaces
and involved work with video display terminals, meat processing, and the handling of grocery products.
Nine studies were prospective in nature (8, 10, 13, 16, 17, 19, 20, 22, 23) and featured various interventions
with follow-up, primarily in field settings. Physical demands and task design were examined in all of the
studies. Broader psychosocial aspects of the job (e.g., participation in decision making, social support,
job satisfaction) were also investigated in ten studies (3, 7, 9, 11, 12, 14, 15, 18, 19, 21), and in three of
these studies (3, 7, 11), multiple regression models were able to discern unique effects of psychosocial
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TABLE 4.1 Representative NIOSH Studies Employing Body-Part Discomfort Measures

Factors Study Body Regions Severity
Studies® Type of Work Investigated Studied® Design Targeted ¢ Measures ©
1. NIOSH (1989a) poultry processing pt c ue d, f
2. NIOSH (1989b) beef processing pt c ue d, f
3. NIOSH (1990a) newspaper/VDT pt, ps C ue, b d, f
4. NIOSH (1990b) poultry processing pt c ue d, f
5. Sauter, Schleifer, and data processing/VDT pt [ ue, le d, f
Knutson (1991)
6. NIOSH (1991); Baron grocery scanning pt c ue, b f
and Habes (1992)
7. NIOSH (1992); Hales, telecommunications/VDT Pt ps c ue d,f,i
Sauter, Petersen, Fine,
Putz-Anderson, and
Schleifer (1994)
8. Sauter and Swanson data processing/VDT (lab) pt pi ue, le, b i
(1992)
9. NIOSH (1993a) grocery warehouse pt, ps C ue, le, b i
10. Swanson and Sauter data processing/VDT (lab) pt pi ue, le, b i
(1993)
11. NIOSH (1993b); newspaper/VDT pt, ps c ue, b d,f,i
Bernard, Sauter, Fine,
Petersen, and Hales
(1994)
12. NIOSH (1994); customer service/ VDT pt, ps c ue, b d, fi
Hoekstra, Hurrell,
Swanson, and Tepper
(1996)
13. Becker, Swanson, Sauter, data processing/VDT pt pi ue, le, b i
and Galinsky (1995)
14. NIOSH (1995) grocery warehouse pt, ps c ue, le, b i
15. NIOSH (1996a) medical laboratory pt, ps c ue, b d, fi
16. NIOSH (1996b) beverage distribution pt pi ue, le, b i
17. Galinsky, Swanson, data processing/VDT pt pi ue, le, b i
Sauter, Hurrell, and
Dunkin (1997)
18. NIOSH (1997) small appliance manufacturing  pt, ps c ue, le, b d fi
19. Sauter, Swanson, data processing/VDT pt ps pi ue, le, b d, f,i
Conway, Lim, and
Galinsky (1997)
20. Swanson, Galinsky, Cole, data processing/VDT (lab) pt pi ue, le, b i
Pan, and Sauter (1997)
21. NIOSH (1998) textile manufacturing pt, ps c ue, le, b i
22. Galinsky, Swanson, data processing/VDT pt pi ue, le, b i
Sauter, Hurrell, and
Schleifer (2000)
23. Lowe, Moore, Swanson, clerical/VDT pt pi ue, b d, f,i
Perez, and Alderson
(2001)

2Second entry in rows denotes journal publication of the study.

b pt = physical demands and task design; ps = psychosocial factors.
¢c = cross sectional; pi = prospective with intervention.

due = upper extremity; le = lower extremity; b = back.

¢d = duration; f = frequency; i = intensity.

factors on discomfort outcomes. Ten of the studies (1-4, 6, 7, 11, 12, 15, 23) focused on the upper
extremities alone or together with back discomfort. All of the remaining studies examined discomfort
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in both the upper and lower extremities. In total, musculoskeletal discomfort data have been collected
from nearly 6,000 subjects in these studies.

4.2 Discomfort Survey Methods at NIOSH

Nearly all the NIOSH studies listed in Table 4.1 employed surveys that combined body maps and rating
scales to assess discomfort in multiple regions of the body. The discomfort survey employed in the NIOSH
(1993b) study of newspaper workers illustrates the body maps and rating scales used in many of the
NIOSH studies (this report and the study survey can be viewed and printed from http://www.cdc.gov/
niosh/hhe/reports/pdfs/1990-0013-2277.pdf). Although most NIOSH studies have shared common sur-
vey elements, there have been some variations in the way body regions were mapped and in the measures
used for discomfort ratings.

The body maps used in many NIOSH studies are very close to standardized diagrams used to distin-
guish various upper- and lower-extremity body regions in the SNQ (neck, shoulders, elbow, wrists-hands,
upper and lower back, hips/thighs, knees, ankles/feet), in contrast to the UMUEQ, which employs verbal
descriptors to distinguish body regions (a diagram is used only to localize discomfort in the hand).
However, discomfort in different body regions is characterized in NIOSH surveys using procedures more
similar to the UMUEQ, which captures richer information on discomfort attributes (e.g., intensity and
temporal aspects) than the SNQ.

Except for four investigations (8, 10, 16, 20), where surveys were self-administered by computer, in
all of the studies paper surveys were administered individually or in small groups by a research team.

4.2.1 Defining the Location of Discomfort

Musculoskeletal discomfort surveys collect information on the location of discomfort by reference to
specific body regions or by use of partial- or whole-body diagrams that designate specific regions to be
assessed. Less commonly, body maps are shaded by respondents to identify regions of discomfort. The
number of regions targeted varies in relation to the interests of the study. A general purpose survey
proposed by Cameron (1996) targeted over 100 regions, involving permutations of the left, right, front,
and back sides of the body.

The ten NIOSH studies that focused mainly on upper-extremity discomfort targeted the same upper-
extremity sites as the SNQ (neck, shoulders, elbows, wrists-hands) but, unlike the SNQ and UMUEQ,
discomfort assessment did not differentiate the left and right side of the body in nine of these studies.
The 13 remaining NIOSH studies that targeted both the upper and lower extremities evaluated discomfort
on the left and right sides of the body separately. Except for some small clusters of studies that used
identical body maps, these remaining studies exhibited considerable variation in body regions targeted.
One NIOSH study (1996b) separately mapped the front and back and left and right sides of the body,
similar to Cameron (1996). Differences in regions targeted in NIOSH studies were dictated to some
extent by the physical stressors under investigation. For example, the nine studies targeting upper-
extremity regions only were focused on food processing and other tasks involving exertions of mainly
the arms and hands.

Two different display formats have been used for identifying body parts in the NIOSH studies. For
nearly one half of the studies, including all of the ten upper-extremity studies, partial-body diagrams
provided multiple views of designated regions of interest, as illustrated in Figure 4.1 (top). Each of these
targeted regions was accompanied in the survey with a series of questions and rating scales (described
below) for assessing multiple facets of discomfort at that location. In most of the remaining studies
(which surveyed both upper- and lower-extremity discomfort), only a single attribute of discomfort
(usually intensity) was rated. Thus it was possible to target all regions of interest in a single integrated
diagram, with a space for recording ratings contiguous to each designated region, as illustrated in Figure
4.1 (bottom). Similar to the SNQ, rear-view perspectives of the body are presented in most of these
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FIGURE 4.1 Example of partial- and whole-body diagrams used to target discomfort assessments in NIOSH studies.

whole-body diagrams. Two NIOSH studies (Galinsky et al. 1997, 2000) used only verbal descriptions of
body sites to target discomfort assessments, similar to the UMUEQ.

4.2.2 Assessing the Nature of Discomfort

Most discomfort surveys, including the SNQ, use descriptors such as “pain,” “bother,” “problems,” and
“discomfort” without further definition of these conditions to screen for the presence of an untoward
state within a specified time period (usually one year), and then rate these conditions using various
severity indicators. The UMUEQ similarly asks about the presence and severity of a “problem” in a
specific location, but also asks the respondent to qualify the problem in terms of the types of symptoms
experienced (burning, stiffness, tingling, etc.). Discomfort surveys used in most of the NIOSH studies
in Table 4.1 take a slightly different approach. Rather than beginning by asking about the presence of
discomfort or a similar condition in general terms, the survey begins with a single question that screens
for the presence of one or more of six symptoms (pain, aching, stiffness, burning, numbness, or tingling)
in each body region. An affirmative response is then followed by a rating of this “problem” using as many
as three severity measures (duration, frequency, and intensity).

As shown in Table 4.1, all but six of the NIOSH studies (Baron and Habes, 1992; NIOSH, 1989a,
1989b, 1990a, 1990b; Sauter et al., 1991) rated the intensity of discomfort, over one half of the studies
used two or more severity measures, and nearly one third of the studies used all three measures. Table
4.2 describes the actual discomfort rating scales most commonly used in the NIOSH studies.

The discomfort duration scales used in NIOSH studies were adapted from work at the University of
Michigan (Silverstein and Fine, 1984; Silverstein, 1985), and are similar to the discomfort duration scale
in the UMUEQ. Eleven of the 12 NIOSH studies (all but study 1) that rated discomfort duration used
the scale shown in Table 4.2 or a close variation of this scale. Nine of the 13 studies (all but 1, 2, 5, 18)
that rated discomfort frequency used the Table 4.2 scale or a slightly altered version of this scale. Less
consistency is seen in the rating of discomfort intensity among NIOSH studies. Only six studies (7, 11,
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TABLE 4.2 Discomfort Rating Scales Commonly Used in NIOSH Studies

Discomfort Duration Discomfort Frequency Discomfort Intensity
Less than 1 hour Almost never (every 6 months)  No pain

1 to 24 hours Rarely (every 2 to 3 months) Mild

25 hours to 1 week Sometimes (once a month) Moderate

More than 1 to 2 weeks Frequently (once a week) Severe

More than 2 weeks to 1 month  Almost always (daily) Worst pain ever in life

More than 1 to 2 months
More than 3 months

12, 15, 18, 23) used the intensity scale shown in Table 4.2. Eight other studies employed verbal-numeric
scales with four to six intensity levels ranging from “comfortable” or “no pain/discomfort” at one extreme
to “very/extreme/severe discomfort” or “worst pain ever imaginable” at the other extreme. Similar to the
UMUEQ, two studies (16, 20) used ten-point numeric scales for rating discomfort intensity. But with
these two exceptions, neither the frequency nor intensity scales used by NIOSH have close parallels in
either the SNQ or UMUEQ.

Several NIOSH surveys also incorporated questions asking about medical follow-up of discomfort and
effects of discomfort on performance, and a series of questions to ascertain the work-relatedness of
discomfort (e.g., onset in relation to current employment; prior traumatic injury and underlying medical
conditions). Similar items appear in the UMUEQ, whereas the SNQ asks only about medical follow-up
and activity restrictions.

Nearly one half of the NIOSH studies (14, 6, 7, 11, 12, 15, 18) used discomfort ratings together with
information from questions on the work-relatedness of discomfort to define cases of work-related mus-
culoskeletal “disorders” and to examine the prevalence of disorders and their relationships to various job
factors. The case definition most commonly employed by NIOSH required satisfaction of all of the
following criteria:

+ Discomfort within the past year

+ Discomfort began after employment in the current job

+ No prior accident or sudden injury (affecting focal area of discomfort)
+ Discomfort episodes occur monthly or the duration exceeds a week

Seven studies (3, 6, 7, 11, 12, 15, 18) used this definition or a close variant. As an additional step, in
seven of the NIOSH studies (1, 2,4, 7,9, 11, 23), physical examinations were conducted. Positive findings
were used together with symptom information to derive cases for calculation of incidence rates of
musculoskeletal disorders and for statistical analysis of these disorders in relation to the work situation.

4.3 Quality of NIOSH Discomfort Survey Methods

Whether for epidemiologic research or surveillance purposes, discomfort surveys need to be practical to
use (i.e., quick and easy to administer in a variety of populations and workplaces, readily analyzed, etc.).
They also need to demonstrate acceptable psychometric properties (reliability and validity). However,
with just a few exceptions (e.g., recent evaluations of the reliability and validity of the UMUEQ), these
aspects of discomfort surveys have received surprisingly little study.

In a recent examination of musculoskeletal symptom surveys, NIOSH researchers (Baron et al., 1996)
cite the widespread use of the SNQ and NIOSH surveys as evidence of their practical quality. A cursory
literature search reveals over three dozen studies in many countries since 1990 that relied on the SNQ
or a variation of this instrument. Additionally, Baron et al. (1996) note that the typical NIOSH survey
requires an average of just 30 minutes to administer and has been used among thousands of workers in
occupations with widely varying literacy requirements.
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4.3.1 Reliability

Test-retest reliability data on NIOSH discomfort surveys have not been previously reported. However,
recent analysis of data from repeat administration (within 48 hours) of the survey employed by Lowe et
al. (2001) produced encouraging findings in a sample of 89 office workers. Identical responses across
survey administrations were examined for items denoting discomfort (yes/no) during the last seven days
in eight upper-extremity regions. Agreement rates across survey administrations for these items ranged
from 91 to 99% (mode = 93%). Kappa values ranged from 0.75 to 0.89 for seven items (0.95 for the
eighth item). Strong inflation of these agreement rates and kappa values relating to memory effects might
be suspected owing to the short test-retest interval. However, these agreement rates and kappa values
compare very favorably with findings reported in two reliability studies of the UMUEQ (Franzblau et
al., 1997; Salerno et al., 2001) where the test-retest interval was three weeks for items asking about the
presence of upper-extremity discomfort within the past year. For example, agreement rates for the left-
and right-hand discomfort questions were 92% and 96% (kappa = 0.82 and 0.87), respectively, in the
retest of the NIOSH survey, and the agreement rates in the retest of the hand discomfort item (both
hands together) in the UMUEQ studies were 93% in each study (kappa = 0.84 and 0.86 in the two studies).

In addition to studies of the UMUEQ, test-retest reliability studies of the SNQ are described by
Kourinka et al. (1987) and Dickinson et al. (1992). One-week, 15-day, and 3-week retests in these studies
resulted in identical response rates across questions ranging from 70 to 100%. Additionally, van der
Grinten (1991) reports good retest reliability of a body-part discomfort survey over a fortnight. However,
the absence of statistical analysis in these studies limits interpretation.

4.3.2 Validity

Like “fatigue” or “effort,” discomfort is a psychological construct. As such, the validity of a discomfort
measure can be assessed by judging the appropriateness of the items comprising the measure (content
validation) and by examining its association with other measures that should in theory be related to
discomfort (construct validation).

Many of the discomfort surveys employed in NIOSH studies sample a wide domain of discomfort
attributes, including multiple qualities of discomfort and multiple indicators of severity, thereby suggest-
ing strong content validity of these surveys. Baron et al. (1996) reported significant correlations (0.27 to
0.38) among duration, frequency, and intensity measures of hand discomfort in NIOSH surveys, indi-
cating a common underlying construct. Analyses of data subsequently collected in the context of two
other NIOSH studies (Lowe et al., 2001; Sauter et al., 1997) show even stronger correlations among these
variables for hand discomfort (0.39 to 0.64 and 0.31 to 0.59, respectively, for these two studies).

With regard to construct validity of NIOSH surveys, two types of evidence are relevant. Perhaps most
compelling is that discomfort measures proved sensitive to ergonomic factors investigated in an over-
whelming majority of NIOSH studies in the last decade. These factors varied widely, from heavy lifting
in grocery warehouses to brief rest pauses in data processing.

Additionally, associations between NIOSH discomfort survey measures and other health-relevant
outcomes are found in Baron et al. (1996) and in analyses of data from the Lowe et al. (2001) sample.
Baron et al. (1996) reported significantly increased odds of seeking medical care among workers with
elevated duration, frequency, and intensity of hand discomfort (odds ratio [OR] = 2.1). Similar results
were found for analyses of discomfort severity measures and medical-care seeking in a sample of nearly
200 office workers in the Lowe et al. (2001) study (OR = 2.7 for hands and 1.6 to 4.0 for other regions).
Using a survey similar to NIOSH surveys, Marley and Kumar (1994) were able to predict medical-care
seeking with 82% sensitivity from an algorithm based on musculoskeletal discomfort frequency and
duration (although specificity was just 56%).

Baron et al. (1996) also reported reasonable sensitivity (71%) and specificity (72%) of elevated hand
discomfort in detecting cases of hand disorders as defined by physical exam. Additionally, Lowe et al.
(2001) found that NIOSH measures of upper-limb discomfort were significant predictors (more so than
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electromyography [EMG] measures of upper-limb loading) of upper-limb disorders defined by physical
exam.

Related studies have also been conducted by Scandinavian and University of Michigan researchers.
Using the SNQ, Ohlsson et al. (1994) found similar levels of sensitivity and specificity as Baron et al.
(1996) for detecting upper-extremity diagnoses, although the sensitivity for hand disorders was lower
(67%). Michigan researchers (Homan et al., 1999) found poor agreement between carpal tunnel cases
as defined by the UMUEQ, physical examinations, and electrodiagnostic criteria. However, based on
analyses of these data, the investigators concluded that discomfort surveys were the only procedures that
could be used alone for surveillance of carpal tunnel syndrome in the workplace.

4.4 Summary and Implications

Surveys of musculoskeletal discomfort vary widely along many dimensions: the time frame for assessment
(e.g., last year, last 30 days, last 7 days, current discomfort); assessment of qualitative aspects (pain or
problem vs. specific symptoms); assessment of quantitative aspects (intensity and temporal characteris-
tics) and scaling methods employed (from binary yes/no choices to Borg scales); and the derivation of
summary indices of discomfort (ranging from region-specific cases of musculoskeletal disorders to
continuous measures of whole-body discomfort). Many of these variations can be seen when comparing
versions of the NIOSH survey, the UMUEQ), and variations of the SNQ.

It is of interest that, irrespective of these design differences, musculoskeletal discomfort surveys have
proved remarkably effective in ergonomics applications. Research has shown the NIOSH surveys,
UMUEQ, and SNQ to be sensitive to a wide range of physical stressors across many occupations, and to
have prognostic value for more objective measures of musculoskeletal disorders. Psychosocial factors
believed to influence musculoskeletal disorders are also associated with discomfort in NIOSH studies
(Bernard et al., 1994; Hales et al., 1994). These findings provide strong convergent evidence of the validity
and robustness of discomfort surveys.

The diversity of discomfort surveys, however, raises the question about the best survey measures of
discomfort. This question cannot be answered without specifying the criterion measure (i.e., the standard
for musculoskeletal disorders against which the measure will be judged). While no gold standard exists,
physical signs, electrodiagnostic findings, and disability represent common outcomes of interest. Sur-
prisingly few studies, however, have examined the relationship between the design of discomfort surveys
and their predictive power for these different outcomes. In one such study, Homan et al. (1999) evaluated
combinations of hand discomfort measures obtained with the Michigan questionnaire (recurrent symp-
toms of the hand-wrist-fingers, current symptoms, nocturnal symptoms, symptom intensity, and hand
diagrams scores) for their relationship to electrodiagnostic evidence of carpal tunnel syndrome in a
working population. Of interest, recurrent symptoms alone proved the best predictor of electrical abnor-
malities. Further investigations of this nature may lead to improvements in the design of musculoskeletal
discomfort surveys by enabling researchers to optimize survey content and economy in relation to
predictive capacity (sensitivity, specificity, positive and negative predictive value) for different outcomes.
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5.1 Background and Application

The Dutch musculoskeletal questionnaire (DMQ) allows ergonomists and occupational health profes-
sionals to measure work-related musculoskeletal risk factors and symptoms in worker populations in a
quick yet standardized way. The standard version of the questionnaire consists of 9 pages with around
25 questions per page, to be filled in by the workers themselves. Completion time is around 30 minutes.
A short version (4 pages) and an extended version (14 pages) are also available. The questionnaire includes
the following sections:

Background variables: age, gender, education, duration of employment, work history, shift work.

Tasks: prevalence rates and perceived heaviness of task demands.

Musculoskeletal workload: postures, forces, movements.

Work pace and psychosocial working conditions: demands, control and autonomy, work organization
and social support, work satisfaction; such factors may play an important role for workers with
musculoskeletal disorders (Bongers et al., 1993).

Health: in particular musculoskeletal symptoms; the phrasing of questions on prevalence is comparable
with the Nordic questionnaire on musculoskeletal disorders (Kuorinka et al., 1987), including the
definition of areas of the body pictorially; in addition, the extended version contains more-detailed
questions on the nature and severity of these symptoms.

Lifestyle: e.g., sports, smoking (in the extended version of the questionnaire only).

Perceived bottlenecks and ideas for improvements: suggested by the workers themselves (optional).

The questionnaire seeks to obtain a simple representation of the relationships between work tasks and
musculoskeletal symptoms (Dul et al., 1992; Paul, 1993). Work-related musculoskeletal symptoms are
seen as the result of high internal physical loads, caused by the poor postures, movements, and forceful
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exertions needed to perform the work tasks. Other factors, such as other working conditions, individual
factors (gender, age), psychosocial aspects, or lifestyle can also influence these relationships.

To ensure an optimal content validity of the questionnaire, the choice of variables to be measured was
based on reviews of the epidemiological literature (Hildebrandt, 1987; Riihimiki, 1991; Stock, 1991;
Walsh et al., 1989) that identified a large number of potentially harmful postures, movements, force
exertions, and other potentially hazardous working conditions (Ariéns, 2000; Bernard, 1997; Hoogen-
doorn, 1999).

Musculoskeletal workload (postures, forces, movements) is addressed in 63 questions. These questions
are categorized into seven indices and four separate questions, as seen in Table 5.1.

The questions are formulated to indicate the presence or absence of exposure and not the amount of
discomfort caused by the exposure, which is addressed in a separate part of the questionnaire. The precise
formulation is based on several field studies using preliminary versions of the questionnaire. For brevity,
the exposures addressed in the questions are not defined, explained, or illustrated. No training is necessary
to complete the questionnaire. Most questions require dichotomous answers (yes/no). This qualitative
approach, does not quantify frequency and duration of variables. The validity of quantitative MSD
(musculoskeletal disorders) surveys has been seriously questioned (Baty et al., 1987; Kilbom, 1994; Kumar,
1993; Viikari-Juntura et al., 1996; Wiktorin et al., 1993; Winkel and Mathiassen, 1994).

Because participation of the workers is required, the DMQ fits well into a participatory ergonomics
approach to problems (Vink et al., 1992). A full copy of the DMQ can be downloaded from http://
www.workandhealth.org; search for “DMQ.”

TABLE 5.1 Name, Content, and Cronbach's Alpha of Seven Indices and Four Separate Questions
Name Content n®  Alpha®
1 Force exertion Lifting, pushing and pulling, carrying, forceful movements with arms, 13 0.90
high physical exertion, lifting in unfavorable postures, lifting with
the load away from the body, lifting with twisted trunk, lifting with
loads above the chest, lifting with bad grip, lifting with very heavy
loads, short-force exertions, exerting great force on hands
2 Dynamic loads Trunk movements (bending and/or twisting); movements of neck, 12 083
shoulders or wrists; reaching; making sudden and/or unexpected
movements; pinching; working under, at, or above shoulder level
3 Static loads Lightly bent, twisted trunk posture; heavily bent, twisted trunk 11 0.87
posture; postures of neck or wrists
4 Repetitive loads Working in the same postures; making the same movements with 6 0.85
trunk, arms, hands, wrists or legs; making small movements with
hands at a high pace
5  Ergonomic environment  Available working space, no support, slipping and falling, trouble with 6 0.78
reaching things with tools, not enough room above to perform work
without bending
6  Vibration Whole-body vibration, vibrating tools, driving 3 0.57
7  Climate Cold, draught, changes in temperature, moisture 4 0.84
Uncomfortable postures ~ Having often to deal with uncomfortable postures at work 1 —
Sitting Sitting often at work 1 —
Standing Standing often at work 1 —
Walking Walking often at work 1 —
Overall index Indices 1-7 55  0.95

a*Number of questions. The maximum score of the index equals the number of questions in the index and corresponds
to a positive answer to all questions in the index. The higher the mean score, the higher the self-reported exposure.

b Cronbach’s alpha, a measure of reliability indicating the homogeneity of the index.

Source: Hildebrandt et al., 2001.
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5.2 Procedure

5.2.1 Preparation
5.2.1.1 Defining the Population at Risk

Groups of workers should be selected who are performing more or less identical task(s), e.g., occupational
groups, departments, companies, or branches. This enables the identification of an association between
symptoms found and specific working situations. The selection depends on the questions to be answered.
Defining these questions is crucial in this phase.

A reference group known to be exposed to a lesser physical workload should also be used to enable
better comparative interpretation of results. A minimum of 20 workers per group is recommended to
enable valid conclusions.

5.2.1.2 Introduction of the Project in the Worker Groups Involved

Management support and commitment to implement any recommendations based upon the results is
important to ensure high worker response rates. The reasons for the survey as well as its goals and content
should be communicated clearly to all involved workers, along with how the results will be communicated
and subsequent projects or interventions will be implemented.

5.2.1.3 Analysis of Prevalent Tasks in the Groups

Using existing documents as well as discussions with management and workers, an inventory of the
number and type of the most prevalent tasks should be compiled. If tasks are very heterogeneous, groups
should be subdivided into more homogeneous units according to their physical workload. Up to nine
tasks can be accommodated in the group-specific section of the DMQ.

5.2.1.4 Defining the Way the DMQ Is Administered to the Workers

Three possible options are:

+ Postal survey (inexpensive and easy, but risk of low response)

+ Distribution in the workplace with a request to complete the questionnaire during or after working
hours

+ Group sessions during working hours in which each worker is invited to complete his/her ques-
tionnaire (recommended)

5.2.2 The Actual Survey

In this phase, the DMQ has to be printed and distributed. Response rates have to be monitored to be
able to send reminders to those who do not initially respond. It is extremely important that a large
proportion of the workers selected actually participate in the survey, since the results should be repre-
sentative for all workers with the same tasks.

5.2.3 Data Entry, Data Analysis, and Report

The use of a statistical program to calculate results is recommended. However, a spreadsheet may be
sufficient for computing the most important indices. Reporting the results of the survey can be done on
the basis of a few tables summarizing the main findings:

* Response and general characteristics of the workers involved (e.g., age, gender, education)
+ Tasks: prevalence and perceived exertion

+ Physical workload

+ Psychosocial workload

+ 12-month prevalence of musculoskeletal symptoms per body area
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Data should be presented for all worker groups selected and the reference population. If the number
of respondents is greater than 20, differences between groups should be statistically tested for significance.

To enable experts to easily work with this questionnaire, a software package (LOQUEST) has been
developed for data entry, data analysis, and autoreporting of the main results, but this program (MS-
DOS) is only available in Dutch (http://www.arbeid.tno.nl/kennisgebieden/bewegen_bewegingsapparaat/
files/loquest.zip).

5.2.4 Implementation of Results

On the basis of the screening results, those worker groups or workplaces requiring a more thorough
ergonomic analysis, using more sophisticated methods, can be identified and prioritized. Those worker
groups with relatively high symptom rates and/or relatively high workloads will require further ergonomic
analysis to determine appropriate ergonomic interventions. Following implementation, a second survey
using the DMQ can be conducted to quantify improvements in workload and health among the workers
involved.

5.2.5 Advantages

+ Standardized method

* Relatively inexpensive and easy

+ Broad comprehensive overview of possible risk factors and morbidity (data on both exposure and
effect)

+ No technical equipment necessary

+ Input from workers themselves

+ Can be used to evaluate the effects of solutions implemented

5.2.6 Disadvantages

Self-reported data (detailed exposure measurement not possible)
+ Reference group recommended but may not always be available

Less suitable for smaller groups of workers

+ No quantification of risks

+ Cooperation of management and workers is crucial

+ Data entry can become laborious when groups are large
+ More-detailed data analysis requires statistical knowledge

5.2.7 Example Output

Figure 5.1 shows the results of a DMQ survey in five departments of a steel company (Hildebrandt et
al., 1996). High risks are easily identified and presented to the management and workers in graphical
form. An example of a DMQ survey in agriculture can be found in Hildebrandt (1995).

5.2.8 Related Methods

Ergonomists, occupational physicians, nurses, and hygienists need simple and quick methods to obtain
relevant information on work-related factors that contribute to the musculoskeletal workload and related
disorders. Based on such screening, priorities can be set for worker groups or workplaces requiring a
more thorough ergonomic analysis. A detailed measurement of musculoskeletal workload (postures,
movements, and force exertions) by direct methods, like observations or inclinometry, is complicated
and time-consuming when large worker groups are involved and skilled analysts are needed for reliable
measurements (Buckle, 1987; Hagberg, 1992; Kilbom, 1994; Winkel and Mathiassen, 1994). Simpler
screening instruments for identifying groups of workers at risk (jobs, departments, tasks, etc.) include
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FIGURE 5.1 Mean scores of four indices of workload and working conditions reported by maintenance workers in
five departments of a steel company (n = 436) and a reference group of nonsedentary workers (n = 396).

checklists (Keyserling et al., 1992), rating of physical job requirements (Buchholz et al., 1996), surveys
(Bishu, 1989), or periodic surveillance (Weel et al., 2000). Although the quantification of the absolute
exposure levels has its limitations using these methods, the information gathered can be sufficient to
rank groups according to their levels of exposures (Burdorf, 1999). Subsequently, a more laborious
detailed ergonomic analysis can be restricted to those high-risk workers and workplaces.

5.2.9 Standard and Regulations

The DMQ can be used to comply with the need for employers to carry out a risk assessment of physical
working conditions. However, it should be stressed that a DMQ survey is only a tool to set priorities for
further analyses and development of solutions.

5.2.10 Approximate Training and Application Times

No special training is required to conduct a DMQ survey. Some background on epidemiology is recom-
mended to conduct a more detailed data analysis. The time to complete the DMQ (standard edition) is
between 20 and 60 min, depending in particular on the educational background of the worker. For
workers with less education, the short edition of the DMQ is most appropriate.

5.2.11 Costs

Costs are restricted to the printing (and sometimes the mailing) of the questionnaire. Other costs include
the ergonomist’s time for preparing, conducting, analyzing, and reporting the survey. This may be up to
120 hours, depending on the amount of effort necessary to motivate the company and workers and the
number of workers actually responding to the survey.

5.2.12 Reliability and Validity

Several validity aspects have been addressed by analyses of a database containing data for 1575 workers
in various occupations who completed the questionnaire. From factor analysis, questions on musculosk-
eletal workload and associated potentially hazardous working conditions were grouped into seven indices:
force, dynamic load, static load, repetitive load, climatic factors, vibration, and ergonomic environmental
factors. Together with four separate questions on standing, sitting, walking, and uncomfortable postures,
the indices constitute a brief overview of the main findings on musculoskeletal workload and associated
potentially hazardous working conditions. Homogeneity of the indices, assessed by computing Cron-
bach's alphas, was found to be satisfactory, as was the divergent validity of the indices assessed by
computing intercorrelations with an index of psychosocial working conditions. Discriminative power
was good: worker groups with contrasting musculoskeletal loads could be differentiated on the basis of
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the indices. Significant associations of most indices with musculoskeletal symptoms demonstrated con-
current validity (Hildebrandt et al., 2001).

To study the validity of the questions on physical workload, four homogeneous worker groups (VDU
[visual display unit] workers, office workers, dispatch workers, and assembly workers) completed the
questionnaire and were observed (through video) performing their main tasks. Self-reported exposure
to postures was computed for each group, as well as the mean frequency and duration of postures in
different categories of trunk flexion and rotation angle. Both methods identified the same groups with
the highest exposures to unfavorable postures. Simple qualitative questions seemed adequate (Hilde-
brandt, 2001). To study the validity of the questions on musculoskeletal symptoms, four other homoge-
neous worker groups (VDU workers, office workers, vehicle drivers, and printers) were scrutinized; they
completed the questionnaire as well as a standardized physical examination. The questionnaire appeared
to identify the same worker groups with high prevalence rates of low back pain as the physical exami-
nation. Seven-day prevalence rates resulted in the highest specificity, while lifetime prevalence rates
resulted in the best sensitivity. Overall, the one-year prevalence rates turned out to be a reasonable
intermediate choice (Hildebrandt, 2001).

5.2.13 Tools Needed

The DMQ can be completed using a pen and paper. Data entry requires specialized software. For large
groups, data entry using OCR (optical character recognition) software should be considered; for small
groups, a spreadsheet program could be sufficient. Statistical software is recommended to analyze data
of larger worker groups.
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6.1 Background and Applications

The quick exposure checklist (QEC) quickly assesses the exposure to risks for work-related muscu-
loskeletal disorders (WMSDs) (Li and Buckle, 1999a). QEC is based on the practitioners’ needs and
research on major WMSD risk factors (e.g., Bernard, 1997). About 150 practitioners have tested
QEC and modified and validated it using both simulated and real tasks. QEC has a high level of
sensitivity and usability and largely acceptable inter- and intraobserver reliability. Field studies
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confirm that QEC is applicable for a wide range of tasks. With a short training period and some
practice, assessment can normally be completed quickly for each task.

QEC gives an evaluation of a workplace and of equipment design, which facilitates redesign. QEC
helps to prevent many kinds of WMSDs from developing and educates users about WMSD risks in
their workplaces.

6.2 Procedure

QEC uses five steps:

6.2.1 Step 1: Self-Training

First-time QEC users must read the “QEC User Guide” (Appendix 6.1) to understand the terminol-
ogy and assessment categories that are used in the checklist. Experienced users can skip step 1.

6.2.2 Step 2: Observer’s Assessment Checklist

The QEC user (the observer) uses the “Observer’s Assessment” checklist (Appendix 6.2) to conduct
a risk assessment for a particular task. Most checklist assessment items are self-explanatory. New
users can consult the “QEC User Guide” (Appendix 6.1). At least one complete work cycle is observed
before making the assessment. If a job consists of a variety of tasks, each task can be assessed
separately. Where a job cannot easily be broken down into tasks, the “worst” event within that job
when a particular body part in question is most heavily loaded should be observed. The assessment
can be carried out by direct observation or by using video footage (if the information about the
“Worker’s Assessment” can be obtained at another time; see step 3).

6.2.3 Step 3: Worker’s Assessment Checklist

The worker being observed must complete the “Worker’s Assessment” checklist (Appendix 6.3).

6.2.4 Step 4: Calculation of Exposure Scores

Use the “Table of Exposure Scores” (Appendix 6.4) to calculate the exposure scores for each task
assessed as follows:

1. Circle all the letters corresponding to the answers from the “Observer’s Assessment” and the
“Worker’s Assessment.”

2. Mark the numbers at the crossing point of every pair of circled letters. For example, for the
exposure to the back, number 8 should be selected as score 1, corresponding to the assessment
items A2 and A3.

3. Calculate a total score for each body part.

Exposure score calculations can be done with the help of software (http://www.geocities.com/qecuk).

6.2.5 Step 5: Consideration of Actions

QEC quickly identifies the exposure levels for the back, shoulder/arm, wrist/hand, and the neck, and
the method evaluates whether an ergonomic intervention can effectively reduce these exposure
levels. Preliminary action levels for the QEC, based on QEC and RULA (McAtamney and Corlett,
1993) assessments of a variety of tasks, have been suggested (Brown and Li, 2003) as seen in Table 6.1.

The exposure level E in Table 6.1 is calculated as a percentage rate between the actual total exposure
score X and the maximum possible total X, . For manual handling tasks, X . = 176; for other
tasks, X, = 162.

E (%) = X/X . X 100%

max
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TABLE 6.1 Preliminary Action Levels for the QEC

QEC Score (E)

(percentage total) Action Equivalent RULA Score
<40% acceptable 1-2
41-50% investigate further 34
51-70% investigate further and change soon 5-6
>70% investigate and change immediately 7+

6.3 Advantages

+ Covers some major physical risk factors for WMSDs.

+ Considers user needs and can be used by inexperienced users.

+ Considers combination and interaction of multiple workplace risk factors.
+ Provides good level of sensitivity and usability.

+ Provides encouraging level of inter- and intraobserver reliability.

+ Is easy to learn and quick to use.

6.4 Disadvantages

+ Method focuses on physical workplace factors only.

+ Hypothetical exposure scores with the suggested “action levels” need validating.

+ Additional training and practice may be needed for novice users to improve assessment
reliability.

6.5 Example of QEC Output

The following is an example of an observer assessing a manual handling task.

The task involves unloading boxes from a trolley onto a shelf. The operator’s back is nearly
straight, with infrequent movement during work. The boxes are sometimes placed at a height above
shoulder level, with frequent adjustment for repositioning of the boxes, often using one hand. The
hands/wrists were seen to bend and move between 11 and 20 times per minute, and the neck is
occasionally seen to rotate to either side. The boxes weigh around 4 kg each, and the work lasts up
to 6 hours per day. The visual demand for the task is considered low. The assessment results are
shown in Figure 6.1.

The overall exposure is: E = (106/176) X 100% = 60.2%. According to Table 6.1, the score indicates
a need to “investigate further and change soon.” The major concerns are the exposure to the
shoulder/arm and the wrist regions because the operator has to handle the load at or above shoulder
level. Possible solutions include providing the worker with a footstool to avoid raising the arms too
high, using machinery (a forklift) for high-level loading, or introducing more frequent breaks to
reduce the frequency of the repeated tasks.

After the workplace/task intervention, reassess the task using the same QEC approach as described
in steps 2 to 5, and compare the pre- and postintervention results to see whether the exposures have
been effectively reduced, preferably below an “acceptable” level.

6.6 Related Methods

The suggested “action levels” of the QEC system were based on equivalent RULA scores (McAtamney
and Corlett, 1993). The tool was developed with a critical review and analysis of existing methods
available at the time (Li and Buckle, 1999b), by adopting “user participation” approaches (e.g., using
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FIGURE 6.1 Assessment results of the example task.

questionnaires and focus groups and by asking the potential users — health and safety practitioners
— to design an exposure tool for themselves [Li and Buckle, 1999a]), as well as by using a “think
aloud” approach to understand the methods that health and safety practitioners adopt when under-
taking a risk assessment in the workplace (Bainbridge and Sanderson, 1995).

6.7 Standards and Regulations

U.K. Management of Health and Safety at Work Regulations 1992:

Regulation 3 requires that “every employer shall make a suitable and sufficient assessment of the
risks to the health and safety of his employees to which they are exposed whilst they are at
work.... The purpose of the risk assessment is to help the employer or self-employed person
to determine what measures should be taken to comply with the employer’s or self-employed
person’s duties under the ‘relevant statutory provisions.”

Regulation 12 mentions that “employees have a duty under Section 7 of the Health and Safety at
Work etc. Act 1974 to co-operate with their employer to enable the employer to comply with
statutory duties for health and safety”

U.K. Manual Handling Operations Regulations 1992, Regulation 4(1)(b) requires that “each
employer shall, where it is not reasonably practicable to avoid the need for his employees to
undertake any manual handling operations at work which involve a risk of their being injured,
make a suitable and sufficient assessment of all such manual handling operations to be under-
taken by them.... The views of staff can be particularly valuable in identifying manual handling
problems and practical solutions to them.”

6.8 Approximate Training and Application Times

The initial training (self-learning) time of the QEC for a new user is approximately 15 to 20 min,
but some practice is suggested for novice users, with exercise assessments either on real tasks or on
video-recorded tasks. It normally takes about 10 min to complete an assessment for each task.

6.8.1 Reliability and Validity

The construction validity of the QEC is reported in Li and Buckle (1999a). The tool is found to have
a high sensitivity (the ability to identify a change in exposure before and after an ergonomic inter-
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vention), a good intraobserver reliability, and a practically acceptable interobserver reliability (Li
and Buckle, 1999a).

6.8.2 Tools Needed

QEC is a pen-and-paper-based exposure assessment tool. Calculation of exposure scores can be done
with a computer program available at www.geocities.com/qecuk.
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Appendix 6.1 QEC User Guide

This exposure tool has been designed to assess the change in exposure to musculoskeletal risks before
and after an ergonomic intervention. Before making the risk assessment, a preliminary observation of
the job should be made for at least one work cycle. Record all information as listed at the top of the
checklist in Appendix 6.2.

Exposure Assessment for the Back
Back Posture (Al to A3)

The assessment for the back posture should be made at the moment when the back is most heavily
loaded. For example, when lifting a box, the back may be considered under highest loading at the point
when the person leans or reaches forward to pick up the load.

+ The back can be regarded as “almost neutral” (Level A1) if the person is seen to work with his/
her back flexion/extension, twisting, or side bending less than 20°, as shown in Figure Al.

+ The back can be regarded as “moderately flexed or twisted” (Level A2) if the person is seen to
work with his/her back flexion/extension, twisting, or side bending more than 20° but less than
60°, as shown in Figure A2.

<20

-

FIGURE A1 The back is “almost neutral.”
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FIGURE A2 The back is “moderately flexed or twisted.”
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FIGURE A3 The back is “excessively flexed or twisted.”

+ The back can be regarded as “excessively flexed or twisted” (Level A3) if the person is seen to
work with his/her back flexion or twisting more than 602 (or close to 902), as shown in Figure
A3.

Back Movement (B1 to B5)

+ For manual material handling tasks, assess B1 to B3. This refers to how often the person needs to
bend, rotate his/her back when performing the task. Several back movements may happen within
one task cycle.

+ For tasks other then manual handling, such as sedentary work or repetitive tasks performed in
standing or seated position, ignore B1 to B3 and assess B4 and B5 only.

Exposure Assessment for the Shoulder/Arm
Shoulder/Arm Posture (C1 to C3)

Assessment should be made when the shoulder/arm is most heavily loaded during work, but not neces-
sarily at the same time as the back is assessed. For example, the load on the shoulder may not be at the
highest level when the operator bends down to pick up a box from the floor, but may become greater
subsequently when the box is placed at a higher level.

Shoulder/Arm Movement (D1 to D3)

The movement of the shoulder/arm is regarded as

+ “Infrequent” if there is no regular motion pattern
+ “Frequent” if there is a regular motion pattern with some short pauses
+ “Very frequent” if there is a regular continuous motion pattern during work

Exposure Assessment for the Wrist/Hand
Wrist/Hand Posture (E1 to E2)

This is assessed during the performance of the task at the point when the most awkward wrist posture
is adopted, including wrist flexion/extension, side bending (ulnar/radial deviation), and rotation of the
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wrist around the axis of the forearm. The wrist is regarded as “almost straight” (Level E1) if its movement
is limited within a small angular range (e.g., <15°) of the neutral wrist posture (Figure E1). Otherwise,
if an obvious wrist angle can be observed during the performance of the task, the wrist is considered to
be “deviated or bent” (Figure E2).

FIGURE E1 The wrist is “almost straight.”

FIGURE E2 The wrist is “deviated or bent.”

Wrist/Hand Movement (F1 to F3)

This refers to the movement of the wrist/hand and forearm, excluding the movement of the fingers. One
motion is counted every time when the same or similar motion pattern is repeated over a set period of
time (e.g., 1 min).

Exposure Assessment for the Neck

The neck can be considered to be “excessively bent or twisted ” if it is bent or twisted at an obvious
angle (or more than 20°) relative to the torso.

Worker’s Assessment of the Same Task

After the observer’s assessment is made, ask the worker to answer the questions in the checklist in
Appendix 6.3. Explain the meaning of the terms to him/her when necessary.

Calculation of the Total Exposure Scores

The total exposure scores can be obtained by combining the assessments from the observer (QEC
checklist in Appendix 6.2, items A to G) and the worker (QEC checklist in Appendix 6.3, items a
through g). Ensure that the correct combined scores have been determined before adding them into
the total.

Additional Points

+ For group work, ensure that a sufficiently representative number of individual workers are assessed.
+ Workers whose daily pattern of work and job demands are variable should be observed more
than once.
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Appendix 6.3 Worker’s Assessment

Name: Job title: Date:
+ What is the maximum weight handled in this task?
Al: Light (5 kg or less)
A2: Moderate (6 to 10 kg)
A3: Heavy (11 to 20 kg)

+ How much time on average do you spend per day doing this task?
BI: Less than 2 hours

B2: 2 to 4 hours

B3: More than 4 hours

* When performing this task (single or double handed), what is the
maximum force level exerted by one hand?

C1: Low (e.g., Less than 1 kg)
C2: Medium (e.g., 1 to 4 kg)
C3: High (e.g., More than 4 kg)

+ Do you experience any vibration during work?
D1: Low (or no)

D2: Medium

D3: High

+ Is the visual demand of this task-
E1: Low? (There is almost no need to view fine details)
E2: High? (There is a need to view some fine details)

+ Do you have difficulty keeping up with this work?
F1: Never

F2: Sometimes

F3: Often

* How stressful do you find this work?
GI1: Not at all

G2: Low

G3: Medium

G4: High
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Appendix 6.4 Table of Exposure Scores

Exposure to the Back:

AL | A2 | A3 | score1 | B1 | B2 | B3| Score2 | bl | b2 [ b3 Score 3
Al 2 4 6 2 4 6 2 4 6
A2 4 6 8 4 6 8 4 6 8
A3 6 8 10 6 8 10 6 8 10
Ad 8 10 12 8 10 12 8 10 12
Score 4 B4 | B5S Score 5 Total score for the back
B1| 2 4 6 2 4 6 2 4 =Sum of scores 1to0 5
B2 | 4 6 8 4 6 8| 4 6
B3| 6 8 10 6 8 10| 6 8

Exposure to the Shoulder/Arm:

ci|c2|c3| scoret | D1 | D2 | D3| Score2 | b1 | b2 | b3 Score 3
Al | 2 4 6 2 4 6 2 4 6
A2 | 4 6 8 4 6 8 4 6 8
A3 6 8 10 6 8 10 6 8 10
Ad 8 10 12 8 10 12 8 10 12

Score 4 Score 5 Total score for shoulder/arm

B1 2 4 6 2 4 6 =Sum of scores 1to 5
B2 4 6 8 4 6 8
B3 6 8 10 6 8 10

Exposure to the Wrist/Hand:

F1 | F2 | F3 | scorel | E1 | E2 | score2 | b1 | b2 | b3 Score 3

ci| 2 4 6 2 4 2 4 6

c2 4 6 8 4 6 4 6 8

cal|l 6 & 10 6 8 6 8 10

Score 4 Score 5 Total score for the wrist/hand

B1L | 2 4 6 2 4 = Sum of scores 1to 5

B2 4 6 8 4 6

B3 | 6 8 10 6 8

Exposure to the Neck:

Gl | G2 | G3 Score 1 el e2 Score 2 Total score for the neck
b1 2 4 6 2 4 =Scores 1+ 2
b2 4 6 8 4 6
b3 6 8 10 6

Exposure scores: Back: Shoulder/arm: Wrist/hand: Neck:
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7.1 Background

Rapid upper-limb assessment (RULA) (McAtamney and Corlett, 1993) provides an easily calculated
rating of musculoskeletal loads in tasks where people have a risk of neck and upper-limb loading. The
tool provides a single score as a “snapshot” of the task, which is a rating of the posture, force, and
movement required. The risk is calculated into a score of 1 (low) to 7 (high). These scores are grouped
into four action levels that provide an indication of the time frame in which it is reasonable to expect

risk control to be initiated.

7.2 Applications

RULA is used to assess the posture, force, and movement associated with sedentary tasks. Such tasks

include screen-based or computer tasks, manufacturing, or retail tasks where the worker is seated or

standing without moving about.

The four main applications of RULA are to:

1. Measure musculoskeletal risk, usually as part of a broader ergonomic investigation
2. Compare the musculoskeletal loading of current and modified workstation designs

0-415-28700-6/05/$0.00+$1.50
© 2005 by CRC Press LLC

7-1
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3. Evaluate outcomes such as productivity or suitability of equipment
4. Educate workers about musculoskeletal risk created by different working postures

In all applications, it is strongly recommended that users receive training in RULA prior to use,
although no previous ergonomic assessment skills are required.

7.2.1 Measuring Musculoskeletal Risk

RULA assesses a working posture and the associated level of risk in a short time frame and with no need
for equipment beyond pen and paper. RULA was not designed to provide detailed postural information,
such as the finger position, which might be relevant to the overall risk to the worker. It may be necessary
for RULA to be used with other assessment tools as part of a broader or more detailed ergonomic
investigation. When using RULA, the assessor can benefit from establishing the following information
when making recommendations for change (McAtamney and Corlett, 1992): a knowledge of the products,
processes, tasks, previous musculoskeletal injuries, training, workplace layout and dimensions, and rel-
evant environmental risks or constraints.

RULA can be used to assess a particular task or posture for a single user or group of users (Herbert
et al., 1996). It may be necessary to assess a number of different postures during a work cycle to establish
a profile of the musculoskeletal loading. In such cases, it is useful to videotape or photograph workers
from both sides and from the back while they are performing the tasks.

7.2.2 Compare Current and Modified Workstation Designs

RULA is useful in comparing existing and proposed workstation designs as part of a justification or
proposal for ergonomic changes. The RULA scores provide any nonergonomist or stakeholder with
evidence that proposed modifications can reduce musculoskeletal loading, which can facilitate funding
approval.

For example, RULA was used in the following studies:

+ Gutierrez (1998), who evaluated assembly workers in an electronics factory and compared postures
when improvements were introduced.

+ Hedge et al. (1995), who assessed different computer equipment.

+ Cook and Kothiyal (1998), who assessed the influence of mouse position on muscular activity
using RULA and EMG (electromyography).

+ Leuder (1996), who modified RULA (http://www.humanics-es.com/rulacite.htm) to include
broader risks associated with office-based tasks, for example glare on the computer screen (see
http://www.humanics-es.com/files/rula.pdf). While the modified tool has not been validated, it
provides useful information on workstation risks.

7.2.3 Evaluate Outcomes

As part of a detailed ergonomic investigation, RULA scores can be compared against other outcome
factors. In a manufacturing plant, Axellson (1997) found a correlation between high RULA scores and
a higher proportion of products that were discarded as defective when processed at a particular work-
station. As part of a macroergonomic management program, the company subsequently improved the
identified high-risk workstation, leading to a 39% drop in quality deficiencies and an annual cost savings
of $25,000.

7.2.4 Educate Workers

Many adults have developed habitual postural movement patterns that they find very difficult to change.
The use of photographs of trainees at work along with the RULA score anecdotally helps motivate trainees
to make the effort to change techniques.
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7.3 Procedure

The procedure for using RULA is explained in three steps:

1. The posture or postures for assessment are selected.
2. The postures are scored using the scoring sheet, body-part diagrams, and tables.
3. These scores are converted to one of the four action level.

7.3.1 Observing and Selecting the Postures to Assess

A RULA assessment represents a moment in the work cycle, and it is important to observe the postures
adopted during the full work cycle or a significant working period prior to selecting the postures for
assessment. Depending upon the type of study, the selection could be the longest held posture or what
appears to be the worst postures adopted. It also can be useful to estimate the proportion of time spent
in the various postures being evaluated (McAtamney and Corlett, 1992).

7.3.2 Scoring and Recording the Posture

Decide whether the left, right, or both upper arms are at risk and need to be assessed. Then score the
posture of each body part using the free software found on-line at http://www.ergonomics.co.uk/Rula/
Ergo/index.html or the paper version (McAtamney and Corlett, 1993), which is on the Web at http://
ergo.human.cornell.edu/ahRULA.html.

Use the RULA assessment diagrams (Figure 7.1 shows the software version) to score the posture for
each body part, along with the forces/loads and the muscle use required for that particular posture.
Follow the score sheet to calculate the posture scores for Groups A and B if using the paper version (the
software version does this for you). Use the calculation button on the software or use Table C to calculate
the grand score.

7.3.3 Action Level

The grand score can be compared with the list of action levels. In most cases, to ensure that this guide
is used as an aid in efficient and effective control of any risks identified, the actions lead to a more detailed
investigation. The action levels are listed in Table 7.1.

7.4 Example

Ergonomics takes high priority in the design and development of pallets for Jaguar Cars Ltd., UK., and
RULA has become one of the key criteria used by them and the suppliers.

7.4.1 RULA Used in Design and Development Process

Jaguar uses RULA in its standards documentation for pallet/box manufacture to enable the company and
its suppliers to assess and improve the ergonomics of their pallets before production commences, thereby
avoiding disruption and risk of injury during steady-state production. As part of the development process,
all suppliers complete a full RULA risk assessment on the use of each pallet prototype, and they make
any necessary changes to eliminate any risk to the operators. The engineers and physiotherapist at Jaguar
have found that this process minimizes bending, stretching, or twisting.

When materials for the X200 series were supplied, RULA was used to assess the unpacking task. The
initial unpacking task forced the operator to reach into the box, as seen in Figure 7.2. The musculoskeletal
risk increased as the box was emptied. The RULA scoring of the posture depicted in Figure 7.2 is presented
in Table 7.2 along with relevant comments on the scoring. It is useful to follow the score sheet and body
part diagrams (Figure 7.1) while reading Table 7.2.
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FIGURE 7.1C RULA software assessment form.

TABLE 7.1 RULA Action Levels

Action level 1 Score of 1 or 2 indicates that the posture is acceptable if it is not
maintained or repeated for long periods

Action level 2 Score of 3 or 4 indicates that further investigation is needed, and changes
may be required

Action level 3 Score of 5 or 6 indicates that investigation and changes are required soon

Action level 4  Score of 7 indicates that investigation and changes are required
immediately
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FIGURE 7.2 Unpacking task (before intervention).

It is clear from the RULA assessment of Figure 7.2 that ergonomic risks were present that required
modification. The body parts at risk were the back and neck postures, with overreaching causing risk to
the upper arms. Figure 7.3 illustrates the solution, a hydraulic tilter controlled by the operator to allow
the height and angle of the pallet to be adjusted. This device provided a RULA score of 1 to 4, depending
on the position of the item in the box.

7.4.2 RULA Used in Early Intervention and Risk Assessment Related to
Musculoskeletal Strains and Sprains

As part of production operations, Jaguar has introduced RULA assessments as one of its procedures when:

. There has been a work-related strain/sprain reported

. The risk assessment identifies that an assessment is required
. There has been a change to a process

. There is an operator concern

B~ W N =

Figure 7.4 provides an outline of the processes in place to find practical solutions to any of the above
criteria. If a change cannot be made in the short term, then containment measures are introduced, such
as increasing recovery time or increasing job rotation. RULA assessments are made accessible to the
personnel carrying out the task by keeping them in the immediate vicinity.

The process outlined in Figure 7.4 offers a participatory systematic approach to problem solving using
skills and knowledge from relevant personnel in the company. In this process, RULA provides an objective
measure around which changes can be suggested and investigated, with the ultimate goal of implementing
the best-practice solution.

7.5 Approximate Training and Application Times

RULA was developed to require minimal training. Dismukes (1996) reported that people untrained in
ergonomics could accurately assess upper-limb disorders using RULA. However, it is strongly recom-
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TABLE 7.2 Scoring of Posture in Figure 7.2

Body Part Score Comments
Group A upper arms 3 + 1 for shoulders raised ~ This score is taken in relation to the trunk; shoulders
are raised because of the excessive reaching
lower arms 2 Lower arms are straight
wrist 1 Wrist posture is often obscured, so particular note
needs to be taken of wrist position when on site
wrist twist 1 A score of 1 is given if the hand is in a handshake

position; otherwise, the score is 2
Using Table A, these produce a posture score A = 4

Group B neck 4 Neck posture is taken in relation to the trunk; in this
position, the neck can actually be extended to
provide vision when the trunk is flexed forward

trunk 3 There is no twisting or side flexion

legs 2 If the operator is reaching by standing on the toes,
then the risk of slipping increases; 1 is given only
if the weight is evenly distributed onto both feet
and they are in a good position

Using Table B, these scores produce posture score B = 7

Group A force 3 Handling at end of range increases the
biomechanical risk, which creates a jolt and rapid
buildup of load on the shoulders

muscle use 0 This task is repeated, but not as frequently as four
times every minute

Posture score A (4) +3 =7

Group B force 3 The handling at end of range creates a jolt on the
spine
muscle use 0 Walking and change of posture occur before and

after the task
Posture score B (7) + 3= 10
Using Table C, the grand score for this posture is 7

mended that users have training so that they use the tool correctly. A common fault is unskilled users
trying to add posture scores when Tables A and B must be used.

It is suggested that new users practice using photographs and videotape of postures prior to using the
tool in an assessment. One difficulty with any observation tool is deciding the angle of joint range,
particularly if the angle of vision is not in line with the side and back of the body. Where the user is
unable to decide on the posture score, it is recommended that the higher of the two scores be taken. For
example, if it is difficult to establish whether the upper arm is in range 2 or 3, then 3 should be selected.
This approach ensures that all risks are included rather than excluded.

The user of the RULA software (http://www.ergonomics.co.uk/Rula/Ergo/index.html) need not be
concerned with using the tables. Users of the paper-based system follow the guide on the scoring sheet
to calculate the RULA grand score. Familiarization with the tables and method requires 1 to 2 hours of
time.

7.6 Reliability and Validity

The reliability and validity studies undertaken during the development of RULA are detailed in McAta-
mney and Corlett (1993). The validity was assessed using a laboratory-based DSE workstation, where
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FIGURE 7.3 Unpacking task (after intervention).

the RULA scores and body-part discomfort were analyzed. Further validity and reliability studies were
conducted in both industrial and office-based settings by ergonomists and physiotherapists as part of
their postgraduate training.

7.7 Costs and Tools Needed

RULA is freely available on the Web. While the scoring form can be downloaded, the user must do the
scoring on-line. The paper-based system (McAtamney and Corlett, 1993) requires photocopying and a
pencil.

In using RULA, it is suggested that a camera may assist the user in recording the posture for later
scoring. Photographs need to be taken directly from the side and back to avoid parallax error. Likewise,
video recordings should be taken from back, side, and front if possible.

7.8 Related Methods

RULA is one of a number of observational posture-assessment tools that are useful in task analysis. RULA
is useful as an initial tool in ergonomic investigations, although additional task-specific investigation may
be required following a RULA assessment. REBA (rapid entire body assessment, see Chapter 8) should
be used instead of RULA when there are tasks involving manual handling, whole body movement, or
risk to the back and legs as well as the upper limbs and neck.
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Jaguar Cars Procedure for Ergonomic Assessments
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Risk assessment or
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FIGURE 7.4 Outline of processes to find practical solutions.
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8.1 Background

Rapid entire body assessment (REBA) (Hignett and McAtamney, 2000) was developed to assess the type
of unpredictable working postures found in health-care and other service industries. Data are collected
about the body posture, forces used, type of movement or action, repetition, and coupling. A final REBA
score is generated to give an indication of the level of risk and urgency with which action should be taken.

In the spectrum of postural analysis tools, REBA lies between the detailed event-driven systems and
time-driven tools. Examples of detailed event-driven tools include a three-dimensional observation
system (Hsiao and Keyserling, 1990) or the NIOSH (National Institute for Occupational Safety and
Health) equation (Waters et al., 1993), which requires information about specific parameters to give high
sensitivity. Time-driven field tools such as OWAS (Ovako working posture analysis system) (Karhu et
al.,, 1977) provide high generality but low sensitivity (Fransson-Hall et al., 1995). REBA was designed to
be used as an event-driven tool due the complexity of data collection. However it has recently been
computerized by Janik et al. (2002) for field use on a Palm PC, and it can now be used as a time-driven tool.

The initial development was based on the ranges of limb positions using concepts from RULA (rapid
upper limb assessment) (McAtamney and Corlett, 1993), OWAS (Karhu et al., 1977), and NIOSH (Waters
et al., 1993). The baseline posture is the functional anatomically neutral posture (American Academy of
Orthopedic Surgeons, 1965). As the posture moves away from the neutral position, the risk score increases.
Tables are available to transform the 144 posture combinations into a single score that represents the
level of musculoskeletal risk. These scores are then banded into five action levels that advise on the
urgency of avoiding or reducing the risk of the assessed posture.

0-415-28700-6/05/$0.00+$1.50 1
© 2005 by CRC Press LLC 8-
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8.2 Application

REBA can be used when an ergonomic workplace assessment identifies that further postural analysis is
required and:

+ The whole body is being used.

+ Posture is static, dynamic, rapidly changing, or unstable.

+ Animate or inanimate loads are being handled either frequently or infrequently.

+ Modifications to the workplace, equipment, training, or risk-taking behavior of the worker are
being monitored pre/post changes.

8.3 Procedure

REBA has six steps:

Observe the task.

Select the postures for assessment.

Score the postures.

Process the scores.

Establish the REBA score.

Confirm the action level with respect to the urgency for control measures.

AU e

8.3.1 Observe the Task

Observe the task to formulate a general ergonomic workplace assessment, including the impact of the
work layout and environment, use of equipment, and behavior of the worker with respect to risk taking.
If possible, record data using photographs or a video camera. However, as with any observational tool,
multiple views are recommended to control for parallax errors.

8.3.2 Select Postures for Assessment
Decide which postures to analyze from the observations in step one. The following criteria can be used:

+ Most frequently repeated posture

+ Longest maintained posture

+ Posture requiring the most muscular activity or the greatest forces

+ Posture known to cause discomfort

+ Extreme, unstable, or awkward posture, especially where a force is exerted

+ Posture most likely to be improved by interventions, control measures, or other changes

The decision can be based on one or more of the above criteria. The criteria for deciding which postures
to analyze should be reported with the results/recommendations.

8.3.3 Score the Postures
Use the scoring sheet (Figure 8.1) and body-part scores (Table 8.4 and Table 8.5) to score the posture.
The initial scoring is by group:

+ Group A: trunk, neck, legs (Figure 8.2)

+ Group B: upper arms, lower arms, wrists (Figure 8.3)

Group B postures are scored separately for the left and right sides, as indicated on the scoring sheet
(Figure 8.1). Note that additional points can be added or subtracted, depending on the position. For
example, in Group B, the upper arm can be supported in its position, and so 1 point is deducted from
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REBA - Scoring Sheet
Group A Group B
] NE
A
T Use Table A Use TableB
- < i RIL
N A
+ +
o | N
Load/Force Coupling
Score A Score B
\Use Table y
Score C
+
Activity
Score
REBA Score

FIGURE 8.1 REBA scoring sheet.

its score. The load/force score (Table 8.1), the coupling score (Table 8.2), and the activity score (Table
8.3) are allocated at this stage. This process can be repeated for each side of the body and for other
postures.

8.3.4 Process the Scores

Use Table A (Table 8.4) to generate a single score from the trunk, neck, and legs scores. This is recorded
in the box on the scoring sheet (Figure 8.1) and added to the load/force score (Table 8.1) to provide
score A. Similarly the upper arms, lower arms, and wrist scores are used to generate the single score using
Table B (Table 8.5). This is repeated if the musculoskeletal risk (and therefore the scores for the left and
right arms) is different. The score is then added to the coupling score (Table 8.2) to produce score B.
Scores A and B are entered into Table C (Table 8.6), and a single score is read off. This is score C.

8.3.5 Calculate REBA Score

The type of muscle activity being performed is then represented by an activity score (Table 8.3), which
is added to give the final REBA score.

8.3.6 Confirm the Action Level

The REBA score is then checked against the action levels (Table 8.7). These are bands of scores corre-
sponding to increasing urgency for the need to make changes.
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Trunk

Movement Score

Upright

0°-20° flexion
0°-20° extension

20°-60° flexion
> 20° extension

> 60° flexion

Change score:

+1 if twisting
or side flexed

Movement Score

0°-20° flexion

> 20° flexion or

Change score:

+1 if twisting
or side flexed

extension
Position Score Change score:
Bilateral weight bearing, 1
walking or sitting +1 if knee(s) between 30° and 60° flexion
Unilateral weight-bearing, 2

feather weight-bearing, or an
unstable posture

+2 if knee(s) >60° flexion

(N.B. not for sitting)

FIGURE 8.2 Group A scoring.
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| Upper arms

Position Score Change score:
20° extenion to 1 +1 if arm is:
20° flexion abducted
> 20° extension 2
tated
20° - 45° flexion rotate
45°-90° flexion 3 +1 if shoulder is raised
> 90° flexion 4 -1 of leaning, supporting weight of arm or
if posture is gravity assisted
[ Lower arms
( &
(2] 4
— T
S i
g--T -
g 1
P -
: =
"'..;',l-. )
Movement Score
60°-100° flexion 1
<60° flexion 2
> 100° flexion
| Wrists
E i5
()i
o=t .1
—_—m 4
(2
Movement Score Change score:
0°-15° flexion/extension 1
>15° flexion/extension 2 +1 if wrist is deviated
or twisted
FIGURE 8.3 Group B scoring.
TABLE 8.1 Load/Force Score
0 1 +1

<5kg 5-10kg

>10 kg

Shock or rapid buildup of force

8-5
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TABLE 8.2 Load Coupling Score

0 (Good) 1 (Fair) 2 (Poor) 3 (Unacceptable)
Well-fitting handleand ~ Handhold acceptable butnot ~ Handhold not acceptable, Awkward, unsafe grip; no
a midrange power ideal although possible handles
grip or or
Coupling is acceptable via Coupling is unacceptable
another part of the body using other parts of the
body

TABLE 8.3  Activity Score

Score Description
+1 If one or more body parts are static, e.g., held for longer than 1 min
+1 If repeated small-range actions occur, e.g., repeated more than 4 times per

minute (not including walking)

+1 If the action causes rapid large-range changes in postures or an unstable base

TABLE 8.4 Table A: Scoring for Body Parts A (Trunk, Neck, Legs)

Neck
1 2 3
Legs 1 2 3 4 1 2 3 4 1 2 3 4

Trunk
1 1 2 3 4 1 2 3 4 3 3 5 6
2 2 3 4 5 3 4 5 6 4 5 6 7
3 2 4 5 6 4 5 6 7 5 6 7 8
4 3 5 6 7 5 6 7 8 6 7 8 9
5 4 6 7 8 6 7 8 9 7 8 9 9

TABLE 8.5 Table B: Scoring for Body Parts B (Upper Arms, Lower Arms, Wrists)

Lower Arm
1 2

Wrist 1 2 3 1 2 3
Upper Arm
1 1 2 2 1 2 3
P 1 2 3 2 3 4
3 3 4 5 4 5 5
4 4 5 5 5 6 7
5 6 7 8 7 8 8
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TABLE 8.6 Table C: Grand Score

Group B Score

G 1 1 1 1 2 3 3 4 5 6 7 7 7
R 2 1 2 2 3 4 4 5 6 6 7 7 8
o 3 2 3 3 3 4 5 6 7 7 8 8 8
U 4 3 4 4 4 5 6 7 8 8 9 9 9
P 5 4 4 4 5 6 7 8 8 9 9 9 9
6 6 6 6 7 8 8 9 9 10 10 10 10
A 7 7 7 7 8 9 9 9 10 10 11 11 11
S 8 8 8 8 9 10 10 10 10 10 11 11 11
C 9 9 9 9 10 10 10 11 11 11 12 12 12
o 10 10 10 10 11 11 11 11 12 12 12 12 12
R 1 11 11 11 11 12 12 12 12 12 12 12 12
E 12 12 12 12 12 12 12 12 12 12 12 12 12

TABLE 8.7 REBA Action Levels

REBA Score  Risk Level ~ Action Level  Action (including further assessment)

1 negligible 0 none necessary
2-3 low 1 may be necessary
4-7 medium 2 necessary

8-10 high 3 necessary soon
11-15 very high 4 necessary now

8.3.7 Subsequent Reassessment

If or when the task changes due to interventions or control measures, the process can be repeated, and
the new REBA score can be compared with the previous one to monitor the effectiveness of the changes.

8.4 Example

REBA has proved to be useful in educating care workers as part of the risk-assessment process for patient
handling. In the example of using slide sheets to roll a client, the correct posture is shown in Figure 8.4.
The incorrect, although commonly adopted, posture is shown in Figure 8.5. Scoring each of the postures
with REBA enables the care worker to see the different risk levels to which workers are exposed. This
can focus the attention of care workers on the task and control measures (e.g., raising the bed height).

To make the REBA scoring easier, lines of reference have been added to the photographs in Figures
8.4 and 8.5.

8.4.1 Scoring Figure 8.4 — Correct Posture

Use the scoring sheet (Figure 8.1) and group A (Figure 8.2) and group B (Figure 8.3) to score the respective
body parts. In the photograph in Figure 8.4, the trunk angle (T) is between 20 and 60°, giving a score
of 3. The neck posture (N) is neutral, with a score of 1. The leg score (L) is in two parts: weight is taken
on both feet, giving a score of 1; the knee is bent between 30 and 60°, giving + 1. The load/force score
(Table 8.1) is between 5 and 10 kg, giving a score of 1.
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REBA - Scoring Sheet
Group A Group B
| ? ] IW!
; ; Use Table A Use TableB K
PG B
1+1 + + l!.: R(|W
1 1
Load/Force Coupling
Score A 4 6 Score B
\Use Table y
Score C 6
+
Activity 0
Score
6
REBA Score

FIGURE 8.4 The correct posture.

Using Table A (Table 8.4) for group A (trunk, neck, and legs), the three posture scores are entered to
produce a score of 3. This is added to the load/force score of 1 to produce a score A equal to 4.

Only the right arm is visible in Figure 8.4, so this is the limb that has been scored. It is likely that the
left arm was in a similar posture. If so, this could have been recorded using multiangle photography. The
upper arm (UA) is in a posture between 45 and 90°, giving a score of 3, while the lower arm (LA) is
between 0 and 60°, giving a score of 2. The wrist is obscured in the photograph, but the position was
recorded when the photograph was taken. The wrist (W) was extended with the fingers gripping the
sheet, giving a score of 2. The coupling is fair, giving a score of 1.

Use Table B (Table 8.5) to find the single posture score from the upper arms, lower arms, and wrist
posture scores. This gives a score of 5, which is added to the coupling score (1) to produce a score B of 6.

Score A (4) and score B (6) are entered into Table C (Table 8.6) to produce score C (6). The activity
score (0) (no repeated, static, or sudden large range changes in posture) is added to score C. The final
REBA score is 6. The action level (Table 8.7) is confirmed as a medium risk level.

8.4.2 Scoring Figure 8.5 — Poor Posture

The posture in Figure 8.5 is different, mostly due the lower bed height. The same process for scoring is
used as described for Figure 8.1, and the final REBA score is 11. This is categorized as a very high risk
level, with immediate action needed to control the risks. One immediate control measure is to raise the
bed height, and an electric bed could facilitate this action (Dhoot and Georgieva, 1996; Hampton, 1998).

Other factors in the risk assessment might include the worker’s cooperation, the worker’s size, the
surrounding environment, the frequency of other manual handling operations, the available resources
and equipment (e.g., hoist), and the worker’s ability to recognize when a task is beyond his/her capacity
and request help.



Rapid Entire Body Assessment 8-9

REBA - Scoring Sheet
Group A Group B
JE
T Use Table A Use Table B -
2 Rl L
N s ][5 g
+ + ‘
L 1+1 i R% -
141 1
Load/Force Coupling
Score A 8 6 Score B
Use Table C
Score C 10
+
Activity 1
Score
11
REBA Score

FIGURE 8.5 Incorrect posture.

8.5 Related Methods

There are a number of observational postural analysis tools, with each being developed to meet slightly
different aims. To date, REBA is the only postural analysis tool developed to assess animate load handling.
Other related tools include:

+ OWAS (Karhu et al., 1977)

+ RULA (McAtamney and Corlett, 1993)

+ HARBO (Wiktorin et al., 1995)

+ PEO (portable ergonomic observation) method (Fransson-Hall et al., 1995)
+ QEC (quick exposure checklist) (Li and Buckle, 1999)

8.6 Standards and Regulations

REBA was not specifically designed to comply with a particular standard. However, it has been used in
the U.K. for assessments related to the Manual Handling Operations regulations (HSE, 1998). It has also
been widely used internationally and was included in the draft U.S. Ergonomic Program Standard (OSHA,
2000).
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8.7 Approximate Training and Application Times

The training time for REBA is approximately 3 hours, although experience in the use of OWAS and
RULA will reduce the time considerably.
It takes less than 2 min to score a posture using pen and paper, and less than 30 sec using a Palm PC.

8.8 Reliability and Validity

Reliability of REBA was established in two stages. The first stage involved three ergonomists/physiother-
apists independently coding the 144 posture combinations. They discussed and resolved any conflicts in
the scores and then incorporated the additional risk scores for load, coupling, and activity to generate
the final REBA score on a range of 1 to 15. The second stage involved two workshops with 14 health
professionals using REBA to code over 600 examples of work postures from the health-care, manufac-
turing, and electricity industries. This established good face validity, and REBA has continued to be
widely used, particularly in the health-care industry. Note, however, that small changes were made to the
upper-arm code (introduction of the gravity-assisted concept) during the validation process, so additional
work is planned to undertake more-detailed reliability and validity testing.

8.9 Tools Needed

REBA is available in the public domain and requires only a photocopy of the tool and the scoring sheets
(Figure 8.1) along with a pen. A video recorder or camera may also be useful, but neither is essential.
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9.1 Background and Application

The strain index (SI) is a method of evaluating jobs to determine if they expose workers to increased
risk of developing musculoskeletal disorders of the distal upper extremity (DUE) (Moore and Garg,
1995). The DUE is defined as the elbow, forearm, wrist, and hand. Musculoskeletal disorders of the DUE
include specific diagnoses (e.g., epicondylitis, peritendinitis, tendon entrapment at the wrist or finger,
and carpal tunnel syndrome) and less specific symptomatic conditions related to the muscle-tendon units
of the DUE.

The strain index was derived from physiological, biomechanical, and epidemiological principles. (See
Figure 9.1.) According to work physiology, intensity of exertion (as a percentage of task-specific maximal
effort), duration of exertion, and duration of recovery time between exertions are the critical parameters
for predicting the onset and magnitude of localized muscle fatigue. According to biomechanics, the tensile
load of a muscle-tendon unit is the sum of contractile force from the muscle component and elastic
force related to elongation (stretching). In addition, when loaded tendons cross joints and change
direction, there are localized compressive forces that are proportional to the tensile load and the degree
of deviation (joint posture) at that location. Epidemiological studies demonstrate that the magnitude,
duration, and frequency of forces related to hand activity are associated with DUE morbidity.

Using these principles, one can propose an index based on two measurements derived from a single
cycle of work — total exertion time divided by recovery time. Total exertion time is the sum of the
durations of the individual exertions applied by a hand within one job cycle (there may be one or many).
Recovery time is cycle time minus exertion time. As exertion time increases (by increasing duration or
frequency), recovery time decreases and the index value increases. As exertion time decreases, recovery
time increases and the index value decreases. Since the physical stress on the body also depends on the
magnitudes of these exertions, more forceful exertions represent greater stress than less forceful exertions.
Therefore, the exertion durations in the numerator are “weighted” by their respective intensities.
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FIGURE 9.1 Calculations of strain index for chair-drilling task.

When watching someone work, it is usually easy to see workers apply forces with their hands, such as
grasping, pinching, or pressing, and it may be possible to measure these forces directly. But these external
applied forces arise from internal forces in the muscle-tendon units of the DUE. These internal forces
are primarily tensile and, depending on joint posture, may also be compressive. Higher applied forces
(forceful gripping) imply higher tensile forces in the relevant muscle—tendon units (finger flexor and
wrist extensor muscles). If the wrist is straight, the tendons of these muscle—tendon units will not be
deflected, so there will be minimal compressive forces. As wrist deviation increases, however, compressive
forces will increase. Models of pathogenesis for DUE disorders emphasize the roles of these tensile and
compressive forces.

The strain index uses six task variables to describe hand exertions: intensity of exertion, duration of
exertion, exertions per minute, hand/wrist posture, speed of work (how fast), and duration per day.
Intensity, duration, and posture were discussed above. Exertions per minute accounts for effects related
to frequency. Speed of work accounts for reduced recovery efficiency when exertions are highly dynamic.
Duration of task per day integrates these stresses across varying durations of task performance. The strain
index involves the direct measurement of duration of exertion, efforts per minute, and duration per day
and the estimation or direct measurement of intensity of exertion, hand/wrist posture, and speed of
work. The values of these task variables represent descriptions of exposure (external physical stress).
Translation of this information into dose and dosage (internal physical strain) is done by a set of linking
functions that specify multiplier values for the values of the task variables. The strain index score is the
product of these six multipliers.
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9.2 Procedure

To analyze a job with the strain index, it is important to observe or videotape a representative sample of
the job (Moore and Garg, 1995). It is easier to perform the analysis from a videotape, and there is free
software available to facilitate the analysis from digitized video files (AVI format). Strain index calculators
have been developed by several individuals and organizations. The right and left sides are analyzed
separately. The higher score should be used to characterize the job as a whole.

In terms of procedure, there are five steps:

Collect data on the six task variables.

Assign ordinal ratings using the ratings table (Table 9.1).
Determine multiplier values using the multiplier table (Table 9.2).
Calculate the SI score (the product of the six multiplier values).

5. Interpret the result.

Ll e

The simplest analysis, described here, occurs when the job involves a single task and the intensities
and postures for each hand exertion are approximately equal. Data collection usually begins with
establishing a timeline of the exertions of one hand during a representative job cycle, similar to time
and motion study. Durations of individual exertions and the total cycle time can be measured manually
with a stopwatch or facilitated by computer software that allows marking of the beginnings and ends
of the exertions and job cycle. The duration-of-exertion task variable represents the percent exertion
time per job cycle and is calculated by dividing the total exertion time by the cycle time and multiplying
by 100. Counts of exertions can be made manually or via software, and the efforts-per-minute task
variable is calculated by dividing the number of exertions per job cycle by the total cycle time (minutes).
Data on duration of task per day can be measured, but it is usually ascertained by interviewing workers
and supervisors. Ratings corresponding to these data are assigned using the ratings table (Table 9.1).

TABLE 9.1 Ratings Table for Finding the Rating Values for Each Task Variable

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

Note: The rating value for each task variable is found by selecting the appropriate cell from the corresponding column
based on the measured or estimated value for that task variable. The corresponding rating value is at the far left on the
same row.

TABLE 9.2 Multiplier Table for Finding the Multipliers for Each Task Variable

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

Note: The multiplier for each task variable is found by identifying the cell within the task variable’s column
that corresponds to its rating value at the far left.
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Data collection for intensity of exertion, hand/wrist posture, and speed of work is usually done quali-
tatively using the ratings table directly. Multiplier values for each task variable are determined using
the multiplier table (Table 9.2). The strain index score is the product of the six multipliers

Interpretation of the strain index score is the last step. To date, studies of the strain index’s predictive
validity suggest that a strain index score of 5.0 best discriminates between jobs with and jobs without a
history of workers developing distal upper extremity disorders (Knox and Moore, 2001; Moore and Garg,
1995, 1997; Moore et al., 2001; Rucker and Moore, 2002). A job or task with a strain index score less
than 5.0 would be considered “safe” A job or task with a strain index score greater than 5.0 would be
considered “hazardous.” When a hazard is predicted, examination of the multiplier values may reveal
intervention strategies that would make the job or task safer.

9.3 Advantages

« It is based on principles relevant to the assessment of exposure for and the pathogenesis of DUE
disorders (Moore and Garg, 1995; Moore, 2002).

It accounts for (1) adverse effects related to the magnitude, duration, and frequency of tensile and
compressive forces in the DUE and (2) the beneficial effects of recovery time and limited task
duration.

+ It is a semiquantitative method using procedures related to time and motion study.

+ The outcome allows for dichotomous classification of a job or task that is familiar and practical
and allows for simulation of potential interventions.

« Its predictive validity has been demonstrated and statistically modeled in several settings.

9.4 Disadvantages

+ It is not a quick pencil-and-paper screening method.

+ It is best used by individuals with experience and training.

+ It does not account for DUE hazards related to localized compression or hand—arm vibration.

+ Methods to analyze jobs characterized by multiple simple tasks performed per day (job rotation)
or multiple tasks performed within a job cycle (complex tasks) are under development, but these
tend to be complicated and are not validated.

9.5 Example

Examples of the strain index are in the published literature (Knox and Moore, 2001; Moore and Garg,
1995, 1997; Moore et al., 2001; Rucker and Moore, 2002). The output below is from the “Win-SI”
program. This program is a freely available and downloadable software tool for implementation of the
strain index. Using a digital video clip of a job task, the program obtains all timing-related information
directly from the video clip, and automatically calculates the SI score based upon user inputs. The program
is intended to improve the training process when instructing on the use of the strain index and to reduce
sources of human error in timing and counting the number of exertions present in a job task. The
program is available free of charge at http://ergocenter.tamu.edu/win-si.

9.6 Related Methods

There are relatively few methods that target the DUE as a distinct entity. The DUE components of Suzanne
Rodgers’s method based on localized muscle fatigue and the ACGIH TLV for HAL are probably most
comparable. Rapid upper limb assessment (RULA) and rapid entire body assessment (REBA) are not
comparable, since they incorporate data from the shoulder and torso. Risk-factor checklists could be
considered related, but these suffer from either poor sensitivity or poor specificity in terms of hazard
identification.
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9.7 Standards and Regulations

The strain index has been identified as an acceptable method of job analysis in the ergonomics regulations
promulgated by OSHA and adopted by Washington State. The strain index methods are consistent with
the principles of job analysis mentioned in the ASC Z-365 draft standard.

9.8 Approximate Training and Application Time

Training time for only the strain index is typically one day. Application time varies with task complexity.
Excluding observation or videotaping time, simple jobs can be analyzed in a few minutes, while complex
jobs may take up to an hour.

9.9 Reliability and Validity

The predictive validity of the strain index has been demonstrated in pork processing, poultry processing,
and two manufacturing settings. In terms of reliability, task-variable data and ratings have intraclass
correlation coefficients (ICCs) between 0.66 and 0.84 for individuals and 0.48 to 0.93 for teams (Stevens,
2002). ICCs for strain index scores were 0.43 and 0.64 for the individuals and teams, respectively (Stevens,
2002). For hazard classification, KR-20 was 0.91 for the individuals and 0.89 for the teams (Stevens,
2002). Regarding test—retest reliability (specifically long-range stability), task ratings have stability coef-
ficients between 0.83 and 0.93 for individuals and 0.68 to 0.96 for teams (Stephens, 2002). Stability
coefficients for strain index scores were 0.7 and 0.84 for the individuals and teams, respectively (Stephens,
2002). For hazard classification, the stability coefficient was 0.81 for the individuals and 0.88 for the
teams (Stephens, 2002).

9.10 Tools Needed

A video camera is recommended. If the recording is to be digitized for analysis using software, an
appropriate computer interface is also necessary. Manual analysis is best performed using a stopwatch
to measure time intervals and a lap counter or fingers to count exertions.
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10.1 Background and Applications

Paper, pencil, and video cameras have prevailed as the de facto method of data entry for posture checklists
by ergonomists and occupational health professionals (e.g., occupational therapists). This can severely
burden the evaluator with large quantities of paperwork, compromise the accuracy of the information
gained, and increase the associated costs of the delivery and planning of ergonomics services. Errors can
occur upon completing the posture checklists at the point of data entry, while transcribing the data for
digitization to a computer database, or while processing the information for tabulating scores and
generating reports. Virtually all of the “repackaging” of data recorded on paper to electronic format for
distribution to centralized or remote databases occurs at the evaluator’s office, where it must be tran-
scribed by hand or through an optical character recognition (OCR)-based system. Portable and mobile
solutions are therefore needed, not only to facilitate electronic data entry at the point of service, but also
to distribute it to various end users and devices, where these data can be stored or processed for report
generation or integrated with other databases.

The handheld palm computers, referred to collectively as personal digital assistants (PDAs), are an
emerging solution for remote data entry and management tasks. The market for health and rehabilitation
applications for PDAs is set to explode. Two million of these devices were sold in the year 2000 alone,
with projected sales to exceed 6 million by 2003 (Giusto, 2000). Originally developed a decade ago as a
personal organizer featuring little more than an appointment calendar and address book, PDAs have
rapidly evolved into true handheld personal computers (PCs). The boom in their popularity is directly
related to their ability to deliver most, if not all, of the features of a PC with the added benefit of complete
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mobility and a pen interface instead of a keyboard, although a variety of keyboard solutions is also
available. The pen interface allows users to interact with the PDA in a natural and familiar way by entering
text, numbers, and graphics in “electronic ink” directly on the screen (Figure 10.1).

Most of the health and rehabilitation applications of the PDA have been directed at the physician
(Sittig et al., 1998). The most popular medical applications are for patient-tracking systems, followed by
formulary and prescription-printing systems that link and cross-reference Web-based pharmaceutical
databases and that warn the prescribing physician of possible harmful drug interactions or contraindi-
cations. Other popular applications include portable electronic reference materials, decision-support
tools, and billing systems.

A posture checklist found in a document developed by the Department of Defense (2002) has also
been implemented on a PDA (Field Informatics, 2001). The checklist has been designed as an information
guide for use by supervisors and end users. Typically, postures are documented in terms of the position
of joints or body segments or duration from neutral position (Bohr, 1998). Indeed, the army computer
workstation checklist (ACWC) included in this implementation evaluates the individual’s posture while
engaged in computer work. Typical measurements often used in describing posture — height, breadth,
distance, curvature, and depth — are integrated into the interface between the user and the computer
workstation.

10.2 Procedure

The ACWC (army computer workstation checklist) has nine sections that evaluate work area (desk, chair,
footrest, monitor, document holder), work practice, input devices (keyboard, mouse, trackball), and
lighting and glare. The user evaluates each of these areas by checking a “yes” or “no” response. If the
answer is “no” to any of the questions, a potential problem exists.

In the PDA version, each of the nine areas has a separate drop-down window that cues the user to
respond to questions with a “yes” or “no” response (Figure 10.2).

Data can also be easily input into the PDA using a digital camera (Figure 10.3).

Once the checklist is completed, any “no” responses automatically generate possible solutions, which
are included in a report that can be printed on-site (Figure 10.4).

10.3 Advantages

*+ Measurements reflect actual working postures.

+ Standards specified in the checklist are based on ANSI/HFES and ISO standards (ANSI/HFES 100-
1988, 1988; ISO 9241-1, 1997; ISO 9241-2, 1992; I1SO 9241-3, 1992; ISO 9241-4, 1998; ISO 9241-
5, 1998; ISO 9241-6, 1999; ISO 9241-11, 1998) and Grandjean (1992).

FIGURE 10.1 Example of the PDA pen and keyboard input.
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FIGURE 10.2 Example of the PDA drop-down window for the area “desk.”

FIGURE 10.3 A digital camera that attaches to the PDA allows photographs to be directly inserted into the checklist
and final report.
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FIGURE 10.4 Example of PDA screen for the report of possible solutions generated from the checklist.
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+ It is easy to input data and produce summary analyses and reports.
+ The program enters the data directly into a database.

10.4 Disadvantages

+ No reliability or validity data are available.

+ Standards specified in the checklist may be dated because they are based on the 1988 American
National Standard for Human Factors Engineering of Visual Display Terminal Workstations,
(ANSI/HFS Standard 100-1988).

+ The checklist does not include psychosocial factors.

10.5 Approximate Training and Application Times

The initial training (self-learning) time of the new user is approximately 20 min. More time may be need
for users who are unfamiliar with the PDA technology and the use of drop-down windows.

10.6 Reliability and Validity

No reliability or validity data are available. However, standards specified in the checklist are based on
ANSI/HFES 100-1988 (1988), BSR/HFES 100 (2002), ISO 9241-1 (1997), ISO 9241-2 (1992), ISO 9241-
3 (1992), ISO 9241-4 (1998), ISO 9241-5 (1998), ISO 9241-6 (1999), ISO 9241-11 (1998), Grandjean et
al. (1983), and Grandjean (1992).

10.7 Tools Needed

The PDA version of the army checklist can be downloaded free from the Field Informatics Web site at
http://www.fieldinformatics.com. The user will need a PDA with a 3.0 operating system (OS).
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11.1 Background and Application

The concept of perceived exertion and the associated methods for measuring relevant variables were
introduced to improve our understanding of physical work and its “costs” (Borg, 1962). The human
sensory system can function as an efficient instrument to evaluate the workload by integrating many
peripheral and central signals of strain. Psychophysical methods have been developed to complement
the physiological methods. Because the way a person experiences the work and the situation is so
fundamental to his/her adaptation, performance, and satisfaction, subjective assessments are also judged
to be of value in themselves related to quality of life.

The main methods used to measure subjective experiences have used numerical rating scales (e.g., 1
to 6) anchored, in a symmetric way, with verbal expressions defining the scale points. In such cases, scale
responses can only be ordered by rank. In psychophysical scaling, this is a great drawback. Ratio scaling
methods have been developed for most kinds of sensory stimulus—response (S-R) functions (Stevens,
1975), and this functions well for relative S—R functions, but not for direct levels of intensity. Simple
rating methods give direct levels, but they do not have good metric properties. Two new scaling methods
have been developed. The first was initially developed for clinical diagnosis of overall perceived exertion,
breathlessness, muscle fatigue, and pain. The second was developed for evaluation of most kinds of
perceptions and feelings, including experiences of work tasks (of importance in human factors and
ergonomics). Studies of effort and difficulty were originally applied in MMH (manual materials handling)
and then for most other kinds of physical and mental work.

0-415-28700-6/05/50.00+$1.50
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11.2 Procedure

11.2.1 The Borg RPE Scale®

Several principles and many experiments lay behind the construction of the Borg RPE (ratings (R) of
perceived (P) exertion (E)) Scale (Borg, 1998). One principle was that the position of the verbal anchors
on a numerical scale could be used to adjust the form of the growth function. A simple, symmetrical
rating scale gave a negatively accelerating function with workload and heart rate during ergometer tests.
A better approach would be to construct a scale that would increase linearly with oxygen consumption.
By iterative trials, it was possible to construct a scale that grew linearly with workload and thus remained
equidistant with regard to aerobic demands. By using 6 as the lowest number and 20 as the highest on
the scale, a simple relation with heart rate for healthy middle-aged people was obtained. See Table 11.1

TABLE 11.1 The Borg RPE Scale®

6 No exertion at all
7 Extremely light

8

9 Very light

10

11 Light

12

13 Somewhat hard
14

15 Hard (heavy)

16

17 Very hard

18

19 Extremely hard
20 Maximal exertion

Source: Borg, G. (1998), Borg’s Perceived Exertion and
Pain Scales, Human Kinetics, Champaign, IL.
©Gunnar Borg, 1970, 1985, 1998.

and Figure 11.1.

11.2.2 Category-Ratio (CR) Scaling

A CR scale incorporates the best properties of a category-rating (C) scale for “absolute” levels of intensity
and a ratio (R) scale for good metric properties. The most common CR scale is now the Borg CR10
scale. The fundamental principle behind the scale construction was that it should be a “ratio scaling”
method (Stevens, 1975), even if the outcome only resulted in a “semiratio” scale (i.e., a scale that is not
a real ratio scale but can function as such for descriptive purposes and predictions). Verbal anchors were
used after careful determination of their “true” positions on a ratio scale. Quantitative semantics were
used to determine the intensity associated with adjectives and adverbs. Since these can function partly
as multiplicative constants, a first estimation could be obtained regarding “interpretation” (meaning and
level) and preciseness (interindividual agreement). The range model was also an important principle,
since most people and most modalities have about the same perceptual range. The size of this range (N)
varies roughly according to a “magic exponent” 6 * 1 in the equation:

N = a¢!

where a is 2 and ¢ is the number of categories. Thus if ¢ = 6, then a minimal range is 1:32.
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FIGURE 11.1 The relation between RPE and HR for work on a bicycle ergometer in three different age groups with
different maximal HR (150, 175, and 200 beats/min).

A specific main anchor as a “fixed point” is 10 on the CR10 scale. For perceived exertion, the best
anchor is the highest perception a person has previously experienced. “Maximal” perceived exertion and
heaviness is also a good anchor for cross-modal comparisons. To avoid truncation effects, the scale is
open at both ends, thus allowing the possibility of obtaining a rating higher or lower than the anchored
end points. To obtain a congruence in meaning between numbers and verbal anchors, many experiments
were performed with iterative trials to correct the positions of all anchors (Borg and Borg, 1994). Special
effort was also devoted to the visual design of the scale (Borg and Borg, 2001).

The CRI10 scale is shown in Table 11.2. The scale is a general intensity scale for most perceptual
intensities, experiences, and emotions, not only perceived exertion and difficulty. The scale is a direct
scale, providing a direct response that can be interpreted directly. It can be used in estimation studies as
well as for production of intensities, thus allowing the possibility of two-way communication from the
individual to the test leader and the test leader to the individual. That is not possible with the popular
visual analogue (VAS) scale.

11.2.3 Administration of the Scales

To obtain reliable and valid results, scale administration should follow general psychometric principles,
i.e., the test situation should be well prepared, and the test leader should be thoroughly familiar with the
scaling methods and know how to test and evaluate. A written consent that the person is willing to
participate may be needed.

The purpose of the test should be carefully explained to the subject. S/he must feel comfortable
answering specific questions about feelings related to the work and the situation. Since there are so many
different kinds of tasks and situations, and the purpose may either be to select or to change people or
tasks, the explanation has to be well adapted to the specific purpose.

The definitions of questions/variables should be simple and clear according to common constitutional
and contextual definitions so that the test administrator can convert these to valid operational definitions.
It is fundamental that the administrator and respondent clearly understand what will be rated. For
perceived exertion, this could be the overall perceived exertion or some specific symptom, such as
breathlessness, muscle fatigue, pain, or other symptoms.

The test situation — for example, the presence of instruments or other people — can influence the
participant. The person must be well motivated and feel that he/she can trust the test administrator. Even
rather simple questions about perceived exertion and difficulty may be interpreted as sensitive.



11-4 Handbook of Human Factors and Ergonomics Methods

TABLE 11.2 The Borg CR10 Scale

0 Nothing at all
0.3
0.5 Extremly weak Just noticeable
0.7
1 Very weak
1.5
2 Weak Light
2.5
3 Moderate
4
5 Strong Heavy
6
7 Very strong
8
9
10 Extremely strong “Maximal”
11
. Absolute maximum Highest possible

Source: Borg, G. (1998), Borg’s Perceived Exertion and Pain Scales,
Human Kinetics, Champaign, IL.
©Gunnar Borg, 1982, 1998, 2003

Specific instructions should be given well before the test so that the respondent understands the scale
and how the verbal anchors and numbers should be used. S/he should try to be as spontaneous and
natural as possible and not underestimate or overestimate what is going to be rated, instead honestly
expressing what s/he feels without considering what the difficulty may be in an “objective” sense. To
accomplish this, the test administrator and the respondent must have a good rapport. The objective
instruction should be subjectively checked by the test administrator to ensure comparable understanding
across individuals to be evaluated.

A simple answer to the problem of how to evaluate a response cannot be given, since the scales are
adapted for so many different kinds of situations and tasks. The test administrator must review the
literature related to the specific tasks being evaluated (e.g., for perceived exertion [Borg, 1998]). In most
situations, a rating above “moderate” or “somewhat strong” is too strong. “When it’s hard, it’s too hard.”
However, there may not be any “dangerous strain” in heavy work (performed in a correct way), even if
a few tasks are “very heavy” (7 on CR10). Ergonomic improvements should diminish the difficulty of
such tasks, which helps to avoid gender discrimination. The criterion of what is “too heavy and risky”
also depends on duration without sufficient pauses. High-frequency, repetitive, monotonous work that
endures for hours, e.g., work in the fast-checkout line is a kind of “insidious task,” since it is not perceived
to be especially hard. Even if it is only perceived to be of “light” to “moderate” intensity, it may in the
long run be a risky job (“Cinderella” kind).

A good response protocol should be used for recording responses. It is also important to provide room
for notations of special “qualitative” observations.

11.3 Advantages

+ The RPE scale is easy to use, and the instruction is simple.
Linear relations are obtained for work with high aerobic demands. The scale gives an individualized

measure of exercise intensity.

+ The CR10 scale can be used in a similar way as the RPE scale, but the CR10 scale has the advantage
of determining “absolute” (level anchored) S-R functions.

+ CR scales can be used for most kinds of experiences.

+ A profile of symptoms can be obtained.
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11.4 Disadvantages

+ Responses obtained by the RPE scale do not reflect “true” growth functions.

+ The RPE scale can only be used for perceived exertion and related symptoms.

+ The CR10 scale is more complicated in its construction than the RPE scale. It is therefore more
difficult to understand and requires more time for explanation, instruction, and training.

11.5 Example Output Table and Figure

Perceived exertion according to the RPE scale grows, like heart rate (HR), linearly with workload for
aerobic work on a bicycle ergometer (see Figure 11.1). The form of the relation does not change with
age, but the “absolute” levels do because of the decrease in maximum HR with age. When RPE is studied
for different kinds of work, e.g., when cleaning is performed with mopping (rather light) and with
swabbing (rather heavy) with increasing duration, e.g., 30 min, the function over time follows a very
different course, with a rather level course for HR but an increasing function for RPE. The RPE function
better reflects the increase in fatigue than the HR function (Winkel et al., 1983).

For short-term work in lifting objects, the growth function is positively accelerating when using the
CR10 scale. A function for each individual can be obtained from a very light load to a heavy load.
Predictions of functional capacity can then be made by extrapolations from submaximal ratings according
to Figure 11.2. The extrapolation is possible by utilizing the knowledge of the numerical relations between
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FIGURE 11.2 The figure shows the form of S-R functions for muscular effort and how functional capacity can be
extrapolated from submaximal responses.

the anchors and the form of the S-R function.

Figure 11.3 shows a profile of symptoms for different kinds of physical or mental work. Several profiles
can be obtained showing which factors are essential for specific tasks or groups of people. When the
interest is focused on individual differences, e.g., in clinical diagnostics or tests of capacity to manage
tasks of varying difficulty, these profiles will help to treat or select individuals. When the main problem
is to find out weak points in products or situations, the profiles will help to identify critical factors that
have to be improved. It is then important to be able to utilize one and the same scale for evaluations.
There is seldom a need to have different scales for different tasks. This is true for physical as well as
mental work and for “information ergonomics,” including the design of signals or pictures, e.g., icons
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FIGURE 11.3 A profile of symptoms showing which “factors” are of critical importance for different persons or
different products.

and symbols for navigation in computer work. Instructions and additional anchors are the tools to use
for specifying what to rate.

11.6 Related Methods

Related methods use simple rating scales with weak metric properties (see p. 11-1), and interval scaling
methods are represented by different partition scales, such as equisection or z-scales, where a specified
range of intensities is divided into equal steps. The visual analogue scale (VAS) can be an interval scale.
The relative ratio scales are the scales constructed by Stevens (1975) presented above. To this class may
be added some methods that combine different ratio scales, e.g., with the help of cross-modal estimations
or matchings (see Gescheider, 1997).

Most of these scales are constructed to cover a large intensity range. They can be used for both
estimation and production of a desired workload. Some production methods are used to determine
specific levels, such as an acceptable or preferred level, that the person can comfortably work at for a
long time period (Mital et al., 1993).

11.7 Standard and Regulations

In 1981 the International Organization for Standardization (ISO) accepted the following principle with
regard to work tasks and situations: “The work environment shall be designed and maintained so that
physical, chemical and biological conditions have no noxious effect on people but serve to ensure their
health, as well as their capacity and readiness to work. Account shall be taken of objectively measurable
phenomena and of subjective assessments” (ISO, 1981). Consequently, it is important to agree on
standardized methods for “subjective assessments.” But currently there are no common standards in this
area. Some methods are preferred or recommended by different organizations, but as yet there is no
consensus. The use of the Borg RPE Scale is recommended by the American College of Sport Medicine
(ACSM) guidelines for diagnostic assessments and prescriptions (Franklin, 2000) and by the American
Heart Association (AHA) Science Advisory for both aerobic work and short-term resistance training
(Pollock et al., 2000).

The use of the Borg CR10 scale is recommended by the International Ergonomics Association (IEA)
technical committee on musculoskeletal disorders (TC13) for subjective assessments of force.

11.8 Approximate Training and Application Time

The Borg RPE scale is simple to apply. The instruction takes a couple of minutes, and most subjects
immediately understand the scale and know how to rate overall perceived exertion or specific strain. The
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CR-10 scale is more complicated in its construction, requiring more-detailed instruction and a follow-
up to verify that the subject understands the scale. It may also be helpful to use training questions from
other modalities: How sour is a lemon? (about 7); How black is a piece of black velvet? (about 9); How
sweet is a ripe banana? (about 3).

11.9 Reliability and Validity

The reliability and validity of the RPE scale have been determined in intratests, parallel tests, and retests,
with correlations above 0.90. Results for the CR10 scale are about the same.

The validity of the two scales is also very similar. More studies have been performed with the RPE
scale showing good construct validity, concurrent validity, and predictive validity. Correlations between
RPE and HR are about 0.80. Estimates of functional capacity obtained from ratings in ergometer tests
have been correlated with field criteria, e.g., results from competitions in sports or salaries. Most corre-
lations are between 0.50 and 0.70.

The validity of the form of the growth functions is a special problem. A main difference between the
scales is that the RPE scale gives a linear relation to aerobic demands, while the CR10 scales gives positively
accelerating functions (power functions with exponents about 1.6). The latter is more in congruence
with other studies of effort and fatigue (Borg, 1998).

11.10 Tools Needed

The scales used should be those constructed and designed by Borg without any additional cues such as
colors or pictures. The administration of the scales should follow the given rules. Responses can be given
verbally, or the subject can use a calculator, point with a finger, or move a mouse.
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12.1 Background

This muscle fatigue assessment method (MFA), also known as the functional job evaluation technique,
was developed by Rodgers and Williams (1987) to characterize the discomfort described by workers on
automobile assembly lines and fabrication tasks. When observing such workers, it was apparent that they
were accumulating fatigue in some muscle groups as their shift progressed. Their perceived discomfort
could not always be explained by biomechanical analyses of the job, but seemed to relate to their temporal
work pattern. As task duration increased, some workers took shortcuts to get the efforts done more
quickly than the standard required. From discussions, workers reported that they sped up their work to
increase the recovery time for fatigued muscles after each effort cycle.

Since the workers appeared to be monitoring their fatigue, a method was sought that would estimate
the quantity of accumulated fatigue in a task. Studies of physiological muscle fatigue at different effort
levels and holding times provided the basis for this method (Monod and Scherrer, 1957; Rohmert, 1960a,
1960b). The frequency of muscle efforts determines how much recovery time is available between efforts.
The amount of fatigue accumulated in a muscle during a task can be characterized by estimating how
much time is needed from the isometric work/recovery time curves (Rohmert, 1973a) and comparing
this to the actual time between efforts of the same intensity. If the cycle time is short, one can sum the
deficit over a 5-min period and define the amount of fatigue accumulated. The greater the deficit, the
more problematic the task is, especially if it is performed for more than 5 min.
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To make the method easier to use, and to help prioritize between tasks when choices have to be made
about which problem should be addressed first, the effort levels, effort durations (or holding times), and
effort frequencies were reduced to three categories each. This was done by using multiple combinations
of the three factors to calculate how much fatigue had accumulated. Four fatigue outcomes were chosen
from the more detailed analysis, all calculated based on a continuous period of 5 min of work on the
task. These were <30 sec (low), 30 to 90 sec (moderate), >90 sec to 3 min (high), and >3 min (very
high). These outcomes are used to define the “priority for change” on the task. This is helpful when
several tasks have been identified as needing improvements and one has to decide where to start. For the
task analysis of each body part, the frequencies chosen were <1 per minute, 1 to 5 per minute, and >5
to 15 per minute. Holding times, or effort durations, were <6 sec, 6 to 20 sec, and 20 to 30 sec. Effort
levels were chosen as percents of maximum strength in the postures used and were as follows: low =
<40% max, moderate = 40 to <70% of maximum, and heavy = 270% of maximum. The effort intensity
could be found by looking at a list of postural descriptors representing different degrees of risk when
combined with force. Alternatively, the 10-point scale for large-muscle-group activity (Borg and Lindblad,
1976) could be used to let workers define the effort level for each body part. Multiplying the scale rating
by 10 approximates the percent maximum muscle effort for the fatigue assessment rating.

The MFA method has been used to analyze more than 1000 jobs and tasks in more than 100 ergonomics
team training courses between 1987 and 2002, and some modifications have resulted from this use. A
fourth level for each of the factors has been added that defines when the method will underestimate the
fatigue or injury risk. If any of the factor ratings are a 4, the analyst is told to automatically give the task
the highest priority for change. A fourth factor has also been added to the analysis after the potential for
fatigue has been determined. This factor is the total continuous task time before another activity is done.
The total task time determines what some of the options can be to address the fatigue on a short-term
basis, but it does not reduce the importance of making changes to reduce the tasks rated as high and
very high priority for change. In 2002, Bernard altered the format by placing the table of “effort intensity”
definitions into the body of the form and having a separate table for the “priority for change” score based
on the three-number ratings when he placed the MFA method (also known as the Rodgers fatigue tool)
on his Web site (Bernard and Rodgers, 2002).

12.2 Applications

This MFA method works best for evaluating production tasks having fewer than 12 to 15 repetitions per
minute with the same muscle groups. It also can be used for studying some service and office jobs, but
it will underestimate postural loads that are sustained continuously for more than 30 sec. It is not
appropriate for use if fatigue is not likely to occur on a task, e.g., performing an occasional heavy lift.
Any task that is beyond the capacity of more than half of the potential workforce should be fixed based
on that very high effort level. Fatigue should only be a consideration if the effort is initially within
reasonable guidelines.

The MFA method works best if all of the muscle groups are rated for each task, not just the ones that
appear to be most involved in the heavier work. Some of the less heavily loaded muscles may have a
combination of holding time and frequency of use that makes them more vulnerable to fatigue than the
muscles that may be involved in short, heavy efforts. Also, when improvements to the tasks are identified,
it is wise to rerate the task and all of the body parts again, because the proposed improvement may have
shifted the load to another muscle group that now becomes the limiting one.

The MFA method can define which jobs might be appropriate for people to work on for a short term
during initial return-to-work after an injury or illness. By rating all body parts on a task, those tasks that
might exacerbate a muscle or joint problem can be separated from those tasks that should be acceptable
for the injury or illness of concern during a short-term rehabilitation period. This reduces the need for
general work restrictions and minimizes the chance of reinjury.

This method significantly underestimates accumulated fatigue in highly repetitive tasks where the
muscle effort frequency is 230 per minute. High repetition represents almost continuous static efforts
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TABLE 12.1 Muscle Fatigue Assessment Method Procedure

Procedure Step

How

1. Identify a problem job Presence of injuries or complaints on job
Difficulty of finding people who can do job
Job reputation with workers/supervisors
2. Identify problem tasks on job Ask workers/supervisors experts on job to rate difficulty, duration of task,
frequency of doing task, and number of people exposed
Review accident and injury/illness data
3. Select a task to analyze Prioritize by worker and supervisory ratings in step 2.
4. Determine effort intensity levels for ~ Use unedited videotape (4 to 6 min of continuous taping at a minimum)

each body part

to study the task

Ask workers to rate effort intensity using a psychophysical scale (Borg and
Lindblad, 1976; Borg, 1998)

Define effort level from definitions in Figure 12.1.

Rate effort for right and left sides, if appropriate

If more than one level of effort is present, (e.g., moderate and heavy), include
both

5. Determine effort duration, in Use a stopwatch to time the seconds of continuous effort at a given effort
seconds, for each effort intensity for intensity before a different effort intensity or relaxation occurs
each body part

6. Determine the frequency of efforts ~ Count the number of new efforts at a given effort intensity over 1 min; if
per minute at the same effort the task is very variable, measure the frequency over 5 min and divide by
intensity for each body part 5 to get the efforts per minute

7. Using the three-number rating Use Table 12.2 to obtain the “priority for change” rating from the three-
generated from steps 4 to 6 above, number rating based on effort intensity, effort duration, and effort
determine the “priority for change” frequency for each body part.
score. Put it in the last column for
each body part.

8. Figure out how much the high and  Start with the three-number rating and with any component that is rated a
very high “priority for change” 3; figure out how much better the priority rating will be if the 3 is reduced
ratings would have to be changed to to a 2; repeat until a low “priority for change” rating is found (see Table
move them to a low priority for 12.2)
change

9. Identify why the three-number Use a problem-solving process to find the root causes for the risk factors
ratings are as they are for the high identified by body part; keep asking “why” until root cause is identified
and very high “priorities for
change”; develop several strategies
to address the root causes

10. Rerate the task using all body parts ~ Rate all body parts to be sure problem has not just shifted to another set of

to determine the impact of a
suggested change on worker
comfort or fatigue

muscles.
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for the active muscles because the time between contractions is too short for full relaxation and for
adequate blood flow to be reestablished.

The MFA method is ideal for team evaluations of a task or job. Strategies for decreasing the risk
exposure can be developed by defining the effort level through identification of postural and force-
intensity risk factors as well as evaluating the pattern of work that either increases or decreases the risk
of fatigue. Asking why the posture is there, why the force is so high, or why the holding time is so long
for the effort can lead to new strategies for how to improve the task.

12.3 Procedure

Table 12.1 outlines the steps for using the MFA method shown in Figure 12.1 and Table 12.2. Table 12.3
shows the three-number ratings in order of increasing fatigue. Moving from bottom to top and right to left

in Table 12.3 indicates reduced fatigue. The best improvements will move from a high or very high priority
for change to a low priority for change. Moving up in the table within one priority indicates an improvement.
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Job Analyst
Task Date
/ /
Effort Level Scores Priority
< 75% of All Workers Can Exert Effort - 4
Region Light - 1 Moderate - 2 Heavy - 3 Effort Dur Freq
Head turned Head turned to i/? n(lie ast but
Neck partly to side, side; head fully '(t)h ?“f)icee oL;
eC back or slightly back; head forward | "'
forward about 20° weight; head
stretched forward
Arms slightly N R R R R
away from sides; . Exer'tmg to'rces or
Arms away from holding weight
arms extended
Shoulders . body, no support; with arms away
with some . ) L L L L
support working overhead from body or
: overhead
Bending forward; Lifting or
Leaning to side or | no load; lifting exerting force
Back bending arching moderately heavy | while twisting;
back loads near body; high force or load
working overhead while bending
. N R R R R
Arms away from Rotating arms g(lfrl;et:i) r(\:)veisth
Arms / body, no load; . L R
light forces lifting while exerting rotation; lifting L L L T
Elbow g moderate force with arms
near body
extended
Light forces or Grips with wide or R R R R
. weights narrow span; Pinch erins:
Wrists / handled close to moderate wrist stlronggwlrli)st’
Hands / body; .strznght angl'es,'esg)ec1filly angles; slippery T T T T
Flngers wrists; flexion; use of surfaces
comfortable gloves with ] ;
power grips moderate forces
i R R R R
. . Benfilng forwarq, Exerting high
Standing, walking | leaning on table; .
L . . . force while
egs / without bending weight on one . .
L Lo pulling or lifting;
Knees or leaning; weight | side; pivoting . . L L L L
. . . crouching while
on both feet while exerting .
force exerting force
Bending forward, Exerting high R R R R
Ankles / Standing, walking | leaning on table; force while
Feet / withouF bending weight on one pulling or lifting;
or leaning; weight | side; pivoting crouching while L L L L
Toes on both feet while exerting exerting force;
force standing on tiptoes
Continuous Effort <6s 6—20s 20-30s >30s
Duration 1 2 3 4 (Enter VH for Priority)
Effort Frequenc < 1/min 1 -5/min >5-15/min > 15/ min
q y 1 2 3 4 (Enter VH for Priority)
A
FIGURE 12.1 (A and B) Worksheet for muscle fatigue assessment method. (From Bernard, T. and Rodgers, S.H.

[2002]; Rodgers, S.H. [1987, 1988, 1992, 1997]. With permission.)
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Job: Carpet installation - rear compartment Analyst S.H. Rodgers
Task: Carry carpet to car & install in rear compartment | Date  11/25/87
Effort Level Scores Priority
< 75% of All Workers Can Exert Effort - 4
Region Light- 1 Moderate - 2 Heavy - 3 Effort Dur Freq
Head turned Head turned to Same as
Neck partly to side, side; head fully M?}? efrate but 5 5 5 M
ec back or slightly back; head forward | "' h(t)'rie 05
forward about 20° weight; hea
stretched forward
Arms slightly . R R R R
away from sides; Exerting forces or 3 1 3 H
Arms away from holding weight
arms extended .
Shoulders with some body, no support; with arms away T T T T
working overhead from body or
support
overhead ) ) 3 H
Bending forward; Lifting or
Leaning to side or | no load; lifting exerting force
Back bending arching moderately heavy while twisting; 3 2 2 H
back loads near body; high force or load
working overhead while bending
Hieh f R R R R
igh forces
Arms away from Rotating arms exerted with 3 1 3 H
Arms / body, no load; while exertin,; rotation; liftin,
Elbow light forces lifting d £ & . ’ £ L L L L
near body moderate force with arms ) ) 3 H
extended
Light forces or Grips with wide or R R R R
. weights narrow span; . . 3 1 3 H
Wrists / handled close to moderate risk sPtlrI:)qu:g%f/ lr}:sst
Hands / body; straight angles, especially R
Fingers Wrists; flexion; use of 2n§:§é:hppery L L L L
comfortable gloves with S ; 2 2 3 H
power grips moderate forces
Bending forward, . . R R R R
Standing, walking | leaning on table; Exerting h1gh 3 1 3 H
. . . force while
LCgS / without bending weight on one . P
Lo Lo pulling or lifting;
Knees or leaning; weight | side; pivoting crouching while L L L L
on both feet while exerting ung 2 1 3 M
force exerting force
Bending forward, Exerting high R R R R
Ankles / Standing, walking | leaning on table; force while 3 1 3 H
Feet / without bending weight on one pulling or lifting;
ec or leaning; weight | side; pivoting crouching while L L L L
Toes on both feet while exerting exerting force; 2 1 3 M
force standing on tiptoes
Continuous Effort <6s 6 —20s 20 -30s >30s
Duration 2 3 4 (Enter VH for Priority)
Effort Frequenc <1/ min 1 -5/min >5-15/min > 15/ min
quency 2 3 4 (Enter VH for Priority)
B

FIGURE 12.1 (continued)

12.4 Example Using the Muscle Fatigue Analysis Method to
Study Carpet Installation in Car Assembly

Workers on an assembly line had to install the rear-compartment carpet in cars at a frequency of one
every minute. The task involved carrying rolled carpet (=11 kg) from the supply rack to the car, placing
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TABLE 12.2 “Priority for Change” Score from Three-Number Rating

Effort Level = 1 Effort Level = 2 Effort Level = 3

Duration  Frequency  Priority = Duration  Frequency  Priority = Duration  Frequency  Priority

1 1 L 1 1 L 1 1 L
1 2 L 1 2 L 1 2 M
1 3 L 1 3 M 1 3 H
2 1 L 2 1 L 2 1 H
2 2 L 2 2 M 2 2 H
2 3 M 2 3 H 2 3 VH
3 1 L 3 1 M 3 1 VH
3 2 M 3 2 M 3 2 VH
3 3 — 3 3 — 3 3 —

Note: Enter with the scores for effort level (top row) and for duration and frequency (columns within the section
for effort level). A score of 4 for either effort level, duration, or frequency is automatically VH (very high). The
“priority for change” from the table is low (L), moderate (M), high (H), or very high (VH).

2 This combination of duration and frequency is not possible.

TABLE 12.3 Category Scores in the Order of Increasing Fatigue for Three-Number Rating
(Effort, Continuous Effort Duration, and Frequency)

Low (L) Moderate (M) High (H) Very High (VH)
111 123 223 323
112 132 313 331
113 213 321 332
211 222 322
121 231 4xx
212 232 x4x
311 312 xx4
122
131
221

Note: Level of fatigue increases as you move down each column or to the right.

TABLE 12.4 Task Evaluation for Muscle Fatigue Analysis

Problem job: Carpet installation No. of people affected: 4
Problem task: Carrying and installing carpet ~ Minutes/shift: Up to 8 hours

it in the rear compartment, and pressing it down to conform to the car body. The assembler had to lean
into the compartment when placing the carpet in the moving car and remain bent over while pulling
the carpet into position and pressing it down. It usually took about 40 sec to complete the installation,
leaving 20 sec for recovery and preparation for the next car.

Workers complained about the difficulty of the whole job, and indicated particular stress on their
back, arms, shoulders, and hands. The whole job was analyzed using the MFA method. Table 12.4
summarizes the initial situation.

The observed postures included sustained bending into the compartment after the carpet was placed
inside the car, with the right side of the body stretched forward to press the carpet on to the car frame
on the other side and frequent pinch-grip tugs on the carpet to get it to fit properly. The left side of the
body was holding on to the frame of the car and stabilizing the body during the extended reaches. Because
the car was moving, the assembler had to walk as the job was done, so the duration of the load on each
leg was reduced compared with the time the back was in the bent posture. The stress on the left leg and
foot was less because the reaches were on the right side, and much of the body weight was on the right
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TABLE 12.5 Body Parts with High Priority for Change Scores

Three-Number Rating before ~ Three-Number Rating Goal after

Body Part Intervention (High Priority) Intervention (Low Priority) Strategy to Reduce Fatigue

R shoulder 313 212 Reduce reach, decrease force

L shoulder 223 221, 212 Reduce no. of forceful pushes
Back 322 221, 212 Decrease force, reduce reach, no.
R arm/elbow 313 212 Decrease force, reduce no.

L arm/elbow 223 212 Reduce no. and time

R wrist/hand 313 212 Reduce pinch grip, reach, no.

L wrist/hand 223 212 Reduce no. and time

R leg/knee 313 212 Reduce reach and no.

R ankle/foot 313 212 Reduce reach and no.

Note: Table 12.3 shows the category scores for the four levels of change priority (low, medium, high, very high).

leg during this time. The reaches, the forces required to press down the carpet with an extended reach,
and the number of pressings done to get the carpet properly fitted all contributed to high stress on the
back as well as the upper and lower body, as can be seen by the list of body parts where the priority for
change is high (Table 12.5).

The analysis indicated that the best strategy to reduce fatigue required reducing the need for repetitive
high press forces at full extension. The company was assigning the job to two teams of two assemblers
who could alternate cars to obtain an extra minute of recovery time. However, this was still inadequate
because of the need to carry the carpet for 8 to 10 sec before it was placed in the rear compartment (a
321 rating for the upper extremities, high priority, because of the carpet's bulkiness and the poor gripping
situation). The assemblers had even tried to run the job by having each person do it alone so the time
before repeating it would be 3 min and 20 sec instead of 80 sec, but this did not produce the required
quality on the operation.

An interim solution was to provide a third team of two assemblers so each team had 2 min and 20
sec of recovery time between assemblies. The ultimate solution was to split the carpet and form it so it
would lie flat in the compartment with fewer pressings required and less force. This also required less
extended reaching. The smaller carpet was easier and lighter to carry, much easier to fit on the frame,
and required fewer downward pressings. The supply of carpets could be moved closer to the start of the
carpet installation station because the two halves could be staged on each side of the line and took less
space than had the full carpet on one side of the line.

Rerating the job with the split carpet and with one team of two assemblers showed a reduction in the
force, frequency, and in the carrying task duration of effort and intensity. The new ratings were 212s and
221s (low priority) in most cases. The effort time for the installation was reduced from 40 to 20 sec. This
allowed adequate recovery time for the back and right-hand muscles that fell in the moderate “priority
for change” category because of the type of grip used (312) and the need to work in a bent over position
for more than 6 sec continuously (222). Complaints about the carpet installation job were rarely heard
after the changes to the carpet were made. Although the cost of redesigning the carpet was significant,
the savings in labor (that had been added because of the fatigue), improved quality of the installation,
and reduced risk for injuries repaid the cost in a short time.

12.5 Advantages

Fairly simple to use

+ Worker cooperation needed to establish ratings

+ Stimulates discussion about job while doing the ratings

+ Not unidimensional; interactions are evaluated to estimate fatigue

+ Evaluates all body muscle groups

+ Identifies fatigue-producing patterns of work and shows how to improve them
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+ Prioritizes tasks for improvements
+ Suggests several strategies for improving tasks during the analysis

12.6 Disadvantages

+ Semiquantitative method that requires judgment

+ Analyst has to gather job information on site

+ Need to analyze tasks separately

+ Focuses on muscle cycles instead of task cycles

+ Less effective if done by one analyst rather than a team of people on the production floor

12.7 Related Methods

Several analysis techniques have been incorporated in the development of the MFA method. Muscle
fatigue studies in France and West Germany (Monod and Scherrer, 1957; Rohmert, 1960a, 1960b, 1973a,
1973b) were used for the predictions of accumulating fatigue in the active muscles during 5 min of work.
Muscle effort frequency at a given effort intensity identified whether the needed recovery time would be
available in the pattern of work required by the task.

Determining the level of effort intensity borrows from other checklists on risk factors for musculosk-
eletal injury and illness (ANSI ASC Z-365, 2001; OSHA, 2000). The percent of maximum muscle effort
for a muscle group uses the psychophysical method from the large-muscle-group activity scale developed
by Borg and Lindblad (1976; Borg, 1998).

The problem-solving approach that takes the muscle fatigue assessment from a rating to a set of
strategies for improving the task has its roots in two analysis systems: problem analysis from the Kep-
ner—Tregoe problem-solving process (Kepner and Tregoe, 1965) and the FAST (functional analysis systems
technique) diagramming method used in product development and organizational analyses (Bytheway,
1971; Caplan et al., 1991).

12.8 Standards and Regulations

American businesses can be cited for ergonomics problems under the General Duty Clause of the 1970
OSHA (Occupational Safety and Health Administration) Act (OSHA, 1970). Section 5 (a) (1) of this act
says that “each employer shall furnish to each of his employees, employment and a place of employment
which is free from recognized hazards that are causing or are likely to cause death or serious harm to his
employees.” Current information on the OSHA ergonomics program standard can be found on-line at
www.osha.gov.

The ANSI (American National Standards Institute) guideline ASC Z-365 (ANSI, 2001) is in the final
stages of approval.

The American Conference of Governmental Industrial Hygienists (ACGIH) is developing threshold
limit values (TLVs) for hand activity level for acceptable repetitions for manual work and for lifting to
provide weight limits based on frequency and total time of lifting (see www.acgih.org).

Several international standards (ILO and EU) incorporate ergonomics (see www.europa.eu.int,
www.iso.org, www.cenorm.be, and www.perinorm.com) (Stuart-Buttle, 2003).

12.9 Approximate Training and Application Time

The basic rating method can be taught to industrial teams in 1 to 2 hours. A trained analyst can analyze
a task in 15 to 30 min (Bernard, 2002).



Muscle Fatigue Assessment: Functional Job Analysis Technique 12-9

12.10 Reliability and Validity

A major study of about 700 jobs in six automobile factories tested the analytical methods to see how
well they predicted musculoskeletal injuries and illnesses. The study found the MFA method to be one
of the best identifiers of good jobs, i.e., jobs that did not need improvements (Bernard and Bloswick, in
preparation). It is very sensitive but not very specific in detecting the potential MSD (musculoskeletal
disorder) risks (Bernard, 2002).

The MFA method is a good predictor of problem jobs that do not have significant biomechanical
problems, especially where work rates are high and worker control over the work pattern is low, e.g., on
paced assembly lines (Rodgers and Day, 2002). The method has been used by many teams in the
automobile industry for over 5 years (Ford, 1995).

12.11 Tools Needed

Although more sophisticated measures can be made, the basic tools needed for this analysis are:
+ Paper and pencil
+ Videotapes showing continuous footage (unedited, at least 4 to 6 min) of job demands
+ VCR (preferably four heads) and monitor
+ Stopwatch
+ Psychophysical scale (ten-point large-muscle-group activity)
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13.1 Background and Application

A basic question when evaluating a manual handling task is: “How much should the worker be required
to lift or lower or push or pull or carry?” Psychophysics is a particularly useful tool for answering that
question. Psychophysics began over 165 years ago with the investigations of Ernst Heinrich Weber
(1795-1878). Weber studied the sense of touch and found that a weight must be increased by a constant
fraction of its value (about 1/40) for the perception of weight to be just noticeably different (JND),
independent of the magnitude of the weight. He formulated Weber's law:

delta I/T = constant

where I is the weight (intensity) and delta I is the increment that the weight must be increased to be just
noticeably different (Snook, 1999).

Gustav Theodor Fechner (1801-1887) expanded upon Weber’s work, and in 1860 he proposed what
is now known as Fechner's Law, which states that the strength of a sensation (S) is directly related to the
intensity of its physical stimulus (I) by means of a logarithmic function:

S=klogl

where the constant, k, is a function of the particular unit of measurement used.

0-415-28700-6/05/$0.00+$1.50 13-1
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Fechner's law is quite accurate in the middle ranges of stimuli and sensations, but it is inaccurate at
the extremes. Stevens (1960) proposed that the relationship between stimuli and sensations was not a
logarithmic one, but a power function

S=kI

that was more accurate throughout the entire range of stimuli and sensations.

When plotted in log-log coordinates, a power function is represented by a straight line, with the
exponent, n, being equal to the slope of the line. Over the years, exponents have been experimentally
determined for many types of stimuli: 3.5 for electric shock, 1.3 for taste (salt), 0.6 for loudness (binaural),
and approximately 1.6 for the perception of muscular effort and force. Psychophysics has been used by
Borg in developing ratings of perceived exertion (RPE), by Caldwell and associates in the development
of effort scales, and by Snook and associates in the study of repetitive motion tasks (Snook, 1999).

About 35 years ago, the Liberty Mutual Research Center began to apply psychophysics to manual
handling tasks to develop recommendations for use in reducing industrial low-back compensation claims.
In these studies, the worker was given control of one of the task variables, usually the weight of the object
being handled. All other variables such as repetition rate, size, height, distance, etc. were controlled. The
worker then monitored his or her own feelings of exertion or fatigue and adjusted the weight of the
object accordingly. It was believed that only the individual worker could (a) sense the various strains
associated with manual handling tasks and (b) integrate the sensory inputs into one meaningful response
(Snook, 1978).

Eleven separate experiments were conducted at the Liberty Mutual Research Center over a period of
25 years. Fach experiment lasted 2 to 3 years. These experiments were unique in that they used realistic
manual-handling tasks performed by industrial workers (male and female) over long periods of time (at
least 80 hours of testing for each subject). Teams of three workers performed lifting, lowering, pushing,
pulling, and carrying tasks. Physiological measurements of oxygen consumption and heart rate were
recorded for comparison with psychophysical measurements. The experimental design also included 16
to 20 hours of training and conditioning, as well as a battery of 41 anthropometric measurements from
each subject.

The results of the first seven experiments were combined and integrated into tables of maximum
acceptable weights and forces for various percentages of the population (Snook, 1978). After four addi-
tional experiments, the tables were revised (Snook and Ciriello, 1991). The revised tables consist of the
following:

Table 13.1: Maximum acceptable weight of lift for males (n = 68 subjects)

Table 13.2: Maximum acceptable weight of lift for females (n = 51 subjects)

Table 13.3: Maximum acceptable weight of lower for males (n = 48 subjects)

Table 13.4: Maximum acceptable weight of lower for females (n = 39 subjects)

Table 13.5: Maximum acceptable force of push for males (n = 63 subjects)

Table 13.6: Maximum acceptable force of push for females (n = 51 subjects)

Table 13.7: Maximum acceptable force of pull for males (n = 53 subjects)

Table 13.8: Maximum acceptable force of pull for females (n = 39 subjects)

Table 13.9: Maximum acceptable weight of carry (n = 38 male and 27 female subjects)

13.2 Procedure

Use the type of task (e.g., lifting) and the gender of the worker to identify the correct table.
For Table 13.1 through Table 13.4 (lifting and lowering):

1. Use the height of the task (e.g., floor level to knuckle height) to identify the correct set of columns
(right, middle, or left) in the table.
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2. Use the width of the box or object to identify the correct set of rows (upper, middle, or lower) in
the table.

3. At the intersection of the correct sets of columns and rows, use the vertical distance of lift (or
lower) to identify the correct 5 X 8 matrix (upper, middle, or lower).

4. Use the repetition rate (e.g., one lift every 2 min) and the percent of population to identify the
correct value in the 5 X 8 matrix.

For Table 13.5 through Table 13.8 (pushing and pulling):

1. Determine the initial force and the sustained force separately.

2. Use the horizontal distance of movement (e.g., 15.2-m push) to identify the correct set of columns
in the table.

3. Use the height of the hands above the floor to identify the correct set of rows in the table.

4. At the intersection of the correct sets of columns and rows, use the repetition rate and the percent
of population to identify the correct value.

For Table 13.9 (carrying):

1. Use the distance of carry to identify the correct set of columns in the table.

2. Use the height of the hands above the floor to identify the correct set of rows in the table.

3. At the intersection of the correct sets of columns and rows, use the repetition rate and the percent
of population to identify the correct value.

It is important to note that Table 13.1 through Table 13.4, and Table 13.9 are based on handling boxes
with handles and handling boxes close to the body. The values in the tables should be reduced by
approximately 15% when handling boxes without handles and by approximately 50% when handling
smaller boxes with extended horizontal reaching between knee height and shoulder height.

It is also important to note that some of the weights and forces in Table 13.1 through Table 13.9 will
exceed recommended physiological criteria when performed continuously for 8 hours or more. The
recommended 8-hour criteria are approximately 1000 ml/min of oxygen consumption for males and 700
ml/min for females (NIOSH, 1981). Weights and forces that exceed these criteria appear in bold italics
in Table 13.1 through Table 13.9.

Table 13.1 through Table 13.9 give maximum acceptable weights and forces for individual manual-
handling tasks or components (e.g., lifting). Frequently, however, industrial tasks involve combinations
with more than one component (e.g., lifting, carrying, and lowering). Each component of a combined
task should be analyzed separately using the repetition rate of the combined task. The lowest maximum
acceptable weight or force for the components represents the maximum acceptable weight or force for
the combined task. However, since the physiological cost of the combined task will be greater than the
cost for individual components, it should be recognized that some of the combined tasks may exceed
recommended physiological criteria for extended periods of time (NIOSH, 1981).

13.3 Advantages

The major advantages and disadvantages of the psychophysical approach have been reviewed by Snook
(1985) and Ayoub and Dempsey (1999). The advantages include:

+ Capability to realistically simulate industrial work

+ Capability to study very intermittent manual-handling tasks and very fast repetitive tasks (phys-
iological methods have difficulty with intermittent tasks, and biomechanical methods have diffi-
culty with fast repetitive tasks)

+ Results that are consistent with the industrial engineering concept of a “fair day’s work for a fair
day’s pay”

+ Results that are very reproducible
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Psychophysical Tables: Lifting, Lowering, Pushing, Pulling, and Carrying
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Psychophysical Tables: Lifting, Lowering, Pushing, Pulling, and Carrying
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Psychophysical Tables: Lifting, Lowering, Pushing, Pulling, and Carrying
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Psychophysical Tables: Lifting, Lowering, Pushing, Pulling, and Carrying
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Psychophysical Tables: Lifting, Lowering, Pushing, Pulling, and Carrying
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Psychophysical Tables: Lifting, Lowering, Pushing, Pulling, and Carrying
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Psychophysical Tables: Lifting, Lowering, Pushing, Pulling, and Carrying
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TABLE 13.9 Maximum Acceptable Weight of Carry (kg)

2.1-m Carry 4.3-m Carry 8.5-m Carry
Height One Carry Every One Carry Every One Carry Every
from Floor  Percent of 6 121 2 5308 1016 1 2 5 30 8 18 24 1 2 5 30 8
to Hands  Industrial ) ) i
(cm) Population sec min hr sec min hr sec min hr
Males
90 10 14 17 17 19 21 25 9 11 15 15 17 19 22 10 11 13 13 15 17 20
75 14 19 23 23 26 29 34 13 16 21 21 23 26 30 13 15 18 18 20 23 27
111 50 19 25 30 30 33 38 44 17 20 27 27 30 34 39 17 19 23 24 26 29 35
25 23 30 37 37 41 46 54| |20 25 33 33 37 41 48 21 24 29 29 32 36 43
10 27 35 43 43 48 54 63 24 29 38 39 43 48 57 24 28 34 34 38 42 50
90 13 17 21 21 23 26 31 11 14 18 19 21 23 27 13 15 17 18 20 22 26
75 18 23 28 29 32 36 42 16 19 25 25 28 32 37 17 20 24 24 27 30 35
79 50 23 30 37 37 41 46 54| |20 25 32 33 36 41 48 22 26 31 31 35 39 46
25 28 37 45 46 51 57 67 25 30 40 40 45 50 59 27 32 38 38 42 48 56
10 33 43 53 53 59 66 78 29 35 47 47 52 59 69 32 38 44 45 50 56 65
Females
90 11 12 13 13 13 13 18 9 10 13 13 13 13 18 10 11 12 12 12 12 16
75 13 14 15 15 16 16 21 11 12 15 15 16 16 21 12 13 14 14 14 14 19
105 50 15 16 18 18 18 18 25 12 13 18 18 18 18 24 14 15 16 16 16 16 22
25 17 18 20 20 21 21 28 14 15 20 20 21 21 28 15 17 18 18 19 19 25
10 19 20 22 22 23 23 31 16 17 22 22 23 23 31 17 19 20 20 21 21 28
90 13 14 16 16 16 16 22 10 11 14 14 14 14 20 12 12 14 14 14 14 19
75 15 17 18 18 19 19 25 11 13 16 16 17 17 23 14 15 16 16 17 17 23
72 50 17 19 21 21 22 22 29 13 15 19 19 20 20 26 16 17 19 19 20 20 26
25 20 22 24 24 25 25 33 15 17 22 22 22 22 30 18 19 21 22 22 22 30
10 22 24 27 27 28 28 37 17 19 24 24 25 25 33 20 21 24 24 25 25 33

Note: Values in bold italics exceed 8-hour physiological criteria (see text).

+ Capability to measure subjective variables such as pain, fatigue, and discomfort — variables
that cannot be measured objectively

+ Industrial application that is less costly and time consuming than most other methods

+ Capability of exposing subjects to hazardous tasks without excessive risk

13.4 Disadvantages

The primary disadvantages of psychophysics include:

+ Reliance on subjective judgments from subjects

+ Results that may exceed recommended physiological criteria from manual-handling tasks with
high repetition rates

+ Apparent lack of sensitivity to the bending and twisting motions that are often associated with
the onset of low-back pain

13.5 Examples

Use Table 13.1 through Table 13.9 to answer the following questions:
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1. What is the maximum acceptable weight for 90% of males lifting a 34-cm-width box with
handles for a distance of 76 cm from the floor once every minute? Answer: 15 kg.

2. What is the maximum acceptable initial force for 75% of females pushing a cart with an 89-
cm-height handle for a distance of 15.2 m once every 5 min? Answer: 19 kg.

3. What is the maximum acceptable sustained force for item 2? Answer: 11 kg.

4. What is the maximum acceptable weight for 75% of males lifting a 34-cm-width box with
handles for a distance of 76 cm between the floor and knuckle height, carrying it at a height
of 79 c¢m for 8.5 m, and then lowering it back to the original height? The combined task is
performed once every minute. Answer: 22 kg.

13.6 Related Methods

Biomechanical, physiological, intraabdominal pressure, epidemiological, and psychophysical meth-
ods have all been used in establishing guidelines for manual handling tasks. Several investigators
have compared the different methods (Ayoub and Dempsey, 1999; Dempsey, 1998; Nicholson, 1989).
There is evidence that a person incorporates both physiological and biomechanical stresses when
making psychophysical judgments (Karwowski and Ayoub, 1986; Haslegrave and Corlett, 1995).

13.7 Standards and Regulations

In the United States, the “general duty clause” (Article 5.A.1) of the Occupational Safety and Health
Act (OSHA) requires employers to provide employment and a place of work “free from recognized
hazards that are causing or are likely to cause death or serious physical harm to his employees.”
Manual-handling tasks have long been associated with disorders of the lower back. In response, the
National Institute for Occupational Safety and Health (NIOSH) used psychophysical, biomechanical,
physiological, and epidemiological methods to develop the Work Practices Guide for Manual Lifting
in 1981 and the revised NIOSH lifting equation in 1993 (NIOSH, 1981; Waters et al., 1993). The load
constant for the revised NIOSH lifting equation (23 kg) is derived from the psychophysical tables;
specifically, this is the maximum acceptable weight of lift between floor level and knuckle height
for 75% of female workers under optimal conditions. Optimal conditions are defined as occasional
lifting (once every 8 hours), small object (34-cm box), short lifting distance (25 c¢m), and good
handles.

The NIOSH guidelines were developed specifically for lifting tasks, and they assume that lifting and
lowering tasks have the same level of risk for low back injuries (Waters et al., 1993). The psychophysical
tables do not make that assumption and can be used to directly evaluate all types of manual handling
tasks (i.e., lifting, lowering, pushing, pulling, and carrying).

13.8 Approximate Training and Application Time

One hour should be sufficient for becoming familiar with the psychophysical tables. The application time
is essentially the time required to measure the necessary weights, forces, distances, and sizes. Finding the
correct value in the psychophysical tables should require no more than 1 or 2 min.

13.9 Reliability and Validity

A study by Marras et al. (1999) investigated the effectiveness of the 1981 NIOSH Work Practices Guide
for Manual Lifting, the 1993 NIOSH lifting equation, and the psychophysical tables in correctly identifying
jobs with high, medium, and low risk of low-back disorders. The study used a database of 353 industrial
jobs representing over 21 million person-hours of exposure. The results indicated that all three methods
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were predictive of low back disorders, but in different ways. Table 13.10 depicts the percentage that

TABLE 13.10 Correct Identification of Jobs with High, Medium, and Low Risk of
Low-Back Disorders by Three Different Assessment Methods

NIOSH 81 NIOSH 93 Psychophysical
High-Risk Jobs 10% 73% 40%
(Sensitivity)
0 0, 0,
Medium-Risk Jobs 43% 21% 36%
Low-Risk Jobs 91% 55% 91%
(Specificity)

Source: From Marras, W.S. et al. (1999), Ergonomics, 42, 229-245.

each method correctly predicted high-, medium-, and low-risk jobs.

The 1981 NIOSH Work Practices Guide underestimated the risk by predicting that most jobs were
low risk (low sensitivity, high specificity). The 1993 NIOSH lifting equation overestimated the risk
by predicting that most jobs were high risk (high sensitivity, moderate specificity). The psychophys-
ical tables fell between the two (moderate sensitivity, high specificity).

Other studies have also concluded that recommendations based upon psychophysical results can
reduce low-back disorders in industry (Snook et al., 1978; Liles et al., 1984; Herrin et al., 1986).

13.10 Tools Needed

A dynamometer or simple spring scale, a tape measure, and various straps for pulling tasks are needed
for collecting the data necessary for using the psychophysical tables.
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14.1 Background and Application

It is estimated that the prevalence of work-related back pain in the U.S., with at least one lost workday,
is 4.6% (Guo et al., 1999). This suggests that nearly 1 in 20 employees is always afflicted with this disorder.
Nationally, total indirect costs due to low back disorders (LBDs) are estimated at $40 billion to $60 billion
(Cats-Baril, 1996). A variety of tools are available for assessing LBD risk. Many of these (e.g., static
models, the NIOSH lifting equations) assume that motion is not a significant factor in injury causation
or that all movements are slow and smooth. However, research (e.g., Bigos et al., 1986; Punnett et al.,
1991) suggests that trunk movement plays an important role in LBD risk.

The lumbar motion monitor (LMM) was developed as a response to this need. It assesses the dynamic
components of LBD risk in occupational settings, such as those requiring manual materials handling
(MMH). The patented LMM (Figure 14.1) is a triaxial electrogoniometer that acts as a lightweight
exoskeleton of the lumbar spine. It is placed on the back of an individual, directly in line with the spine,
and is attached using harnesses around the pelvis and over the shoulders. The LMM uses potentiometers
to measure the instantaneous position of the spine (as a unit), relative to the pelvis, in three-dimensional
space. The position data are recorded on a computer using companion software, which also calculates
the velocity and acceleration of the spine for the motion of interest.

The LBD risk model developed using the LMM was derived from over 400 repetitive MMH jobs
(Marras et al., 1993). Trunk kinematic data, in addition to other workplace and personal factors, were
recorded. This information was compared between “low-risk” jobs (those having no LBDs and no job
turnover) and “high-risk” jobs (those having 12 or more LBDs annually per 100 full-time workers).
Data analysis determined that five factors together determine the probability that a job measured using
this method will be similar to those previously found to be “high risk.” These factors include two
workplace measures (the maximum external moment about the spine and the job’s lift rate) and three

0-415-28700-6/05/$0.00+$1.50 14-1
© 2005 by CRC Press LLC 4-
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FIGURE 14.1 The lumbar motion monitor (LMM).

trunk-motion parameters (maximum sagittal flexion position, maximum lateral velocity, and average
twisting velocity).

The lumbar motion monitor allows for data collection as employees are performing their actual jobs.
It can be used in a wide variety of workplaces, including manufacturing environments, warehouses, and
health-care facilities.

14.2 Procedure

Risk assessments using the LMM are derived using a four-step approach:

1. Placement of LMM on worker

2. Determination of a job’s MMH components
3. Data collection

4. Analysis

Each is described below.

14.2.1 Placement of LMM on Worker

The LMM system is designed to accommodate a majority of individual body sizes and is adjustable to
four lengths (extra small, small, medium, and large). It is important to ensure proper fit so that accurate
trunk motions are measured. The appropriate size worn during data collection depends on a number of
factors, primarily one’s standing height and trunk length, and the amount of sagittal flexion required of
the job. The adjustable harnesses worn with the LMM also help to ensure the correct fit.

14.2.2 Determination of a Job’s MMH Components

To accurately assess a job’s LBD risk level, it is important to correctly identify all job elements that have
the potential to produce injury. This typically involves the lifting, lowering, pushing, pulling, and carrying
tasks that are performed as part of the job’s requirements. For jobs that require some sort of rotation,
all tasks that comprise this rotation also must be included. The software used for data collection allows
for eight tasks to be defined.

For jobs having only a few tasks, it may be helpful (especially during data interpretation) to define
differences within a task that may exist, particularly if their physical nature varies. For example, in a job
requiring a pallet to be loaded, categorizing the task as “place box on low level,” “place box at medium
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level,” etc. may assist the user in understanding more readily where the greatest LBD risk exists within
the job.

14.2.3 Data Collection

The LMM software prompts users to structure jobs in a hierarchical manner. Before data collection can
begin, the user is prompted to define the company within which the job is performed, the job itself, the
tasks that make up the job, and the employees who will be doing the work. For later analysis purposes,
the software allows the input of additional information within each of these categories (i.e., company
address, department information, data related to the physical design of the workplace, employee age,
gender, and anthropometric measurements), though this is not needed to assess LBD risk.

The primary goal of data collection is to gather information about a job that is fully descriptive of all
required work. For example, if the job requires handling objects of many different weights or to/from a
variety of locations, then data should be collected to represent these aspects of the job. The more data
that are collected, the more likely it is to represent the requirements of the job. Previous research (Allread
et al.,, 2000) found that, within the same object weights and lift locations, there was no additional
reduction in data variability for a task after three cycles of the task and three employees performing the
work were collected.

14.2.4 Analysis
The software provides numerous methods of evaluating the collected data, as detailed below.

14.2.4.1 Descriptive Information about Trunk Kinematics

This includes details of the positions, velocities, and accelerations of the three motion planes for each
data trial collected. This information can be useful for general descriptions of the MMH performed or
for comparisons with other tasks or jobs. This information also can be valuable for users who have
formed hypotheses about, for example, which tasks require more trunk motions than others.

14.2.4.2 Probability of High-Risk Group Membership (LBD Risk)

Charts are produced that compare each of the five risk model factors (see Section 14.1) to the job database
in order to determine the extent to which each is similar to a known group of other “high-risk” jobs.
The chart shows an average of each of these five factor levels and calculates the overall “probability of
high-risk group membership” (or LBD risk).

LBD risk can be computed in several ways. It can be determined for an individual employee, for a specific
job task, or across an entire job that comprises several tasks. Risk also can be computed for a task or job
that is averaged across two or more employees who have performed the activity while wearing the LMM.

These assessments allow the user to quantitatively ascertain which factors of the job (e.g., sagittal
flexion, twisting velocity, lift rate) are most likely responsible for the level of risk produced. Also, for jobs
with multiple tasks, it provides an assessment of which tasks are producing the most risk. These results
can guide the user in making recommendations for improving the job (i.e., lowering LBD risk) from an
ergonomics perspective.

The software also allows data to be exported into text files that can be analyzed using other applications.
The database itself is stored in Microsoft Access® format for manipulation using that software, if desired.

14.3 Advantages

+ Data gathered using the LMM are quantitative and allow three-dimensional trunk kinematics to
be collected in real-world environments.

+ The LBD risk model determines the extent to which the level of a particular risk factor, or the
overall LBD risk level itself, is “too much.”
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+ Risk levels are compared with a database of actual workplace factors and trunk motions previously
found to have high and low LBD rates.

+ The impact of job interventions can be assessed quickly.

+ The risk model has been validated.

14.4 Disadvantages

+ Use of the LMM requires the training of users.

+ Data collection requires active involvement on the part of workers.

+ Assessments typically require more data collection time than other tools.

+ The LMM can come in contact with other equipment when worn in confined work spaces.
+ The LBD risk model does not assess the potential risk of injury to other body parts.

14.5 Example Output

Figure 14.2, Figure 14.3, and Figure 14.4 illustrate outputs that can be derived from the LMM software.
Figure 14.2 depicts the screen seen during data collection, which shows real-time trunk motions in the
lateral, sagittal, and transverse planes. The vertical lines are user inputs, marking the beginning and
ending of one cycle from a material-handling task. Sample kinematic output is shown in Figure 14.3.
Following data collection, the computed positions, velocities, and accelerations can be viewed for each
motion plane. Figure 14.4 shows a sample LBD risk model chart. The horizontal bars represent the
magnitudes of each risk factor used in the model. The chart also shows the calculated risk probability
value.

14.6 Related Methods

There are many different LBD risk assessment tools currently available, such as the NIOSH lifting
equations (Waters et al., 1993), ACGIH lifting threshold limit values (ACGIH, 2002), and psychophysical
tables (Snook and Ciriello, 1991), yet no others combine trunk kinematic factors with the more tradi-
tionally used measures, such as lifting frequency and load weight. Other methods are available to quan-
titatively assess trunk motions (e.g., Motion Analysis, Santa Rosa, CA), but these are difficult to use
outside of the laboratory.

14.7 Approximate Training and Application Time

It takes approximately 8 hours to learn about the LMM, understand how to properly fit the device on
users, and determine the methods by which to collect and analyze the data. The accompanying software
developed for data gathering and risk assessment analysis is a Microsoft Windows-based application,
which reduces learning time for those familiar with this format.

14.8 Reliability and Validity

The ability of the LMM to reliably measure trunk motions has been established by Marras et al. (1992).
Their study found that the readings taken from the LMM, in all three planes of motion, were not
significantly different from those determined using another reliable motion-analysis system.

The LBD risk model used with the LMM also has been prospectively validated (Marras et al., 2000)
to ensure that it realistically reflects a job’s injury risk. Here, MMH jobs were evaluated using the risk
model both before and after significant ergonomic interventions were made. The jobs’ low back injury
rates also were determined before the intervention occurred and after a significant period of time had
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passed from when the job was modified. Changes in injury rates and risk assessments were analyzed
relative to a comparison group of jobs in which no changes had been made. The results indicated that
a statistically significant correlation existed between changes in the jobs’ estimated LBD risk and changes
in their actual low back incidence rates over the period of observation.

These data indicate that the LMM and the LBD risk model provide useful, reliable, and valid infor-
mation for assessing a job’s low back injury risk.
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Company: Brutus I ies
Job: Football Shipper

Average Probability of Low Back Disorder Risk: 84 %

Lift Rete (LiftsHour) e e T e

Average Twisting Velocty (Deg/Sec) 98%
Maximum Moment (m) _ 73%

Maxmum Sagitisl Flexion (Degrees) 198%

Mastmum Letersl Velocty (Deg/Sec) 98%

0% 0% 20% 30%  40%  50%  60%  70%  80%  90%  100%
Probabilty of High Risk Group Membership

Pt | [ ]

FIGURE 14.4 LMM software risk model output screen.

14.9 Tools Needed

LBD risk evaluation with the LMM requires the use of the Acupath™ system (LMM, harnesses, related
electronic equipment, and a laptop computer loaded with the Ballet™ software). The user also will need
a tape measure, scale or push-pull gauge, and data-recording forms.
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15.1 Background and Applications

Occhipinti and Colombini (1996) developed the occupational repetitive action (OCRA) methods to
analyze workers’ exposure to tasks featuring various upper-limb injury risk factors (repetitiveness, force,
awkward postures and movements, lack of recovery periods, and others, defined as “additionals”). The
OCRA methods are largely based on a consensus document of the International Ergonomics Association
(IEA) technical committee on musculoskeletal disorders (Colombini et al., 2001), and they generate
synthetic indicators that also consider worker rotation among different tasks.

The OCRA index can be predictive of the risk of upper extremity (UE) work-related musculoskeletal
disorders (WMSDs) in exposed populations. The OCRA index was the first, most analytical, and most
reliable method developed. It is generally used for the (re)design or in-depth analysis of workstations
and tasks (Colombini et al., 1998, 2002). The OCRA checklist, based on the OCRA index, is simpler to
apply and is generally recommended for the initial screening of workstations featuring repetitive tasks
(Occhipinti et al., 2000; Colombini et al., 2002).

Both OCRA methods are observational and are largely designed to be used by corporate technical
specialists (occupational safety and health [OSH] operators, ergonomists, time and methods analysts,
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production engineers), who have proven in practice to be best suited to learning and applying the
methods for prevention and also for improving production processes in general.

The methods have been applied in a wide cross-section of industries and workplaces. They target any
jobs in manufacturing and the service sector that involve repetitive movements and/or efforts of the
upper limbs (manufacture of mechanical components, electrical appliances, automobiles, textiles and
clothing, ceramics, jewelry, meat and food processing). In Europe, it is estimated that these methods are
currently used in more than 5,000 tasks that fit these categories, involving over 20,000 employees.

The methods are not suitable for assessing jobs that use a keyboard and mouse, or other computerized
data-entry tools.

15.2 Procedures

15.2.1 General Aspects
The two assessment methods evaluate four main collective risk factors based on their respective duration:

1. Repetitiveness

2. Force

3. Awkward posture and movements
4. Lack of proper recovery periods

Other "additional factors" are also considered, such as mechanical, environmental, and organizational
factors for which there is evidence of causal relationship with UE WMSDs. Each identified risk factor is
properly described and classified to help identify possible requirements and preliminary preventive
interventions. All factors contributing to the overall "exposure" are considered in a general and mutually
integrated framework.

15.2.2 OCRA Definitions
Work (job) is composed of one or more tasks in one work shift:

+ Within a single task, cycles are sequences of technical actions that are repeated over and over,
always the same.

+ Within each cycle, several technical actions can be identified. These are elementary operations that
enable the completion of the cycle operational requirements (i.e., take, place, turn, push, pull,
replace).

The suggested procedure for assessing the risk should be:

. Pinpointing the repetitive tasks characterized by those cycles with significant durations

. Finding the sequence of technical actions in a representative cycle of each task

. Describing and classifying the risk factors within each cycle

. Assembly of the data concerning the cycles in each task during the whole work shift, taking into
consideration the duration and sequences of the different tasks and of the recovery periods

5. Brief and structured assessment of the risk factors for the job as a whole (exposure or risk index)

> W N =

15.2.3 OCRA Risk Index

The OCRA index is the result of the ratio between the number of technical actions actually carried out
during the work shift, and the number of technical actions which is specifically recommended. In practice,
OCRA is defined as:

Overall number of technical actions carried out in the shift

OCRA =
Overall number of technical actions recommended in the shift
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The technical actions should not be identified as the joint movements. To make action frequency
analysis more accessible, a conventional measurement unit has been chosen, the “technical action” of the
upper limb. This definition is very similar to the method time measurement (MTM) elements (Barnes,
1968).

The overall number of actual technical actions (ATA) carried out within the shift can be calculated by
organizational analysis (number of actions per cycle and number of actions per minute, with this last
multiplied for the net duration of the repetitive task(s) analyzed to obtain ATA). The following general
formula calculates the overall number of recommended technical actions (RTA) within a shift:

Number of recommended technical actions= Z[CF X (Ffi x Fpi X Fci) x Di]x Fr x Fd

x=1

where
n = number of repetitive task/s performed during shift
1 = generic repetitive task
CF = frequency constant of technical actions (30 actions per minute)
Ff, Fp, Fc = multiplier factors with scores ranging from 0 to 1, selected for “force” (Ff), “posture” (Fp),
and “additional elements” (Fc) in each of the n tasks
D = net duration in minutes of each repetitive task
Fr = multiplier factor for “lack of recovery period”
Fd = multiplier factor according to the daily duration of repetitive tasks

In practice, to determine the overall number of RTAs within a shift, proceed as follows:

1. For each repetitive task, start from a CF of 30 actions/min.

For each task, the frequency constant must be corrected for the presence and degree of the following
risk factors: force, posture, and additional.

Multiply the weighted frequency for each task by the number of minutes of each repetitive task.
Sum the values obtained for the different tasks.

The resulting value is multiplied by the multiplier factor for recovery periods.

Apply the last multiplier factor that considers the total time spent in repetitive tasks.

The value thus obtained represents the total recommended number of actions (RTA) in the
working shift.

N

N W

The following sections briefly review the criteria and procedures involved in the determination of the
OCRA index calculation variables. For additional details, refer to the handbook prepared by Colombini
et al. (2002).

15.2.3.1 Action Frequency Constant (CF)

The literature, albeit not explicitly, supplies suggestions of “limit” action frequency values, and these
range from 10 to 25 actions/movements per minute. On the basis of the above and given the practical
considerations of the applicability of these proposals in the workplace, the action frequency constant
(CF) is fixed at 30 actions per minute.

15.2.3.2 Force Factor (Ff)

Force is a good direct representation of the biomechanical commitment that is necessary to carry out a
given technical action. It is difficult to quantify force in real working environments. To overcome this
difficulty, one could use the Borgl0-category scale for the rating of perceived exertion (Borg, 1982). Once
the actions requiring exertion have been determined, operators will be asked to ascribe to each one (or
homogeneous group) of them a progressive score from 1 to 10. The calculation of the average exertion
weighted over time involves multiplying the Borg Scale score ascribed to each action by its percentage
duration within the cycle. The partial results must then be added together.
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When choosing the multiplier factor, it is necessary to refer to the average force value, weighted by
cycle duration.

15.2.3.3 Postural Factor (Fp)

The description/assessment of the postures must be done over a representative cycle for each one of the
repetitive tasks examined. This must be via the description of duration of the postures and/or movements
of the four main anatomical segments (both right and left): shoulder, elbow, wrist, and hand.

For classification purposes, it is enough to see that, within the execution of every action, the joint
segment involved reaches an excursion greater than 50% of joint range for at least one third of the cycle
time. The longer the time, the higher is the score.

The presence of stereotypical movements can be pinpointed by observing those technical actions that
are all equal to each other for at least 50% of cycle time or by a very short duration of the cycle (less
than 15 sec). The presence of stereotypical movements increases scores for the joints involved.

All of these elements together lead to the design of a useful scheme to identify the values of the posture
multiplier factor (Fp).

15.2.3.4 “Additional” Factor (Fc)

These factors are defined as additional not because they are of secondary importance, but because each
one of them can be present or absent in the contexts examined. The list of these factors is not exhaustive
and includes the use of vibrating tools; requirement for absolute accuracy; localized compressions;
exposure to cold or refrigeration; the use of gloves that interfere with the required handling ability; objects
handled have a slippery surface; sudden movements, “tearing” or “ripping” movements, or fast move-
ments; repetitive impacts (e.g., hammering, hitting, etc.).

There are some factors (psychosocial) that are concerned with the individual sphere and cannot be
included in methods considering a collective and occupational type of exposure. There are other factors,
definable as organizational (working pace determined by machine, working on moving object), that
should be taken into consideration.

For every additional factor indicated, variable scores can be assigned according to the type and duration.

15.2.3.5 “Recovery Periods” Factor (Fr)

A recovery period is a period during which one or more muscle-tendon groups are basically at rest. The
following can be considered as recovery periods:

+ Breaks, including the lunch break

* Visual control tasks

+ Periods within the cycle that leave muscle groups totally at rest consecutively for at least 10 sec
almost every few minutes

Using the indications supplied by some standards as a starting point, in the case of repetitive tasks, it
is advisable to have a recovery period every 60 min, with a ratio of five work to one recovery. On the
basis of this optimal distribution, it is possible to design criteria to evaluate the presence of risk in a
concrete situation. The overall risk is determined by the overall number of hours at risk. For every hour
without an adequate recovery period, there is a corresponding multiplier factor.

15.2.3.6 Duration Factor (Fd)

Within a working shift, the overall duration of tasks with repetitive and/or forced upper-limb movements
is important to determine overall exposure. The index calculation model is based on scenarios where
repetitive manual tasks continue for a good part (6 to 8 hours) of the shift.

15.2.3.7 Calculation of OCRA Exposure

Table 15.1 provides the necessary parameters for dealing with all of the multiplier factors and calculating
the OCRA index. These results provide the basis for suggesting recommended technical actions in accord
with the OCRA index.
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TABLE 15.1 Calculation of OCRA Exposure Index
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Right Arm Left Arm
A B C D A B C D Task/s

+ Action frequency constant (actions/min) 30 | 30 [ 30 | 30 | 30 | 30 | 30 | 30 | CF

« Force factor (perceived effort)

Borg | 0.5 1 1.5 2 2.5 3 35| 4 |45 5 A |B |C |[D |A |[B |C |D |Task(s)
Factor | 1 |0.85(0.75|0.65|0.55 | 0.45 | 0.35 | 0.2 | 0.1 | 0.01 Ff
* Postural factor A |B |C |D |[A [B [C |D |Task(s)

Shoulder (*) select lowest
factor
Value |[0-3|4-7 |8-11|12-15 |16 Elbow between elbow, wrist,
and hand
Factor |1 0.70 |0.60 |0.50 0.33 Wrist
Hand Fp
(*)

+ Additional factors

Value 0| 4 8 12 A|B|C|D|A|B| C| D| Task(s)

Factor 1| 095 0.90 | 0.80 Fc

X
+ Duration of repetitive task A|B|C|D|A|B| C| D| Task(s)
RIGHT LEFT

+ No. recommended actions for repetitive

task, and in total (partial result, without a P Y S a P Y 5 (04B+y+d) (o+P+y+d)

recovery factor)

+ Factor referring to the lack of recovery periods (no. of hours without adequate recovery)

RIGHT

= Arp = 1t X Fr x FD

LEFT
Arp = T X FR X FD

RIGHT LEFT

RIGHT LEFT

Hours 0 1 2 3 4 5 6 718 Fr
Factor | 1] 0.00] 0.80] 0.70] 0.60] 0.45] 0.25] 0.10] O] | |
« factor referring to overall duration of repetitive tasks
Minutes | <120 | 120-239 | 240-480 | >480 Fd
Factor 2 1.5 1 0.5 | |
Total no. of technical actions observed in repetitive tasks ~ ATA
Total no. recommended technical actions RTA
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TABLE 15.2 Progressive Optimization of Task Using the OCRA Index

Right Limb Actions/min Actions/Shift Force Posture Recovery Periods OCRA Index
A 53.3 18,144 0.9 0.6 0.6 6.1
B 63.7 0.9 0.5
A 45 14,472 0.9 0.6 0.6 4.9
B 45 0.9 0.5
A 53.3 18,144 1 0.6 0.6 5.5
B 63.7 1 0.5
A 53.3 18,144 0.9 0.6 0.8 4.5
B 63.7 0.9 0.5
A 53.3 18,144 1 0.6 0.8 4.1
B 63.7 1 0.5
A 45 14,472 1 0.6 0.8 3.3
B 45 1 0.5
A 45 14,472 1 0.7 1 2.1
B 45 1 0.7

Left Limb Actions/min Actions/Shift Force Posture Recovery Periods OCRA Index
A 40 12,864 0.8 0.5 0.6 5.4
B 40 0.9 0.5
A 35 11,256 0.8 0.5 0.6 4.7
B 35 0.9 0.5
A 40 12,864 1 0.5 0.6 4.4
B 40 1 0.5
A 40 12,864 0.8 0.5 0.8 4
B 40 0.9 0.5
A 40 12,864 1 0.5 0.8 3.3
B 40 1 0.5
A 35 11,256 1 0.5 0.6 2.9
B 35 1 0.5
A 35 11,256 1 0.7 1 1.7
B 35 1 0.7

Note: Boldface items represent factors being optimized.

15.2.3.8 Example of How to Use the OCRA Index to Redesign Tasks/Workstations

Once the workstation has been analyzed using the OCRA index, and after checking for the presence of
risk factors for the upper limbs, it is theoretically possible to use the same index to detect which risk
factors should be dealt with to minimize the worker's exposure. Therefore, several versions of the OCRA
index are described in which the different risk factors making up the index are gradually reduced. Table
15.2 proposes a summary of the OCRA indexes in which the optimization of each individual factor or
set of factors is shown.

1. The initial OCRA values can be seen to be high: 6.1 for the right and 5.4 for the left. The job
being analyzed comprises two alternating tasks (A and B) featuring: high-frequency actions (task
A = 53.3 actions/min, task B = 63.7 actions/min, both involving the right limb); moderate use of
force; high-risk hand posture; and inadequate distribution of recovery periods (there is an almost
adequate rest period of 38 min, but concentrated into only two breaks).

2. After reducing the action frequency for both tasks A and B to 45 actions/min for the right and 35
for the left, the total number of actions in the shift is reduced to 14,472 for the right and 11,256
for the left. If the OCRA index is recalculated, the resulting values drop to 4.9 on the right and
4.7 on the left.

3. Introducing a reduction in the use of force, the OCRA index drops to 5.5 on the right and 4.4 on the left.
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4. Itis also possible to recalculate the OCRA index when nothing but the distribution of the recovery
periods is optimized, in this case by dividing the available 38 min into four 9- to 10-min breaks.
The resulting OCRA values drop to 4.5 on the right and 4 on the left.

5. By optimizing two factors simultaneously (use of force and distribution of recovery times), the
OCRA indexes drop to 4.1 on the right and 3.3 on the left.

6. If three variables are optimized (the previous two, plus a reduction in the action frequency), the
OCRA values drop to 3.3 on the right and 2.9 on the left.

7. If the objective is to reach the "risk absent” level, then further modifications have to be
introduced, such as an improvement in hand posture and recovery times (with six 8-min
breaks, obtained by increasing the 38-min rest factor to 48 min). The OCRA values then drop
to 2.1 on the right and 1.7 on the left, values that can be regarded as being in the risk-absent
area. Since it is not possible to increase the recovery periods, the action frequency can be
reduced (still at a relatively high 45 actions/min) or, alternatively, the workers can rotate on
low-risk tasks.

15.2.4 Classification of OCRA Index Results

The studies and experiments carried out until now (Occhipinti and Colombini, 2004) allow the identi-
fication of different exposure areas with key OCRA scores. By considering the trend of UE WMSDs in
reference to working populations that are not exposed to specific occupational risks, it is possible to
define the following OCRA index classification criteria and to indicate the consequent preventive actions
to be adopted:

1. Index values <1.5indicate full acceptability of the condition examined (green area or risk absent).

2. Index values between 1.6 and 2.2 (yellow/green area or not relevant risk) mean that exposure is
still not relevant or not great enough to foresee significant excesses in the occurrence of UE
WMSDs.

3. Index values between 2.3 and 3.5 (yellow/red area or very low risk) mean that exposure is not
severe, but that there could be higher disease levels in the exposed groups with respect to a reference
group of nonexposed. In these cases, it is advisable to introduce health surveillance, health edu-
cation, and training and proceed to an improvement of working conditions.

4. Index values 23.6 (red area or medium risk up to 9.0, high risk 29.1) mean significant exposure
levels. Working conditions must be improved, and close monitoring of all effects must be set up.

15.2.5 OCRA ChecKklist

The analysis system suggested with the checklist begins with the establishment of preassigned scores for
each of the four main risk factors (recovery periods, frequency, force, posture) and for the additional
factors. The sum total of the partial values obtained in this way produces a final score that estimates the
actual exposure level.

The checklist describes a workplace and estimates the intrinsic level of exposure as if the workplace is
used for the whole of the shift by one worker. This procedure makes it possible to find out quickly which
workplaces in the company imply a significant exposure level (classified as absent, light, medium, and
high). In the next stage, it is possible to estimate the exposure indexes for the operators considering their
rotation through the different workplaces and applying the following formula:

(score A X %PA) + (score B X %PB) + etc.

where “score A” and “score B” are the scores obtained with the checklist for the various workplaces on
which the same operator works, and %PA and %PB represent the percentage duration of the repetitive
tasks within the shift.

Table 15.3 presents the contents of the checklist for each risk factor and the corresponding scores: the
greater the risk, the higher is the score.
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TABLE 15.3 The OCRA Checklist

TYPE OF WORK INTERRUPTION (WITH PAUSES OR OTHER VISUAL CONTROL TASKS) Choose one answer. It is possible
to choose intermediate values.

0 - THERE IS AN INTERRUPTION OF AT LEAST 5 MINUTES EVERY HOUR IN THE REPETITIVE WORK (ALSO COUNT

THE LUNCH BREAK).
1 - THERE ARE TWO INTERRUPTIONS IN THE MORNING AND TWO IN THE AFTERNOON (PLUS THE LUNCH BREAK),

LASTING AT LEAST 7-10 MINUTES ON THE 7-8 HOUR SHIFT, OR AT LEAST FOUR INTERRUPTIONS PER SHIFT

(PLUS THE LUNCH BREAK), OR FOUR 7-10 MINUTE INTERRUPTIONS IN THE 6-HOUR SHIFT.
3 - THERE ARE TWO PAUSES, LASTING AT LEAST 7-10 MINUTES EACH IN THE 6-HOUR SHIFT (WITHOUT LUNCH

BREAK); OR, THREE PAUSES, PLUS THE LUNCH BREAK, IN A 7-8-HOUR SHIFT.
4 - THERE ARE TWO PAUSES, PLUS THE LUNCH BREAK, LASTING AT LEAST 7-10 MINUTES EACH OVER A 7-8 HOUR

SHIFT (OR THREE PAUSES WITHOUT THE LUNCH BREAK), OR ONE PAUSE OF AT LEAST 7-10 MINUTES OVER A

6-HOUR SHIFT.
6 - THERE IS A SINGLE PAUSE, LASTING AT LEAST 10 MINUTES, IN A 7-HOUR SHIFT WITHOUT LUNCH BREAK; OR,

IN AN 8-HOUR SHIFT THERE ONLY IS A LUNCH BREAK (THE LUNCH BREAK IS NOT COUNTED AMONG THE

WORKING HOURS).
10 - THERE ARE NO REAL PAUSES EXCEPT FOR A FEW MINUTES (LESS THAN 5) IN A 7-8-HOUR SHIFT.

ARM ACTIVITY AND WORKING FREQUENCY WITH WHICH THE CYCLES ARE PERFORMED (IF NECESSARY,
INTERMEDIATE SCORES CAN BE CHOSEN) Choose one answer (state whether left or right arm is involved the most).

0 - ARM MOVEMENTS ARE SLOW, AND FREQUENT SHORT INTERRUPTIONS ARE POSSIBLE (20 ACTIONS PER MINUTE).
1 - ARM MOVEMENTS ARE NOT TOO FAST, ARE CONSTANT AND REGULAR. SHORT INTERRUPTIONS ARE POSSIBLE

(30 ACTIONS PER MINUTE).
3 - ARM MOVEMENTS ARE QUITE FAST AND REGULAR (ABOUT 40), BUT SHORT INTERRUPTIONS ARE POSSIBLE.
4 - ARM MOVEMENTS ARE QUITE FAST AND REGULAR, ONLY OCCASIONAL AND IRREGULAR SHORT PAUSES ARE

POSSIBLE (ABOUT 40 ACTIONS PER MINUTE).
6 - ARM MOVEMENTS ARE FAST. ONLY OCCASIONAL AND IRREGULAR SHORT PAUSES ARE POSSIBLE (ABOUT 50

ACTIONS PER MINUTE).
8 - ARM MOVEMENTS ARE VERY FAST. THE LACK OF INTERRUPTIONS IN PACE MAKES IT DIFFICULT TO HOLD THE

PACE, WHICH IS ABOUT 60 ACTIONS PER MINUTE.
10 - VERY HIGH FREQUENCIES, 70 ACTIONS PER MINUTE OR MORE. ABSOLUTELY NO INTERRUPTIONS ARE POSSIBLE

PRESENCE OF WORKING ACTIVITIES INVOLVING THE REPEATED USE OF FORCE IN THE HANDS-ARMS (AT LEAST
ONCE EVERY FEW CYCLES DURING ALL THE TASK ANALYZED). More than one answer can be checked.

THIS WORKING TASK IMPLIES:

[J THE HANDLING OF OBJECTS WEIGHING OVER 3 KG

[J GRIPPING BETWEEN FOREFINGER AND THUMB AND LIFTING OBJECTS 1 - ONCE EVERY FEW CYCLES
WEIGHING OVER 1 KG (IN PINCH) 2 - ONCE EVERY CYCLE

[J USING THE WEIGHT OF THE BODY TO OBTAIN THE NECESSARY FORCE TO | 4 - ABOUT HALF OF THE CYCLE
CARRY OUT A WORKING ACTION 8 - FOR OVER HALF OF THE

[] THE HANDS ARE USED AS TOOLS TO HIT OR STRIKE SOMETHING CYCLE

THE WORKING ACTIVITY REQUIRES THE USE OF INTENSE FORCE FOR:
[J PULLING OR PUSHING LEVERS

[J PUSHING BUTTONS 4 - 1/3 OF THE TIME

[J CLOSING OR OPENING 6 - ABOUT HALF OF THE TIME
[J PRESSING OR HANDLING COMPONENTS 8 - OVER HALF OF THE TIME (*)
[J USING TOOLS 16 - NEARLY ALL THE TIME (*)

THE WORKING ACTIVITY REQUIRES THE USE OF MODERATE FORCE FOR:
[J PULLING OR PUSHING LEVERS

[J PUSHING BUTTONS 2 - 1/3 OF THE TIME
[J CLOSING OR OPENING 4 - ABOUT HALF OF THE TIME
[J PRESSING OR HANDLING COMPONENTS 6 - OVER HALF OF THE TIME

[J USING TOOLS 8 - NEARLY ALL THE TIME
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PRESENCE OF AWKWARD POSITIONS OF THE ARMS DURING THE REPETITIVE TASK.

[JRIGHT [JLEFT [JBOTH (mark the limb with greater involvement)

1 - THE ARM/ARMS ARE NOT LEANING ON THE WORKBENCH BUT ARE A LITTLE UPLIFTED FOR A LITTLE OVER
HALF THE TIME
2 - THE ARMS HAVE NOTHING TO LEAN ON AND ARE KEPT NEARLY AT SHOULDER HEIGHT FOR ABOUT 1/3
OF THE TIME
4 - THE ARMS ARE KEPT AT ABOUT SHOULDER HEIGHT, WITHOUT SUPPORT, FOR OVER HALF OF THE TIME
8 - THE ARMS ARE KEPT AT ABOUT SHOULDER HEIGHT, WITHOUT SUPPORT, ALL THE TIME

I J N

2 - THE WRIST MUST BEND IN AN EXTREME POSITION, OR MUST KEEP AWKWARD POSTURES (SUCH AS WIDE
FLEXIONS OR EXTENSIONS, OR WIDE LATERAL DEVIATIONS) FOR AT LEAST 1/3 OF THE TIME
4 - THE WRIST MUST BEND IN AN EXTREME POSITION, OR MUST KEEP AWKWARD POSTURES (SUCH AS WIDE
FLEXIONS OR EXTENSIONS, OR WIDE LATERAL DEVIATIONS) FOR OVER HALF OF THE TIME
8 - THE WRIST MUST BEND IN AN EXTREME POSITION ALL THE TIME

I IB

2 - THE ELBOW EXECUTES SUDDEN MOVEMENTS (JERKING MOVEMENTS, STRIKING MOVEMENTS) FORABOUT
1/3 OF THE TIME
4 - THE ELBOW EXECUTES SUDDEN MOVEMENTS (JERKING MOVEMENTS, STRIKING MOVEMENTS) FOR OVER
HALF OF THE TIME
8 - THE ELBOW EXECUTES SUDDEN MOVEMENTS (JERKING MOVEMENTS, STRIKING MOVEMENTS) NEARLY
ALL THE TIME

I I1C

[J GRIP OBJECTS, PARTS, OR TOOLS WITH FINGERTIPS WITH CONSTRICTED 2 FOR ABOUT 1/3 OF THE TIME

FINGERS (PINCH) 4 FOR OVER HALF THE TIME

[J GRIP OBJECTS, PARTS, OR TOOLS WITH FINGERTIPS WITH THE HAND 8 ALL THE TIME

NEARLY OPEN (PALMAR GRIP)

[J KEEPING FINGERS HOOKED I 1D

PRESENCE OF IDENTICAL MOVEMENTS OF SHOULDER AND/OR ELBOW, AND/OR WRIST,
AND/OR HANDS, REPEATED FOR AT LEAST 2/3 OF THE TIME (please cross 3 also if the cycle is shorter than 15 seconds)
E3

PLEASE NOTE: use the highest value obtained among the four groups of questions (A,B,C,D) only once, and if possible add to
that of the last question.

PRESENCE OF ADDITIONAL RISK FACTORS: only choose one answer per group of questions.

2 - GLOVES INADEQUATE TO THE TASK ARE USED FOR OVER HALF OF THE TIME (UNCOMFORTABLE, TOO THICK,
WRONG SIZE, ETC.)

2 - VIBRATING TOOLS ARE USED FOR OVER HALF OF THE TIME

2 - THE TOOLS EMPLOYED CAUSE COMPRESSIONS OF THE SKIN (REDDENING, CALLOSITIES, BLISTERS, ETC.)

2 - PRECISION TASKS ARE CARRIED OUT FOR OVER HALF OF THE TIME (TASKS OVER AREAS SMALLER THAN 2 OR
3 MM)

2 - MORE THAN ONE ADDITIONAL FACTOR IS PRESENT AT THE SAME TIME AND, OVERALL, THEY OCCUPY OVER
HALF OF THE TIME

3 - ONE OR MORE ADDITIONAL FACTORS ARE PRESENT, AND THEY OCCUPY THE WHOLE OF THE TIME
(LE i, )

1 - WORKING PACE SET BY THE MACHINE, BUT THERE ARE “BUFFERS” IN WHICH THE WORKING RHYTHM CAN
EITHER BE SLOWED DOWN OR ACCELERATED

2 - WORKING PACE COMPLETELY DETERMINED BY THE MACHINE
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Table 15.4 and Figure 15.1, Figure 15.2A, and Figure 15.2B report an example of mapping the risk for
an assembly line, for individual departments, and for all of the workplaces within a company. Because
the numerical values indicated in the checklist have been calibrated to the OCRA index multiplier factors,
the final checklist value can be interpreted in terms of its correspondence to the OCRA values. Table 15.5
shows the checklist score and the corresponding OCRA index as recently updated (Occhipinti and
Colombini, 2004).

15.3 Advantages

The advantages of the two methods are as follows:

OCRA index OCRA checklist

+ Provides a detailed analysis of the main mechan-  + Purely observational; easy and quick to use
ical and organizational determinants of the risk
for UE WMSDs

+ Linked with MTM analysis and subsequent task  + Produces scores related to exposure level (green, yellow,
design: language easily understood by techni- red, very red)
cians

+ Predicts (within set limits) health effects (UE  + Produces an “exposure map” in the production unit
WMSDs) referred to the total population and to males/females sep-

arately

+ Compares different work contexts (also pre/post-  + Useful for setting priorities and planning job rotations,
intervention): can simulate different design or and for assessing previous exposures in relation to legal
redesign solutions of the workplace and job orga- problems
nization

+ Considers all the repetitive tasks involved in a  + Considers all the repetitive tasks involved in a complex (or
complex (or rotating) job and estimates the rotating) job estimating the worker’s exposure level

worker’s risk level

15.4 Disadvantages

The disadvantages of the two methods are as follows:

OCRA index OCRA checklist

+ Can be time-consuming, especially for complex  + Allows only a preliminary analysis of the main risk deter-
tasks and multiple task jobs minants with a preset overestimation

+ Value of multiplier factors determined using + Allows only an estimation of exposure per risk area (green,
nonhomogeneous approaches and data from the yellow, red, very red) and not a precise risk evaluation (as
literature for the OCRA index)

+ Initially difficult to learn the concept of “techni-  « If observers are not well trained, there is possibility of
cal action” unless familiar with MTM analysis misclassifying the risk factors

+ Does not consider all psychosocial factors related ~ + Does not consider all psychosocial factors related to the
to the individual sphere individual sphere

+ Requires a video camera for performing the anal- ~ + Not useful for analytical design or redesign of tasks and
ysis in slow motion workplaces (for that purpose the OCRA index is preferable)

15.5 Related Methods

The OCRA methods are based on and enlarge upon the indications contained in the IEA technical
committee on musculoskeletal disorders document entitled “Exposure assessment of upper limb repetitive
movements: a consensus document” (Colombini et al., 2001).

Where the frequency of the technical actions of the upper limbs is analyzed, in the OCRA index
approach, there is a specific connection with the concepts envisioned in the motion time measurement
(MTM) method (Barnes, 1968). In the case of the OCRA checklist, there are similarities with a proposal,
put forward by a group of researchers from the University of Michigan, that was incorporated in the
hand-activity level (HAL) proposed by the ACGIH (2000).
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TABLE 15.4 Example of Procedures for Analyzing Exposure to Repetitive Movements Using the OCRA Checklist:
Analytical Results of Single Checklists in an Assembly Line

B >| g 5 z g T | B o E
= o< 3l 3|8 = 5 £ 8 & $ 99| = © Q 5= 2 stations
o — o o o 2 o = = Qo Q O 5 o Q E| 8 <
o =a 8| 3|~ S © < 5 2®°|3| 5% |E|Ew
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5-6 3 371 rght T1]olo|7[3] 10 |1 22 |(|[38] 2 6 | 6 0
7-8 4 3|4 2| right |2 0|lo0[4]0] 4 1 14 ||[3 2 6 6 0
9 5 3|3 [1 ] right [1[of[o]3][3] 6 1 14 ||[3] 1 3 [ 3 0
1011 6 3[3]0 ] Mot [1]0|0]0|3] 4 |1 1|3 1 3 | 2 | 1
" g 3 6 |0 |rontiefi| 2| 0] 0| 6|3 ] 9 |1 19 |l T 51 o
12-13-1 5 3 [6 |2 [rightlleft] 1] 2[ 0] 2[3] 5 1 17 _||[s] 2 6 | 6 0
15|70 3 [0 |o[right/left] 3| o[ o0[0[2] 5 |1 9 ] 1 3] s3] o
e 320 gt [3]|2[0]0[83] 6 |1 12 B[ 3[ 3] o
1712 3|3 |0 |rightleft| a [ 2| 2| 4|3 ]| 7 1 s—|IB_1 3 [ 3 0
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21 16 31 |2 rght [alo]o|[1][3] 7 1 20 |IB]_1 3 o 3
22-23|| 17 3|1 (4] right [a[4[o]4a]3] 7 [5 5 ||I[3]__1 3 [0 3
25| 18 11 o[ rght [1]ofJo[1]1] 2 [1 o ||[B]_1 3 [ 1] 2
26 ;9 30 o |rightleft| 1 [ o[ o[o[3] 4 |2 79 |81 3 | 2 | 1
27-28 0 3 |4 [4 [rightfleft| 1 | 2[ 0| 4|3 7 |1 12|82 6 | 5 | 1
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average 2,9 3,3 1.3 1,9 08 0,3 27 26 60 15 15 78 | 60 | 18
FEMALE
17% 12%
39% 32% 68%
ALL
F.O.R )
10% 13% Risk Absent
Risk Low
Risk Medium
Risk High
40% 37%

FIGURE 15.1 Results of the final scores of the checklist in a production department in total and for gender.

15.6 Standards and Regulations

The European Council Directive 89/331/EEC, “Introduction of measures to encourage improvements in
the safety and health of workers at work,” has been incorporated in the legislation of all the European
state members. This directive requires employers to undertake a “risk assessment.” Specifically, the
directive states that “the employers shall ... evaluate the risks to the safety and health of workers...;
subsequent to this evaluation and as necessary, the preventive measures and the working and production
methods implemented by the employer must assure an improvement in the level of protection.” The
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P.LA F.O.R
0%
3% B Risk high 10% 13%
B Risk present
M% O R!sk low 40%
O Risk absent
56% 37%
F.R.E
R.E.L % 1%
0% 10% ° 38%
24% 2 16%
= 60% 51%
R.E.S
19% 3%

@ O,
22% 56% 5 production departments

All departments in the company

11.0% 5.5%

M Risk high
3832 |® R!sk present
E Risk low
O Risk absent
45.2%

FIGURE 15.2 Results of the risk map using the OCRA checKklist for five different production departments.

TABLE 15.5 Checklist Score and OCRA Index

Checklist Score  OCRA Index Exposure Level

<7.5 2.2 no exposure
7.6-11 2.3-3.5 very low exposure
11.1-14.0 3.6-4.5 light exposure
14.1-22.5 4.6-9.0 medium exposure
222.6 29.1 high exposure

OCRA methods, at different levels, are tools tailored for the assessment and management of risks

associated with UE WMSDs.
Another European directive, 98/37/EEC and relevant modifications, sets forth essential safety and
ergonomic requirements in the design, construction, and marketing of new machines. The directive has
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prompted the European Committee for Standardization (CEN) to develop a large number of technical
standards aimed at verifying compliance with these requirements. Among these standards, those belong-
ing to the EN-1005 series concern the use of manual force on machinery. Standard 1005-5, still in the
draft stage, concerns manual activities featuring low force and high frequency. The current draft is largely
based on the evaluation procedures in the OCRA method.

15.7 Approximate Length of Training and Application

Both methods, being closely related, generally require 2 days of training time. Follow-up sessions to
ensure the training efficacy (8 hours) are highly recommended. The application time for the OCRA index
is dependent on the complexity of the task/job. For a task with a cycle time of 30 seconds it takes about
30 to 45 min to complete the analysis. The analysis of a generic task/workplace using the checklist takes
about 10 to 15 min.

15.8 Reliability and Validity

Based on existing studies, Occhipinti and Colombini (2004) report that the OCRA index is highly
associated with the prevalence of UE WMSDs in the exposed populations. In particular, the following
linear regression equation can be used to predict the expected prevalence of persons affected by UE
WMSDs (with 95% confidence limit):

UE WMSDs% = (2.39 £ 0.27) x OCRA index

The association expressed by the regression equation shows R? = 0.92 and is statistically very significant
(p < 0.00001).

Occhipinti et al. (2000) reported a very high concordance and a close association between the OCRA
index and the checklist scores when the two methods are applied to the same work contexts by two
different experts. No formal studies on inter- and intraobserver variability exist yet. However, empirical
data strongly suggest that the reliability and validity are highly dependent upon the training and expertise
of the analyst.

15.9 Tools Needed

Both methods can be carried out using just a pen and paper. The OCRA index method, however, often
requires the use of a video camera that allows films to be viewed in slow motion. The checklist, by
definition, is completed directly at the workplace. Both methods have specialized software available for
loading and processing the data and results (Colombini et al., 2002).
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16.1 Background and Application

Previous research has relied on two main criteria to assess musculoskeletal injury risk exposure: those
based on epidemiological investigations and those based on analysis of the potential biomechanical
overload of the lumbar disks. Data from epidemiological studies point unequivocally to the existence of
a relationship between the type and number of maneuvers involved in manual movement of patients
and the occurrence of certain acute and chronic disorders of the lumbar spine (Bordini et al., 1999;
Colombini et al., 1999a, 1999b). Biomechanical studies briefly refer to measurements of lumbar loads
during lifting or handling movements with noncooperative patients. Gagnon (1986) calculated 641 kg
as the maximum load acting on the lumbar disks when lifting a patient weighing 75 kg from sitting to

0-415-28700-6/05/$0.00+$1.50 16-1
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standing position. Garg et al. (1991) calculated 448 kg as the average load on disk L5/S1 when moving
a patient from bed to wheelchair. In a recent study, Ulin and Chaffin (1997) calculated a disk load of
1020 kg when moving a noncooperative patient weighing 95 kg.

These and other studies showed how manual handling of patients often produces a disk load exceeding
the values defined as tolerable (about 275 kg in women and 400 kg in men), which roughly correspond
to the concept of "action limit" (NIOSH, 1981). Other studies (Dehlin, 1976; Magora, 1970; Stobbe et
al., 1988; Takala, 1987; Winkelmolen et al., 1994) also correlate the injury risk due to manual patient
handling with:

+ Degree of patient's disability

+ Type of transfer operation performed

+ Daily frequency of lifting operations

+ Unsuitability of beds or absence of equipment (patient lifting aids)

Menoni et al. (1999) developed the MAPO (movement and assistance of hospital patients) method
practical tool for analysis and intervention and prevention. The MAPO exposure index was calculated
on 440 different types of wards in hospital and residences (nursing home) for both acute and long-term
patients (with few exceptions) and for 6400 nurses exposed to manual patient handling. This method is
not applicable in accident and emergency settings, in operating theaters, or to physiotherapy.

16.2 Procedures

16.2.1 General Aspects
It is necessary to identify the following main factors which, together, characterize occupational exposure:

+ Patient care load produced by the presence of disabled patients
+ Type and degree of motor disability of the patients

+ Structural aspects of the working environment and the wards

+ Equipment installed

+ Training of staff on the specific topic

To calculate the MAPO index, we used a data-recording worksheet (see Figure 16.1) that consists of
two parts:

1. PartIis completed during an interview with the head nurse. The interviewer collects all informa-
tion concerning organizational and training aspects

2. Part II is completed during an on-site inspection. This section of the worksheet is specifically
designed to facilitate the analysis of environmental and equipment aspects and to assess specific
subsidiary maneuvers.

16.2.1.1 Disabled Patient/Operator Ratios (NC/Op and PC/Op)

For a description of the care load, the following information needs to be collected:

+ Number and type of workers (operators) employed in the unit and the number assigned to manual
patient handling divided into three shifts (Op)

+ Type of patients usually encountered in manual handling (noncooperative [NC] or partially
cooperative [PC])

It is necessary to know the average number of disabled patients present in the unit. Disabled patients
are further classified, on the basis of residual motor capacity and current illness, into totally noncoop-
erative (NC) and partially cooperative (PC). By totally noncooperative (NC), we mean a patient who is
unable to use the upper and lower limbs and who therefore has to be fully lifted in transfer operations.
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DATA COLLECTION SHEET FOR THE MAPO INDEX

HOSPITAL: UNIT: Medicine
TOTAL NO. STAFF ENGAGED ON PATIENT TRANSFER OVER 3 SHIFTS:
Morning 4 Afternoon 3 Night 2 Total no. operators | 9 |
TYPE OF PATIENT:
DISABLED (D) 22 (Average No.)
Noncooperative patients (NC) No. 16 Partially cooperative patients (PC) No. 6
WHICH MANUAL (D) PATIENT TRANSFER OPERATIONS ARE PERFORMED?:
- bed-wheelchair - bed-trolley [ - to pillow Sother .ooiviiiii

WHEELCHAIR AND COMMODES:

TYPE OF WHEELCHAIR OR COMMODE
FEATURES AND A B C D E F G No. of
INADEQUACY SCOREOF |g| OWh | OWh | OWh | OWh | OWh | OWh | OWh wheelchairs
WHEELCHAIRS (Wh) AND/ § [Jcom | (Jcom | (Jcom | [com | [dcom | [Jcom | [Jcom |10]
OR COMMODES (com) No. 3 No. 1 No. 3 No. 3 No. No. No.

Poor maintenance
Malfunctioning brakes 1[X X X
Armrest not extractable 1 X X
Footrest not extractable
Backrest cumbersome 1{X X X Total wheelchair
Width exceeding 70 cm 1 X score
Column score 6 4 0 9 19
No. (Wh or com) X sum of

scores

Mean score (MSWh) = total wheelchair score/no. wheelchairs | 1.9 | MSWh

ARE WHEELCHAIRS SUFFICIENT IN NUMBER? (at least 50% of total no. of disabled patients)
CJYES NO

LIFTING DEVICES: MANUAL No. |_1 | ELECTRIC No. |1 |

ARE LIFTING DEVICES NORMALLY USED? YES
If yes, for which operations?: it’s only used for electric type

If no, why? not suitable for the unit’s requirements
[ lack of training
often broken
[ use too time-consuming
[ not enough space for use

ARE MANUAL PATIENT LIFTING OPERATIONS COMPLETELY ELIMINATED BY USE OF LIFTING DEVICES?
[JYES NO

FIGURE 16.1 Data collection sheet for MAPO index. Example of application.
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OTHER AIDS AVAILABLE:
GLIDEBOARDS TRANSFER DISCS  ROLLERS ERGONOMIC BELTS SLIDING SHEETS
No. No. No. 1 No. No.

FOR WHICH OPERATIONS ARE THESE AIDS USED?

bed/wheelchair transfer [ bed/trolley transfer [] moving in bed [ other.

STRUCTURAL FEATURES OF ENVIRONMENT

BATHROOMS (centralized or individual in rooms):
TYPE OF BATHROOMS WITH SHOWER/BATH

FEATURES AND INADEQUACY A B C D E F G

SCORE OF BATHROOMS WITH % [ centr.| [ centr.| [ centr.| [ centr.| [] centr.| [] centr.| [] centr.
SHOWER/BATH | [ indiv.| [ indiv.| O indiv.| OJ indiv.| O indiv.| [ indiv. | (J indiv.
centr. = centralized No. 1 No. 2 No. No. No. No. No. Total no.
indiv. = individual bathrooms
Free space inadequate 2 X X |3

for use of aids

Door opening inward
(not outward)

No shower

No fixed bath Total score
Door width less than 85 cm 1 X for
Nonremovable obstacles 1 bathroom:

Column score
(No. bathrooms X sum of scores) 3 4 7

Mean score bathrooms (MSB) = total score bathrooms/total no. bathrooms: | 2.33 | MSB

TOILETS (WC) (centralized or individual in rooms):

TYPE OF TOILETS (WC)
FEATURES AND INADEQUACY A B C D E F G
SCORE OF TOILETS [ centr. | [ centr. | [ centr. | (] centr. | (] centr. | (] centr. |[] centr.
centr. = centralized 95’ [Jindiv. | indiv. |[J indiv. | [J indiv. | (] indiv. | (] indiv. | (] indiv.
indiv. = individual &#| No. 1 No. 7 No. No. No. No. No. Total nno.
Free space insufficient to turn toilets (WC)
wheelchair round 2 X X |8
Door opening inward
(not outward)
Height of WC insuffient (below 50 cm) | 1 X
WC without side grips 1 X
Door width less than 85 cm 1 Total WC
score
Space at side of WC less than 80 cm | 1 X
Column score 3 28 31
(No. toilets X sum of scores)

Mean score toilets (MSWC) = total WC score/no. WC: | 3.87 | MSWC
No. WARDS: 10

FIGURE 16.1 Data collection sheet for MAPO index. Example of application. (continued)
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TYPE OF WARDS

FEATURES AND INADEQUACY SCORE No.2 | No.8 [No.__ | No.__ |No.__|No.__|No. __

OF WARDS Wards | Wards | Wards | Wards | Wards | Wards | Wards

% No.4 | No.2 |No.__[No.__|No.__[No.__|No.__
& | beds | beds beds | beds | beds | beds | beds

Space between beds or between bed 2 X X Total no.

and wall less than 90 cm wards
Space at foot of bed less than 120 cm 2 X |10]
Presence of nonremovable obstacles
Fixed beds with height less than 70 cm
Bed unsuitable: needs to be partially 1

lifted
Side flaps inadequate
Space between bed and floor less than 2

15 cm
Beds with two wheels or without wheels Total ward
Height of armchair seat less than 50 cm 05| X score
Column score (No. wards X sum of scores) 9 16 25
Mean score wards (MSW) = total score wards/total no. wards | 2.5 | MSW
MEAN ENVIRONMENT SCORE = MSB + MSWC + MSW = |8, 7| MSE
Presence of height-adjustable beds: CJYES NO
If yes, no. (in unit) [ with three [ manual [ electric

sections
Space between bed and floor less than 15 cm: [CJYES ONO
STAFF TRAINING IN MANUAL

LOAD HANDLING
not given (2)
[ included in training course (0.75)
[ given only via training course on use of aids (1)

[J only via information brochures (1)

FIGURE 16.1 Data collection sheet for MAPO index. Example of application. (continued)

By partially cooperative (PC), we mean a patient who has residual motor capacity and who is therefore

only partially lifted.

The choice of dividing the disabled patients into totally noncooperative (NC) and partially cooperative

(PC), which is also well proven in the literature, is derived from the evidence indicating a different

biomechanical overload on the lumbar spine in relation to the various types of maneuvers performed.

16.2.1.2 Lifting Factor (LF)

Assessment of patient lifting devices combines two aspects: a sufficient number compared with the
number of totally noncooperative patients, and their adequacy compared with the needs of the unit. By
"sufficient number," we mean the presence of one lifting device for every eight totally noncooperative

patients (NC).
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STRUCTURAL FEATURES OF ENVIRONMENT

NUMBER OF DISABLED PATIENTS/OPERATORS RATIO

No. noncooperative patients (NC) 16 mean no. operators (OP)9 = 1.77 mean NC/OP

No. partially cooperative patients (PC) 6 mean  no. operators (OP) 9 = 0.66 mean PC/OP
LIFTING DEVICE FACTOR (LF) VALUE OF LF

Lifting devices ABSENT or 4

INADEQUATE + INSUFFICIENT 2 |2 | LF

Lifting devices INSUFFICIENT or INADEQUATE 0.5

Lifting devices ADEQUATE and SUFFICIENT

MINOR AIDS FACTOR (AF) VALUE OF AF

Minor aids ABSENT or INSUFFICIENT 1 |L| AF
Minor aids SUFFICIENT and ADEQUATE 0.5
WHEELCHAIR FACTOR (WF)
Mean wheelchair score (MSWh)

0.5-1.33 1.34-2.66 2.67-4 | 1| wr
Numerically sufficient YES NO YES NO YES NO
VALUE OF WF 0.75 1 1.12 1.5 1.5 2
ENVIRONMENT FACTOR (EF)
Mean environment score (MSE) 0-5.8 5.9-11.6 11.7-17.5
VALUE OF EF 0.75 1.25 1.5 | 1.25 | EF
TRAINING FACTOR TF FACTOR
Adequate training 0.75
Only information 1 | 2| TF
No training 2

MAPO EXPOSURE INDEX

MaPO = [(lt.77  x 2Dy + (loesl x 111 x 1] x [125] x [2] = 1056
INDEX NC/OP LF PC/OP AF WEF EF TF

FIGURE 16.1 Data collection sheet for MAPO index. Example of application. (continued)

We consider "inadequate for the needs of the unit" a lifting device that:

+ Cannot be used for the type of patient normally present in the department
+ Is in a poor state of repair (often broken)
+ Cannot be used due to the environmental features of the wards and/or bathrooms

The value assigned to the lifting factor (LF) varies from 0.5 to 4, as seen in Table 16.1. In brief, the
values assigned are based on the features of sufficient number and/or adequacy described above, having
first and foremost estimated a standard lifting frequency (an NC patient is usually moved at least four
times per day), which produces the maximum obtainable score for the parameter: LF = 4.
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TABLE 16.1 Values Assigned to Lifting Factor (LF)

Features of Lifting Device LF Value
Absent or inadequate + insufficient 4
Insufficient or inadequate 2
Sufficient + adequate 0.5

16.2.1.3 Minor Aids Factor (AF)

We consider as minor aids equipment that reduces the number of or the overload produced by certain
operations to partially move the weight of the patient (sliding sheet, transfer disc, roller, ergonomic belt).
They are considered to be present when the unit is equipped with one sliding sheet plus at least two of
the other aids mentioned.

A reducing value (0.5) was assigned to the relative factor, considering that the presence of these aids
reduces the number of the said operations. When minor aids are not present or are insufficient, the value
assigned is 1.

16.2.1.4 Wheelchair Factor (WF)

Assessment of wheelchairs and/or commodes considers two aspects in an integrated manner: sufficient
number compared with the number of disabled patients, and the presence of ergonomic requirements.
By sufficient number, we mean the presence of a number of wheelchairs equal to at least half of the
disabled patients in the unit. This choice was based on the observation that some totally noncooperative
(bedridden) or partially cooperative patients do not use wheelchairs. Assessment of the ergonomic
requirements is made by assigning a value of 1 to each type of wheelchair/commode identified during
on-site inspection for absence of each of the following features:

+ Arm rests, which should be removable

* Back rest, which should not be cumbersome
+ Equipped with reliable brakes

+ Width, which should not exceed 70 cm

From the sum of the "inadequacy" score for each type of wheelchair, multiplied by the number of
wheelchairs (with the same features), the total score for each type of wheelchair is obtained (column
score, see Figure 16.1). From the sum of the various column scores, divided by the total number of
wheelchairs, the mean wheelchair score (MSWh) is obtained, which is therefore an assessment of the
ergonomic suitability of all wheelchairs/commodes present in the unit.

It is thus possible to define the wheelchair factor (WF) value by combining the two aspects assessed
(number and ergonomic requirements), as shown in Table 16.2. The value of this factor varies from 0.75
to 2 because, on the basis of preliminary observations, the presence of inadequate or numerically
insufficient wheelchairs or commodes leads to at least double the frequency of patient transfer operations
that produce a biomechanical overload of the lumbar spine.

16.2.1.5 Environment Factor (EF)

Only the structural aspects of the environment that can cause an increase or a decrease in the transfer
movements overloading the lumbar spine were considered. Three sections in the data recording worksheet
were reserved for this purpose (see Figure 16.1), which cover analysis of bathrooms, toilets, and wards.

TABLE 16.2 Values Assigned to Wheelchair Factor (WF)

Mean Wheelchair Score
0-1.33 1.34-2.66 2.67-4

Numerically sufficient Yes No Yes No  Yes No
Value of wheelchair
factor (WF) 0.75 1 1.12 1.5 1.5 2
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TABLE 16.3 Scores Assigned to Structural Features Recorded in
Bathrooms, Toilets, and Wards

Structural Features Score
Bathrooms:

Free space inadequate for use of aids 2
Door width less than 85 cm

Nonremovable obstacles

Toilets:

Free space insufficient to turn wheelchair round
Height of wheelchair insufficient (below 50 cm)
Wheelchair without side grips

Door width less than 85 cm

Space at side of wheelchair less than 80 cm

Wards:

Space between beds less than 90 cm

Space at foot of bed less than 120 cm

Bed unsuitable: needs to be partially lifted

Space between bed and floor less than 15 cm
Armchairs unsuitable (height of seat less than 50 cm)

—_

[

SN =N

For each section, we identified a number of inadequacy features with scores as shown in Table 16.3.
The highest scores (1 or 2) were assigned to environmental aspects that, if inadequate, oblige the operators
to perform a greater number of patient transfer maneuvers. The lowest score (0.5) was assigned to the
presence of furniture (e.g., armchairs) that prevents the partially cooperative patient from using any
residual motor capacity, so that the operator has to lift the patient.

For each section — bathrooms (B), toilets (WC), wards (W) — the procedure is the same as for
wheelchairs, i.e., calculating the mean score (MS) of "inadequacy” of the sections (MSB, MSWC, MSW).
The sum of the mean scores of the three sections constitutes the mean environment score (MSE), which
is divided into three categories of equidistant range to express low, average, and high inadequacy, as
shown in Table 16.4.

The environment factor (EF) value varies from 0.75 to 1.5. On the basis of preliminary observations, it
was possible to establish that total absence of ergonomic requirements in environment structures leads to an
increase of about 1.5 in the number of maneuvers producing a biomechanical overload of the lumbar spine.

16.2.1.6 Training Factor (TF)

The last determining factor contributing to a definition of the exposure index is the specific training of
operators. Experience in verifying the efficacy of training enabled minimum requirements to be defined
for specific training adequacy based on the following features:

+ Training course lasting 6 hours divided into a theoretical section and practical exercises on tech-
niques for partially lifting patients that produce the least overload
+ Practical exercises on the correct use of equipment

Where training had these features, it was noted, via on-site observations even though these were not
performed systematically, that the number of movements producing an overload of the lumbar spine
decreased considerably and that the remainder were performed in a "less overloading" manner. For these
reasons, a reducing value of 0.75 was assigned to the cases of adequate training. Where training was
limited simply to giving information (verbal or via leaflets), no significant reduction was observed in the

TABLE 16.4 Values Attributed to Environment Factor (EF)

Degree of inadequacy Low Average High
Mean environment score (MSE) 0-5.8 5.9-11.6 11.7-17.5
Environment factor value (EF) 0.75 1.25 1.5
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number of movements producing overload. Therefore a training factor of 1 was assigned. In the cases
where no type of training was given, the frequency—severity of the overloading movements was doubled
(training factor 2).

16.2.2 General Features of the Calculation Model of MAPO Index

MAPO synthetic exposure index is calculated using the following expression:
MAPO = [(NC/Op x LF) + (PC/Op x AF)] x WE x EF x TF

In the above expression, the relationships between disabled patients and operators (NC/Op and PC/
Op) are, in view of the previous observations, of primary importance and are a function of the frequency
of the lifting and/or transfer operations objectively demanded of the operators in the unit under study.

The ratios NC/Op and PC/Op are "weighted" with respect to "lifting" and "minor aids" factors,
respectively, in order to assess the potential biomechanical overload produced by transfer operations
according to the presence/absence and suitability of the aids under study. The other factors (WF, EF, TF)
act as multipliers (negative or positive) of the general exposure level (increase—decrease in frequency or
overload in manual patient handling operations).

In the calculation model, the lifting factor (LF) is a multiplier or a reduction factor only in noncoop-
erative patients, whereas the minor aids factor (AF) is related only to partially cooperative patients. This
approach was chosen to rationalize the model, even though in reality both types of aids refer to the total
number of disabled patients. The other factors (wheelchairs, environment, and training) were correlated
both with noncooperative and partially cooperative patients, since if they are inadequate they can produce
an increase in the frequency—severity of movement—transfer operations of disabled patients.

16.2.3 Classification of MAPO Index Results

The studies and experiments carried out so far have made it possible to identify different exposure levels
(green, yellow, and red) with key MAPO scores. By considering the trend of odds ratio in reference to
negligible levels of exposure, it is possible to define the following MAPO index classification criteria and
to indicate the consequent preventive actions to be adopted.

The green band corresponds to an index level between 0 and 1.5, where risk is negligible save in the
case of the previously described exceptions (ratio of noncooperative patients/operators >0.25 without
lifting devices). Within this range, the prevalence of low back pain appears identical to that of the general
population (3.5%).

The yellow "alert" band falls within a range of index values between 1.51 and 5. In this range, low
back pain can have an incidence 2.5 times higher than in the green band. At this level, it is necessary to
perform a medium- and long-term intervention plan to address the issues of health surveillance, aid
equipment, and training.

The red band, with exposure index above 5, corresponds to certain and always higher risk, where low
back pain can have an incidence up to 5.6 times the expected incidence. In this case, a short-term
intervention plan must be performed to address the issues of health surveillance, aid equipment, training,
and environment.

16.3 Advantages

+ Allows identification of three action levels in accordance with the well-known traffic light model
(green, yellow, red), which is of great practical value

+ Provides detailed analysis of the main risk determinants for low back pain in nurses

+ Facilitates comparison of different wards

+ Allows pre- and postintervention plan comparison, thus making it possible to simulate different
types of intervention
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+ Enables simple and quick analyses

16.4 Disadvantages

+ MAPO is not an individual index but represents a risk level of the analyzed ward.

+ MAPO is not applicable in emergency wards.

+ In some specific situations, it is possible to have a residual risk when the MAPO value is under 1.5.
+ The environment factor does not consider the ergonomic features of beds.

+ Sometimes in nursing homes, the value of the wheelchair factor is inadequate.

16.5 Related Methods

The only method related to the MAPO index was proposed by Stobbe in 1988. Stobbe identified two
exposure levels — high and low risk — that were correlated with the frequency of patient lifting (high

being more than five liftings per operator and per shift, low being less than three liftings). The author
used an interview with head nurses to quantify the mean number of lifting maneuvers for the ward
operators. Only two types of maneuvers were considered: bed—wheelchair and toilet—-wheelchair.

16.6 Standards and Regulations

In Europe, a special impulse was given to the assessment of risk involved in manual handling of loads
by the European Council Directive 90/269/EEC, which defines what is meant by manual load handling
and the relevant obligations of the employer. In the spirit of the legislation, the primary objective is to
eliminate risk (check of automation possibility or complete operations mechanization).

The MAPO method is also a tool to guide prevention measures, both in choice of priorities and also
for facilitating the relocation of operators who are judged not “sufficiently fit.”

For assessment of environmental ergonomic requirements (bath, toilet, and wards), MAPO takes into
account the laws and regulations on architectural barrier demolition.

As regards the lifting factor of the MAPO index, reference is made to the standard EN ISO 10535.

16.7 Approximate Training and Application Time

The MAPO method requires, on the whole, 12 hours of training time. A follow-up of training efficacy
(4 hours) is highly recommended.

It normally takes about 45 min for a trained operator to evaluate the risk of a single ward using the
MAPO index. A preliminary meeting with head nurses (of all the wards) is required to obtain the
information needed to calculate the MAPO index.

16.8 Reliability and Validity

A study of the association between exposure (MAPO index) and low back pain was carried out with a
multicenter study in 23 hospitals and nursing homes, 234 wards, and 3400 nurses (Menoni et al., 1999).
The analysis was conducted with odds ratio (logistic regression analyses) and incidence rate ratio (Poisson
regression).

Results reported by Battevi et al. (1999) show that at index level between 0 and 1.5, the prevalence of
low back pain appears identical to that of the general population (3.5%). Over the range of MAPO index
between 1.51 and 5, the incidence of low back pain is 2.5 times higher than the general population. When
the MAPO index is above 5, there incidence of low back pain can be up to 5.6 times than general
population.
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16.9 Tools Needed

Just a pen, a paper, and a tape measure are necessary.
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Various methods of measuring physiology used in the medical field are increasingly being borrowed for
human factors and ergonomics purposes to study operators in workplaces with respect to workload or,
more specifically, mental workload. There are many reasons why the measurement of operators’ mental
workload earns great interest these days, and will increasingly enjoy this status in the near future. First,
the nature of work has largely changed, or at least been extended, from physical (e.g., measured by muscle
force exertion, addressed in this section) to cognitive (e.g., measured in brain activity, also covered in
this section), a trend that has not reached ceiling yet. Second, accidents in workplaces of all sorts are
numerous and costly, and they are seemingly ineradicably and in fact largely attributable to the victims
themselves, human beings. Third, human errors related to mental workload, in the sense of inadequate
information processing, are the major causes of the majority of accidents (Smiley and Brookhuis, 1987).

While both low and high mental workload (e.g., as reflected in heart rate parameters [Smiley and
Brookhuis, 1987]) are undoubtedly basic conditions for the occurrence of errors, an exact relationship
between mental workload and accident causation is not easily established, let alone measured in practice.
De Waard and Brookhuis (1997) discriminated between underload and overload, the former leading to
reduced alertness and lowered attention (e.g., reflected in eye parameters), the latter to distraction,
diverted attention, and insufficient time for adequate information processing. Both factors have been
studied in relationship to operator state; however, the coupling to error occurrence is not via a direct
link (see also Brookhuis et al., 2002). Criteria for when operator state is below a certain threshold, leading
to erroneous behavior, should be established. Only then can accidents and mental workload (high or
low) be related, in conjunction with the origins such as information overload (e.g., measured by blood
pressure or galvanic skin response [Brookhuis et al., 2002]), fatigue (e.g., reflected in the electroenceph-
alogram [Brookhuis et al., 2002]), or even a factor such as alcohol (e.g., measured with a breathalyzer
[Brookhuis et al., 2002]). The operator’s working environment and the work itself will only gain in
complexity, at least for the time being, with the rapid growth in complex electronic applications for
control and management. And last but not least, aging plays a role in the interest of the measurement
of operators’ mental workload these days, and will increasingly do so in the near future (the “gray wave”).

Aslong as 30 years ago, Kahneman (1973) defined mental workload as directly related to the proportion
of the mental capacity an operator expends on task performance. The measurement of mental workload
is the specification of that proportion (O’Donnell and Eggemeier, 1986; De Waard and Brookhuis, 1997)
in terms of the costs of the cognitive processing, which is also referred to as mental effort (Mulder, 1980).
Mental effort is similar to what is commonly referred to as doing your best to achieve a certain target
level, to even “trying hard” in case of a strong cognitive processing demand, reflected in several physio-
logical measures. The concomitant changes in effort will not show easily in work performance measures
because operators are inclined to cope actively with changes in task demands, for instance in traffic, as
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drivers do by adapting their driving behavior to control safety (Cnossen et al., 1997). However, the
changes in effort will be apparent in self-reports of the drivers and, a fortiori, in the changes in certain
physiological measures such as activity in certain brain regions as well as heart rate and heart rate
variability (cf. De Waard, 1996).

Mulder (1986) discriminates between two types of mental effort, i.e., the mental effort devoted to the
processing of information in controlled mode (computational effort) and the mental effort needed to
apply when the operator’s energy state is affected (compensatory effort). Computational effort is exerted
to keep task performance at an acceptable level, for instance, when task complexity level varies or
secondary tasks are added to the primary task. In case of (ominous) overload, extra computational effort
could forestall safety hazards. Compensatory effort takes care of performance decrement in case of, for
instance, fatigue up to a certain level. Underload by boredom, affecting the operator’s capability to deal
with the task demands, might be compensated as well. In case effort is exerted, be it computational or
compensatory, both task difficulty and mental workload will be increased. Effort is a voluntary process
under control by the operator, while mental workload is determined by the interaction of operator and
task. As an alternative to exerting effort, the operator might decide to change the (sub)goals of the task.
Adapting driving behavior as a strategic solution is a well-known phenomenon. For example, overload
because of an additional task, such as looking up telephone numbers while driving, is demonstrated to
be reduced by lowering vehicle speed (see De Waard et al., 1998, 1999).

Basically there are three global categories of measurement distinguished in this field: measures of task
performance, subjective reports, and physiological measures (see also Eggemeier and Wilson, 1991;
Wierwille and Eggemeier, 1993; Brookhuis, 1993). The first and the most widely used category of measures
is based on techniques of direct registration of the operator’s capability to perform a task at an acceptable
level, i.e., with respect to an acceptably low accident likelihood. Subjective reports of operator perfor-
mance are of two kinds: observer reports, which are mostly given by experts, and self-reports by the
operators. The value of observer reports is by virtue of strict protocols that limit variation as produced
by personal interpretation; the value of self-reports is mainly by virtue of validation through multiple
applications in controlled settings. Well-known examples of the latter are the NASA task-load index
(NASA-TLX) (Hart and Staveland, 1988) and the rating scale of mental effort (RMSE) (Zijlstra, 1993).
Finally, physiological measures are the most natural type of workload index, since, by definition, work
demands physiological activity. Both physical and mental workload have, for instance, a clear impact on
heart rate and heart rate variability (Mulder, 1980, 1986, 1988, 1992; Brookhuis et al., 1991), on galvanic
skin response (Boucsein, 1992), on blood pressure (Rau, 2001), and on respiration (Mulder, 1992;
Wientjes et al., 1998). Mental workload might increase heart rate and decrease heart rate variability at
the same time (Mulder et al., Chapter 20, this volume). Other measures of major interest are event-
related phenomena in the brain activity (Kramer, 1991; Noesselt et al., 2002) and environmental effects
on certain muscles (Jessurun, 1997).

In this section, i.e., the next nine chapters of the handbook (Chapter 18 through Chapter 26), the
methodology of measuring a number of relevant physiological parameters is elaborated. These include
the cardiovascular parameters of heart rate and heart rate variability; the electrocortical parameters of
frequency shifts in the electroencephalogram and event-related potentials; galvanic skin responses; blood
pressure responses; respiration rate; magnetic reflections of activities in the brain; eyelid movements;
and muscle activity.

The section starts with an overview of a very old method, the measurement of electrical phenomena
in the skin (Chapter 18). Measurement techniques include galvanic skin response (GSR), skin potential,
peripheral autonomic surface potentials, etc., all with the aim of studying electrodermal activity. The
latter can be regarded as a psychophysiological indicator of arousal, stress—strain processes, and emotion.
The measurement of electrodermal activity is used to investigate orienting responses and their habitua-
tion, for studying autonomic conditioning, for determining the amount of information-processing capac-
ity needed during a task, and for determining the arousal/stress level, especially in situations evoking
negative emotions. It has also been used for measuring workload and mental strain, specifically emotional
strain; increases in certain types of electrodermal activity indicate readiness for action.
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Chapter 19 addresses electromyography (EMG), i.e., muscle function through analysis of the electrical
signals emanated during muscular contractions. EMG is commonly used in ergonomics and occupational
health research because it is noninvasive, allowing convenient measures of physical effort during move-
ments as well as physiological reactions caused by mentally controlled processes.

In Chapter 20, heart rate is the central topic. Heart rate is derived from the electrocardiogram (ECG),
which reflects the (electrical) activity of the heart. For the assessment of mental effort, the ECG itself is
not of interest; rather, the time duration between heartbeats is the interesting information. During task
performance, operators have to expend (mental) effort, which is usually reflected in increased heart rate
and decreased heart rate variability when compared with resting situations. The general cardiovascular
response pattern that is found in many mental-effort studies can be characterized by an increase of heart
rate and blood pressure and a decrease of variability in heart rate and blood pressure in all frequency
bands. This pattern is comparable with a defense reaction and is predominantly found in laboratory
studies using short-lasting tasks requiring challenging mental operations in working memory.

Chapter 21 describes the technique for detecting hypovigilance, sleepiness, or even sleep, by ambulatory
EEG (and EOG) recording, enabling the investigator to obtain a second-to-second measure of manifest
sleepiness (and sleep). The measurement technique is relatively old, much used, reliable, and well accepted
by the research community.

Chapter 22 describes mental chronometry using the event-related potential (ERP), which is derived
as a transient series of voltage oscillations in the brain that can be recorded from the scalp in response
to discrete stimuli and responses. Some ERP components, usually defined in terms of polarity and latency
with respect to discrete stimuli or responses, have been found to reflect a number of distinct perceptual,
cognitive, and motor processes, thereby proving useful in decomposing the processing requirements of
complex tasks. ERPs are being used to study aspects of cognition that are relevant to human factors and
ergonomics research, including such topics as vigilance, mental workload, fatigue, adaptive aiding, stres-
sor effects on cognition, and automation.

Chapter 23 is a companion to Chapter 22. Both chapters describe the measurement of neural activity
within the brain, but Chapter 23 focuses on the use of a noninvasive outside-the-head technique that
uses magnetic fields to monitor neural activity (deep) within the brain. The corresponding recordings
are known as a magnetoencephalogram (MEG), which is supplemented by a comparable technique called
magnetic resonance imaging (MRI). In recent years, these techniques have gained considerable interest
in neurophysiological applications because they enable the analysis of the substrate of specific cognitive
processes. Recent attempts to employ these methods in the diagnosis of certain neurological diseases
seem to be successful.

Chapter 24 describes techniques for evaluating workload by measuring ambulatory blood pressure.
This type of ambulant technique can assess interactions — behavior, emotion, and activation — with
workload under real work conditions. Carryover effects of workload on activities, behavior, strain after
work, and recovery effects during rest can also be measured. This implies an enhancement of the
load—strain paradigm from short-term effects (fatigue, boredom, vigilance, etc.) to long-term effects of
work (disturbed recovery processes after work, cardiovascular health diseases, diabetes mellitus, depres-
sion, etc.).

Chapter 25 is about alertness monitoring. Certain measures of ocular psychophysiology have been
identified for their potential to detect minute-to-minute changes in the drowsiness and hypovigilance
that are associated with lapses of attention and diminishing alertness during performance. A measure of
slow eyelid closure, referred to as percentage of closure (PERCLOS), correlated highly with lapses in
visual vigilance performance. The technique is increasingly being used to monitor operators in their
working environment (e.g., professional drivers).

Finally, Chapter 26 describes the measurement of respiration in applied research. Respiratory mea-
surement is a potentially powerful asset, as it seems closely related to a variety of important functional
psychological dimensions, including response requirements and appraisal patterns. Respiratory measures
can also provide valuable supplementary information to alternative measures (subjective measures and
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other measures of operator workload) and in cases where the task environment is stressful or potentially
hazardous.

The selection criteria for the chapters included in this section were: (a) nonintrusiveness and (b)
proved effects in relation to mental work conditions. Measurement of most of the included physiological
parameters is relatively easy, or at least feasible, in the working environment. However, some measures
of brain activity in the working environment are difficult (event-related potentials in the electroenceph-
alogram) or even impossible (magnetic phenomena within the cortex), at least for the time being.
Nevertheless, all of these measurement techniques are relevant within the context of this section.
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18.1 Background and Applications

Electrodermal activity (EDA) is a common term for all electrical phenomena in the skin. The term
comprises galvanic skin response (GSR), skin potential, peripheral autonomic surface potentials, etc. It
can be measured with or without the application of an external voltage to the skin, although the use of
a 0.5-V constant external voltage is most common. Electrodermal recording dates back to the late 19th
century and has been widely used as a psychophysiological method (Boucsein, 1992). It is easy to measure
and interpret.

Since EDA is generated by sweat gland activity, its central-nervous origin lies solely in the sympathetic
branch of the autonomic nervous system. Therefore, EDA can be regarded as a psychophysiological
indicator of arousal, stress—strain processes, and emotion that is not influenced by the parasympathetic
branch of the autonomic nervous system. The phasic part of EDA depends to a great extent on the
number of sweat gland ducts that are momentarily filled with sweat, thus providing electric shunts
between the skin surface and the well-conducting deeper tissue. Tonic EDA, on the other hand, depends
mostly on the degree of moisture in the upper epidermal layers as a consequence of phasic electrodermal
phenomena. Since these so-called electrodermal responses (EDRs) will moisten the upper layers, their
count can be used as an index of tonic EDA as well.

In laboratory settings, EDA has been used for investigating orienting responses and their habituation,
for autonomic conditioning, for determining the amount of information-processing capacity needed
during a task, and for measuring the arousal/stress level, especially in situations evoking negative emotions
(Boucsein, 1992). As a method in human factors and ergonomics, EDA has been used for determining
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workload, mental strain, and, most specifically, the amount of emotional strain (Boucsein and Backs,
2000). In the context of task-related information processing, an increase in phasic EDA indicates orienting
or directing one’s attention toward a stimulus, whereas an increase in tonic EDA indicates readiness for
action (Figure 18.1).

18.2 Procedure

18.2.1 Recording Sites

Although sweat gland activity appears more or less at the whole body surface, palms and soles have been
found to be the most active sites, especially when emotional components of stress or workload are
involved. If ergonomic or physical reasons prohibit recording from these sites, EDA can be taken from
the inner aspect of the foot adjacent to the sole (see Boucsein, 1992, Figure 28). Two electrodes are
attached in a 3- to 4-cm distance. No previous treatment of the sites is required, except for an inactive
reference site in the case of skin potential measurement, which is, however, uncommon in ergonomics.

18.2.2 Electrodes and Electrolyte

Electrodermal recording is performed with 6-mm-diameter disk electrodes with a sintered silver/silver
chloride surface and a cylindrical plastic chamber for the electrolyte. They are attached to the skin with
double-sided adhesive collars, the hole of which fits the chamber diameter. An isotonic electrolyte jelly
(0.9% sodium chloride in a neutral ointment) is used to prevent unwanted interactions between skin
and electrolyte. The whole system should be allowed to stabilize for 10 to 15 min prior to EDA recording.
After the measurement, electrodes should be cleaned with warm water without mechanically destroying
the electrode surface.

18.2.3 Recording Devices

The most commonly used DC (direct current) skin conductance measurement requires a special coupler
between skin electrodes and bioamplifier (Figure 18.2). For safety reasons, the 0.5-V constant voltage
should be generated from battery power and the signal fed into the amplifier via optical fibers. It is
recommended that future recording devices make use of AC (alternating current) measurement tech-
niques in order to avoid electrode polarization and to allow for a level-independent measure of phase
angle (Schaefer and Boucsein, 2000). Skin potential can be recorded by a bioamplifier without a coupler,
but this technique requires an electrodermally inactive recording site, and the results are not so easy to
interpret (Boucsein, 1992). Amplifiers should be the high-resistance type and allow for time constants
of at least 10 sec.

18.2.4 Signal Storage and Evaluation

Simultaneous recording of electrodermal level and response characteristics requires at least 16-bit resolution
when digitally stored. A sampling rate of 20 Hz is sufficient, since the phasic EDA changes are relatively
slow. Constant-voltage DC measurement produces tonic and phasic conductance values (expressed in uS
= micro-Siemens, which is identical to umho) that are labeled, respectively, skin conductance level (SCL)
and skin conductance response (SCR). For SCR, in addition to the response amplitude, rise time and
recovery time are also evaluated (Figure 18.3), and in the case of a distinct stimulation, the SCR latency is
also measured (i.e., the time from stimulus onset to response onset). Instead of the SCL, the number of
SCRs per minute that exceed a minimum change in amplitude can also be counted as a measure for tonic
EDA (labeled NS.SCR frequency, i.e., frequency of nonspecific SCRs, or more generally labeled NS.EDRs,
i.e., nonspecific electrodermal responses). The sensitivity of this measure for emotional strain has been
repeatedly demonstrated in ergonomics (see Boucsein and Backs, 2000, Table 1.4).
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FIGURE 18.2 EDA coupler (upper part), electrodes attached to the subject’s skin (upper left side), and a set of
bioamplifiers (lower part). The integrated circuit LM 10 provides a highly constant voltage of 0.5 V. The first
operational amplifier converts the current that flows through the subject’s skin to a negative voltage, —Ug;, that is
proportional to the SCL, with a sensitivity of 0.5 V/uS. The upper exit, Ugy, in the lower part of the figure provides
an amplified SCR, whereas the lower exit, U, provides the total SCL.

18.2.5 Precautions

Various possibilities for generating artifacts have to be taken into account, especially in nonlaboratory
environments. High ambient temperatures enhance EDA, whereas increases in humidity may have the
opposite effect. Excessive sweating can lead to detachment of the adhesive electrode collars from the skin,
but it does not necessarily correlate with increased EDA. Recording artifacts may result from detachment
of or pressure on electrodes, body movements, or speaking. Especially, taking a deep breath can produce
EDR-like changes in the signal. Therefore, it is recommended to avoid possible artifacts as much as
practicable or at least take records of respiratory activity (Schneider et al., 2003). For sources of artifacts
and their treatment, see Boucsein (1992).
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FIGURE 18.3 A typical electrodermal response (EDR) with its parameters (rise time, amplitude, recovery time) as
measured by the application of an external voltage. Recovery t/2 refers to falling back to half of the amplitude. In
the event that a second EDR starts prior to reaching this point, which is not the case in the example shown, EDR
recovery t/2 can not be obtained without extrapolation.

18.3 Advantages

* An easy-to-measure and interpretable physiological signal
+ Pure measure of the sympathetic branch of the autonomic nervous system
+ Demonstrated sensitivity for workload and emotional strain

18.4 Disadvantages

+ Need of a specific coupler for recording
« Artifact proneness in nonlaboratory settings
+ Indiscriminately reactive/sensitive to any sympathetic activity

18.5 Example of Electrodermal Measurement in Human
Factors/Ergonomics

The following example is taken from a study performed in the European Patent Office in The Hague,
The Netherlands (Boucsein and Thum, 1996, 1997). Ambulatory assessment of electrodermal activity
was used to monitor stress—strain processes during 8 hours of highly demanding computer work under
different work/rest schedules. Eleven patent examiners performed their complex computer task under
two different break regimes in counterbalanced order: a 7.5-min break after each 50 min of work on one
day and a 15-min break after each 100 min of work on the other day.

18.5.1 Recording

By means of an ambulatory monitoring system (VITAPORT 1, see Jain et al., 1996), EDA was continuously
recorded as skin conductance throughout the workday. Standard silver/silver chloride electrodes were
filled with an isotonic electrolyte jelly and attached to the medial side of the right foot, as described by
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Boucsein (1992, Fig. 28), by means of double-sided adhesive collars. The adhesiveness of the EDA
electrodes was improved by using a skin-friendly glue for attaching the collars to the skin. The sites were
pretreated with cleansing alcohol to further increase the adhesiveness of the collars. The recording sites
were marked with a felt pen to ensure identical electrode positions for the second day. A protection ring
of an adhesive collar was used for the marking, in order to prevent the glue from being spread on the
skin area to which the electrode jelly would be applied. The glue was given an opportunity to dry for 5
to 10 min until it became threadlike by touch. The electrodes were additionally fixed with a skin-friendly
adhesive tape. The electrode leads were fixed by tape above the ankle and carried between the subject’s
legs and pants to the waist belt, where the registration system was worn. The technique used in this study
was successful in preventing electrode detachment, even through stair climbing over several floors several
times a day. To reduce the risk of mechanical artifacts, the subjects were instructed to wear slippers or
sandals that would not exert pressure on the electrodes.

18.5.2 Data Storage and Analysis

The EDA channel of the registration system performed an online preevaluation of the recorded skin
conductance that allowed for a storage rate as low as 8 Hz with a resolution of 16 bits. After the end of
each 9-hour recording, the signal was read out to a personal computer and analyzed by a specially in-
house-developed EDA evaluation program (EDA_PARA, see Schaefer, 1995) that allowed for the detection
and elimination of artifacts. The resolution was 0.01 uS for each evaluation period of 2 min; NS.SCR
frequency was automatically detected and stored for further computations. The 2-min evaluation periods
were selected from the recordings at the beginning and after the termination of each break. During these
periods, the subjects were instructed to sit relaxed in their chairs in order to avoid as many moving
artifacts as possible.

Figure 18.4 depicts differences in NS.SCR frequency between the 2-min periods after the break and
the 2-min periods at the beginning of the break at three identical times of day for the two work/rest
schedules (i.e., 7.5-min break after each 50 min of work versus 15-min break after each 100 min of work).
Analysis of variance yielded a significant interaction between the kind of work/rest schedule and the time
of day. The results suggest that the long-break schedule actually increases emotional strain during the
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FIGURE 18.4 Differences in tonic EDA (expressed as NS.EDRs before the break subtracted from those after the
break) under two different work/rest schedules at three time points during the working day. White: long work and
long rest break; black: short work and short rest break.
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11 a.m. and the 3 p.Mm. break. This is in accordance with the results obtained earlier with overly long
system response times (Boucsein, 2000). In contrast, the 5 p.M. break during the long-break schedule was
associated with a reduction of emotional strain, resulting in a recommendation to prefer short rest breaks
until the early afternoon and thereafter prolong the breaks.

18.6 Standards

Standards for recording and interpreting EDA are comprehensively described by Boucsein (1992). Record-
ing devices must meet criteria for medical safety.

18.7 Approximate Training and Application Times

The use of psychophysiological methodology requires special training of several months in a laboratory
that has expertise in combining psychological and physiological approaches. Ambulatory monitoring as
applied in the above example will add another month of training. Basic knowledge of the special EDA
evaluation software can be acquired within two days.

18.8 Reliability and Validity

Short-time reliabilities for electrodermal responses (i.e., within a single recording session on the same
day) are at least 0.8 and often exceed 0.9, whereas after one year the reliability coefficient drops to 0.6,
which is quite common for psychophysiological measurements. The NS.SCR frequency as used in the
above example is a more reliable measure of tonic EDA than the SCL, yielding test—retest correlations of
0.76 after one year compared with 0.61 for SCL (Schell et al., 2002). Validity coefficients between EDA
and emotion strength can exceed 0.9 in laboratory sessions (Boucsein, 1992) but are not quantitatively
available from applied studies. The NS.SCR frequency is regarded as a valid indicator for the strength of
an emotion and for the description of the course of emotional strain under both laboratory and field
conditions, as opposed to physical strain, which is more adequately reflected in cardiovascular measures
such as heart rate and blood pressure (Boucsein, 1992, 2001). Quantitative estimates of validity are
available from the application of EDA in the field of detection of deception, where 68 to 86% correct
classifications for guilty subjects were reported (Boucsein, 1992).

18.9 Costs and Tools Needed

At the time of writing, the cost of the successor of the system that was used in the above example was
about $10,000 for hardware and software, excluding a laptop for setup and data evaluation. For laboratory
studies, nonportable recording devices can be used, including a specific EDA coupler that costs about
$2,000. The EDA-evaluation software described here is available for $400. Electrodes, adhesive collars,
and electrode jelly add up to approximately $1,000 per study with 10 to 12 subjects. However, electrodes
can be used for several studies if they are treated with care.

18.10 Related Methods

Electrodermal measurement is one of the noninvasive methods for psychophysiological assessment in
human factors/ergonomics. Other frequently used measures in this domain are heart rate, heart rate
variability, body temperature, eye blink rate, eye movements, electromyogram, electroencephalogram, and
endocrine measures. For an overview on these methods, see Boucsein and Backs (2000) or Boucsein (2001).
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19.1 Background and Application

Electromyography (EMG) studies muscle function through analysis of the electrical signals emanated
during muscular contractions.

Electrical potentials evoked during voluntary muscular contraction were observed long before the
biochemical function of muscular force generation was explored (Matteucci, 1844; Piper, 1912). Despite
the simplicity of voltage-measuring electrodes attached to the surface of the skin, it required advanced
semiconductor technology to reveal significant information from the complex and noisy electrode signal.
During the last few decades, more sophisticated electronic instrumentation and more powerful analysis
methods permitted the use of EMG in various areas of research.

Motor activity is initiated by commands generated in the anterior horn of the spinal cord and trans-
mitted along alpha motor neurons to the periphery. Each muscle fiber consists of multiple chains of
contractile sarcomeres (actin-myosin-filament units) that create the force of muscle action. The composite
of cell body, connecting neuron, and muscle fiber cluster build a motor unit in which all muscle fibers
are activated synchronously.

The local neuron of each motor unit chemically activates the muscle fibers connected at its myoneural
junction by a cellular depolarization (amplitude =100 mV, duration 2 to 14 msec). Spreading along the
membrane of the muscle, this muscle action potential stimulates the sarcomeres to contract. Electrolytes
in tissues and skin conduct electrical potentials, which makes it technically possible to track the muscle
activity by measuring the local voltage of electrodes inserted into the muscle or fixed at the skin surface.

0-415-28700-6/05/$0.00+$1.50 19-1
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Muscle force is controlled by the number of motor units recruited and by variation of the discharge
rate of each motor unit (5 to 50/sec). Thus, larger wire electrodes as well as surface electrodes detect the
(algebraic) sum of different motor-unit potentials around their pickup zone (Basmajian and DeLuca,
1985). The larger the electrode dimensions and the larger the distance between muscle fibers and
electrode, the more motor units will be detected. Asynchronous firing of the different motor units and
variation of firing rate and motor-unit recruitment builds an interference pattern at the electrode (Figure
19.1). The EMG signal is, hence, described as a train of quasi-randomly shaped spikes varying in
amplitude and duration without an identifiable sequence (Kramer et al., 1972). In spite of its noisy
character, significant information can be processed from the EMG signal.

There is a correlation between the number and intensity of generated spikes and the muscular con-
traction force. Thus, the average EMG signal intensity increases with muscle contraction. Besides this
most widely used category of information, various types of signal processing and pattern analysis allow
a deeper insight into muscle activation and exertion. Anyway, it is important to recognize that EMG does
not measure force, joint position, or anything else other than voltage, representing local muscle recruit-
ment.

In ergonomics EMG measures are used for workplace and tool design as well as for scheduling of work
process based on examination of:

+ Muscle load (static and dynamic)

+ Local muscle fatigue due to overload

* Muscle timing and coordination

+ Motor-unit recruitment pattern, explaining low-level muscle fatigue and mentally induced strain

In most cases, EMGs are complemented by measures of external load, body postures, or joint move-
ments to aid in interpretation.

Recordings of EMG can be performed either by needle electrodes inserted into the muscle or by surface
electrodes taped on the skin over the target muscle. Needle electrodes are used mostly for medical and
rehabilitation purposes, extracting detailed information on muscle innervation. Surface EMG is com-
monly used in ergonomics and occupational health due to its noninvasiveness, thus allowing convenient
measures during movements. However, the more indirect measurement of surface EMG complicates
application and processing because only the muscles located beneath the skin surface are accessible, and
cross-talk from adjacent muscles may interfere. Furthermore, low signal reception and large signal
variability complicate undisturbed evaluation and proper scaling.

19.2 Procedure

19.2.1 Equipment

For each muscle, the electrode signal is passed to a preamplifier, making the signal suitable for further
processing. Subsequent filtering passes frequencies related to muscle activity and cuts electrical distur-
bance (50 or 60 Hz, sometimes called hum), noise, and artifacts. After being checked, the signal is
processed for related information (e.g., averaged intensity) and then stored, or, inversely, the signal is
stored in a raw form and then filtered and processed. Finally, the processed signal is statistically evaluated
in conjunction with task conditions or other control measures.

19.2.2 Selection of Muscles

Due to the large number of muscles involved for movements, an appropriate selection of accessible
muscles is required. Thus, the investigator using electromyography must have a good understanding of
the anatomy of the human body.
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FIGURE 19.1 EMG signal composition using surface electrodes.

19.2.3 Electrode Configuration and Placement

Electrodes are usually 5- to 10-mm-sized discs coated with or made of silver/silver chloride that are
connected to skin by a conductive gel and fixed by adhesive tape. Fixation may require some routine to
fill the interspace with gel while leaving the adhesive collar free of gel.

To improve electrical and mechanical contact, the skin surface should be cleaned with alcohol before
fixing the electrodes. Cables should be fixed without inner tension by adhesive tape. Electrodes are placed
on the belly of the muscle; bony landmarks or motor-point finders may help in placement.

The basic (monopolar) EMG measure uses a single active electrode placed on the muscle and a ground
electrode placed above bones or passive tissue. An improved directivity with reduced cross-talk from
other muscles can be obtained by a bipolar electrode arrangement using two active electrodes (about 2
cm apart from each other) and a differential amplification (Gath and Stalberg, 1976). With this most
widely applied arrangement, only the signal difference between both active electrodes is amplified, and
common signal portions (from muscles located farther away) are suppressed. A third, tripolar electrode
arrangement uses three active electrodes (or a concentric three-pole electrode) and a double differenti-
ation. This setup provides an even better directivity than the bipolar arrangement.

19.2.4 Setting of Amplification, Filtering, and Storage

The electrode signal has a very low level (typically 0.1 to 5 mV) and high impedance (20,000 to 1 million
ohms). This requires at first a strong amplification with high impedance input (>10% ohms) and low
noise; amplifiers for bipolar and tripolar electrode arrangements should provide a common-mode rejec-
tion of >80 dB. To avoid migration of noise and hum into the low-level electrode cables, active electrodes
with built-in amplifiers can be used.

The large variation of signal intensity requires an individual gain adjustment. Signal filtering is required
to cut high-frequency noise, low-frequency motion artifacts, and hum from power lines. In the raw EMG,
most of the signal is between 20 and 200 Hz (depending on electrode size and placement), with lesser
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components up to 1000 Hz and down to 2 to 3 Hz. Because the high-frequency components increasingly
contain noise but do not add significant information, a low-pass filter is inserted, usually set at 500 to
600 Hz. The charge gradient at the electrode—electrolyte interface alters its capacitance during movements,
so low-frequency interferences (motion artifacts) should be cut by a 10- to 20-Hz high-pass filter. Hum
from power lines, particularly caused by scant electrode contact, can be suppressed by a 50/60-Hz notch
filter. There is a long debate about appropriate filter settings (dependent on electrode design and place-
ment and on subjects measured), but because no specific information is to be found within particular
frequency intervals of the stochastic raw EMG, stronger filtering affects the results only marginally.

19.2.5 Signal Control

Due to the stochastic character of EMG signals, it cannot be discriminated easily from noise and other
interference. A manual signal control (like an oscilloscope) is recommended, in particular to detect scant
electrode leads. Testing is performed by checking signal variation during voluntary contraction and
relaxation. A spectral analytic view may help to identify disturbance and noise overlay.

19.2.6 Signal Processing

The most widely used type of processing is to compute the average signal intensity that corresponds
directly to muscular activation level (Figure 19.2). Basically, this is performed by rectification (or root-
mean-square computation) of the raw EMG with subsequent signal integration or low-pass filtering.
Like filter setting, processing options differ subtly, but the selection of integration interval (or cutoff
frequency) is very important because it affects temporal resolution and noise. (For more details, see
Luczak and Gébel, 2000.) Measures of muscular activation level are then interpreted according to move-
ment or work sequences, to work conditions, or correlated to movement parameters. Amplitude distri-
bution can provide further information on static and peak activation. Isometric contractions with
constant load can be checked for muscular fatigue if increased muscle activation is observed with time.

A second type of processing focuses on the frequency spectrum of the raw EMG. As the muscle fatigues,
propagation velocity of the action potentials decreases due to the accumulation of acid metabolites. This
leads to a shift and a compression of the EMG frequency spectrum toward lower frequencies (Lindstrom
and Magnusson, 1977). There are also numerous other signal analysis approaches, mostly focusing on
motor-unit recruitment characteristics (e.g., Forsman et al., 1999).

19.2.7 Scaling

The amplitude of the detected motor-unit action potential depends on many factors, such as the electrode
size, the distance between active muscle fiber and the detection site, etc. Hence, absolute EMG amplitude
varies strongly between subjects and measures (up to a factor 100). However, data need to be presented
in a common format for comparisons. Therefore, a second measure is used as a scaling reference. The
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FIGURE 19.2 Recovering the intensity function from a surface EMG.
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most widely used technique involves the scaling of EMG amplitude as a percentage of the value measured
during maximum voluntary contraction (constituting an individual reference). Another variant refers to
the EMG signal amplitude when exerting a predefined force (constituting a physical reference). Both
types of reference lack the reliability to voluntarily control force of a specific muscle (typical variance
+20%).

Complementary to amplitude scaling, time intervals can be standardized for pattern correlation, but
this approach also has similar difficulties with reliability.

19.2.8 Measurement

During data collection, the most crucial point is to ensure suitable electrode contact. As the hours pass,
electrode gel diffuses into skin, and sweating can dissolve electrode adhesion. Further, signal amplitudes
need to be checked for possible overmodulation of electronics.

19.3 Advantages

EMG provides continuous and quantitative measured data with a high temporal resolution and only
marginal interference with task execution. It allows the detection of muscle fatigue in its early stages and
thus can be used as an objective measure, even for not deliberately accessible motor reactions. Multi-
channel EMG serves as a practical means of identifying muscular bottlenecks.

19.4 Disadvantages

Using surface EMG, only muscles located directly beneath the skin can be accessed. A proper analysis is
only feasible for single muscles of individuals who are not too obese. Careful calibration, instrumentation,
data treatment, and interpretation are required. Preparation of EMG measures is somewhat lengthy (15
to 30 min for experienced ergonomists), and interpretation of the data requires additional information
(e.g., workplace conditions or simultaneous measures of the work positions). Calibration lacks reliability
due to nonlinear characteristics, which would require the user to define an individual calibration function.

19.5 Example

The following example (Gobel, 1996) shows a subtle type of analysis: movement coordination is, at least
partially, controlled by sensory feedback of different modalities. To optimize motor control tasks and
tools, knowledge about the use of sensory feedback would be very helpful. Although such a measure is
not directly accessible, it can be explored by EMG. Due to the inevitable delay of human information
processing, effective feedback loops must produce oscillatory components. Its frequency depends on the
delay of the information-processing loop, but it is always higher than the frequency of external move-
ments. Thus, the activity of sensory feedback can be estimated by the higher frequency components of
the EMG intensity function (Figure 19.3).

Using this method to analyze the learning phase of a manual assembly task, it could be shown that
(monosynaptic and polysynaptic) reflex activity correlated negatively with execution speed during the
initial work periods (up to 8 to 12 hours total work duration), but this effect would disappear with higher
degrees of experience (Figure 19.4, upper side). In contrast to this, the longer haptic and visual feedback
loop did not affect working speed during the initial work periods, but showed a strong positive correlation
during the later learning phases (Figure 19.4, lower side). It can be concluded that sensory feedback is
incorporated first for monosynaptic and then for polysynaptic reflexes. Visual and haptic feedback follow
again with delay. As experience increases, all types of sensory feedback activity abet execution speed.
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19.6 Related Methods

EMG is a subset of psychophysiological measures, a noninvasive technique for detecting physiological
reactions caused by mentally controlled processes. Like other psychophysiological measures (e.g., heart-
rate variability, skin resistance, eye blink frequency, electroencephalography, etc.), the indirect assessment
of biological reactions complicates data detection and interpretation. EMG used for analysis of muscle
load also represents a physiological measure, such as oxygen consumption or heart rate frequency.

Besides the application of EMG in ergonomics and human factors research, another large domain is
established in clinical EMG for medical analysis of muscle and motor control functions.
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19.7 Standards and Regulations

Because of the electrical connection to human subjects, equipment must ensure security against electrical
shocks. EMG hardware has to fulfill the safety and control regulations for medical equipment, and thus
only certified equipment must be used.

Many attempts have been made to standardize EMG recordings (Winter et al., 1980; Zipp, 1982).
However, due to the sheer number of factors influencing the information content of the detected EMG
(electrode size, type, configuration and location, filter frequencies and characteristics, signal processing,
normalization, etc.), as well as the fact that parameter setting depends on subjects, on experimental
layout, and on each other, no general standardization in ergonomics has yet been established. Conse-
quently, detailed documentation of EMG recording and processing conditions is required, thus restricting
comparison of results and making reports somewhat laborious.

19.8 Approximate Training and Application Times

Although measurements themselves can be performed quite quickly, extensive experience is required for
definition of experimental setup and auxiliary measures as well as for muscle selection, electrode place-
ment, filter selection, calibration, and data interpretation. Thus, while measures for demonstration
purposes can be performed very quickly, experience requirements increase dramatically with precision
and detail of measurements (up to years).

While hardware and basic software equipment are available for almost any type of application, software
for data interpretation often needs to be created or modified according to the experimental setup.

19.9 Reliability and Validity

Despite the extensive use of EMG for the last several decades, little work has been completed that examines
reliability issues. Reliability of direct measures is very low between subjects and between electrode settings
due to differences in muscle geometry, subcutaneous tissue, and electrode location. With normalization,
maximum reliability coefficients range between 0.8 and 0.9 for submaximal contractions and between 0.5
and 0.8 for maximal contractions (Viitasalo and Komi, 1975; Yang and Winter, 1983). Within-subject
reliability is far superior if electrodes are not replaced (0.9 to 0.99, reported by Lippold, 1952). In general,
across-muscle comparisons are precluded because of differences in muscle and body tissues constituencies.

Validity depends mainly on electrode location according to muscle site and possible separation conflicts.

19.10 Tools Needed

Investment Consumptions
+ Electrodes and cables + Adhesive electrode tape and electrode gel or disposable
+ Preamplifiers electrodes
+ Hardware filter units + Adhesive tape for cable fixation

+ Digital-to-analog converter

« Computer or other storage
medium

+ Recording and control software

+ Data analysis software

Although a large variety of mobile and stationary products is available, one should be aware that most
products are designed only for one type of electrode configuration (commonly bipolar arrangement).
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20.1 Background and Applications

Heart rate can be derived from the electrocardiogram (ECG), which reflects the (electrical) activity of
the heart. For the assessment of mental effort, it is not the ECG itself that is of interest but, rather, the
time durations between heartbeats. In this respect, heart rate (HR) is the number of heart beats in a
certain time period (usually a minute), while mean heart period or interbeat interval (IBI) is the average
time duration of the heart beats in that period. Heartbeats have varying time durations, resulting in IBI
time series with characteristic patterns and frequency contents. This is called heart rate variability (HRV).
During task performance, subjects have to expend mental effort, which is usually reflected in increased
HR and decreased HRV when compared with resting situations.

The normal rhythm of the heart is controlled by membrane processes of the cardiac sinoatrial node,
which are modulated by innervation from both the sympathetic and parasympathetic branches of the
autonomous nervous system (Berntson et al., 1997; Levy, 1977). Levy (1977) showed a clear nonlinear
relation between sympathetic and parasympathetic activity at one side and HR at the other, while
Berntson et al. (1994) indicated that the relationship between the two autonomous branches and heart
period was much more linear. Van Roon (1998) showed this same phenomenon using a baroreflex
simulation model in which the heart rate control part was described by the well-known equations of
Rosenblueth and Simeone (1934).

0-415-28700-6/05/$0.00+$1.50 20-1
© 2005 by CRC Press LLC -
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HR is mainly controlled by nuclei in the brain stem, guided by the hypothalamus and (prefrontal)
cortical structures. Two different control modes have to be distinguished (Van Roon, 1998):

1. Parasympathetic (vagal) and sympathetic output to the heart. This is directly controlled by the
hypothalamus via brain-stem nuclei; Porges (1995) labeled these, respectively, as vagal tone and
sympathetic tone.

2. Mediation of baroreflex activity. In this case, incoming information of the baroreceptors into the
nucleus tractus solitarius serves as input to the brain-stem nuclei, determining vagal and sympa-
thetic activity. The role of the hypothalamus in this mode is the mediation of baroreflex gain
factors to the autonomic system branches.

Distinction between these two modes of cardiac control is important with respect to interpretation of
HR and HRV changes during mental effort and stress.

HRYV can be related to changes in autonomic control. Two main sources of variability can be distin-
guished: respiratory sinus arrhythmia and spontaneous fluctuations mainly related to short-term blood
pressure control (baroreflex). Respiratory sinus arrhythmia (Porges, 1995) is a reflection of the respiratory
pattern into the HR pattern. During inspiration, vagal control to the heart is diminished (vagal gating),
resulting in an increased HR, while during expiration this vagal suppression disappears, resulting in an
increased HR (Porges et al., 1982; Grossman et al., 1991). According to this mechanism, and related to
the relatively high frequency of normal breathing, it is believed that respiratory sinus arrhythmia is mainly
vagally determined. The second source of variation is strongly related to baroreflex control and to the
“eigenrhythm” of this control loop. In many cardiovascular variables, including HRV, a characteristic 10-
sec rhythm (0.10-Hz component) can be found that is modulated by baroreflex gain. Wesseling and
Settels (1985) considered this type of variation as random fluctuations within the baroreflex. By using
spectral analysis, Mulder (1992) distinguished three different frequency bands: a low-frequency area
between 0.02 and 0.06 Hz; a mid-frequency band between 0.07 and 0.14 Hz; and a high-frequency band
between 0.15 and 0.40 Hz. Other authors (Berntson et al., 1997) do not use the low-frequency band and
indicate the (sometimes extended) mid-frequency area as the low-frequency band. Some authors (Pagani
et al., 1986) consider the high-frequency area as completely vagally determined and consider the power
in the low-frequency band as an index for sympathetic activity. The latter is an overly simplistic view
because of the large effects of vagal control on the low frequencies.

The general cardiovascular response pattern that is found in many mental-effort studies can be
characterized by an increase of HR and blood pressure and a decrease of HRV and blood pressure
variability in all frequency bands. This pattern is comparable with a defense reaction and is mainly found
in laboratory studies using short-lasting tasks that require challenging mental operations in working
memory. An important empirical finding is that the mid-frequency band is the most sensitive measure
for variations in mental effort (Mulder and Mulder, 1987). Simulation studies (Van Roon, 1998) indicated
that this could be attributed to the fact that two effects occur at the same time: a decreased vagal activation
and an increased sympathetic activation.

20.2 Procedure

A number of steps have to be taken in order to obtain artifact-free HR data and to compute the spectral
power-band values.

20.2.1 Measuring the ECG

The ECG can be measured with three electrodes at the chest. A good lead yielding a relative high R-wave
and a suppressed T-wave (most ideal for detecting R-peaks) is a precordial bipolar one with electrodes
on position V6 and the other at the sternum. Derivations using electrodes at extremities (arms, legs)
should be avoided for reasons of artifact sensitivity. For registrations of long duration, self-adhesive
electrodes that are used in child cardiology are recommended. The source signal of the ECG is at the
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millivolt level, implying that the signal is relatively insensitive to 50- or 60-Hz disturbances. However, if
such disturbances do occur, low-pass filtering with a cut-off frequency of about 35 Hz and an attenuation
of 20 to 40 dB (factor 10 or 100) at 50 Hz can easily solve such problems.

20.2.2 Sampling and R-peak Detection

Hardware detection of R-peaks in the ECG and registration of the R-wave event times at an accuracy of
1 msec is the most effective and straightforward method of data acquisition and can be considered as
the preferred technique. Mulder (1992) describes such a device that can obtain an accuracy of 1 msec,
while detection errors (i.e., missing R-peaks or additional triggering at the T-wave) are very seldom seen.
Alternatively, the same features can be implemented in software for off-line application. In this case, the
ECG has to be sampled at least at 400 Hz in order to obtain a detection accuracy of 2 to 3 msec. In
situations where small HRV changes have to be measured (e.g., vagal blockade studies), such an accuracy
level may be critically low. Often ECG is measured in combination with other signals, such as respiration,
finger blood pressure, and EEG. In such cases, a lower sampling rate than necessary for adequate R-peak
detection is often chosen.

20.2.3 Artifact Detection and Correction

Detection and correction of artifacts in the measured R-peak event series is very critical because of the
high sensitivity of spectral power measures for missing or additional events. Mulder (1992) describes
that one missing R-peak in a time segment of 100 sec increases computed HRV measures by 100%.
Artifacts can have different causes. With subjects in a normal resting, sitting position, no more than 10%
of the artifacts have technical backgrounds, i.e., most problems are related to physiological origins, varying
from occasionally occurring extra systoles to specific short-lasting patterns of sudden vagal activation or
artifacts related to respiration (sighing). Inexperienced users may not be aware of the fact that subjects
can show extra systoles or other conduction problems at the heart without having medical indications
of heart problems. Automatic detection and correction of such “artifacts” is very difficult if not impossible,
implying that when the number of artifacts is too large, the subject should be excluded from the study.
For this reason, data from about 1 in 20 subjects has to be skipped. In the field, e.g., in a moving vehicle,
artifacts due to electrical disturbances and/or vibration are more common, but still restricted. The loss
of data in on-road studies is estimated to be between 5 and 15% (e.g., de Waard et al., 1995; Steyvers
and de Waard, 2000).

While automatic detection and correction is not always successful and satisfactory, detection and
classification with visual support is more adequate, although time-consuming. Correctly detected and
classified artifacts can be corrected relatively easily by using linear interpolation (Mulder, 1992).

20.2.4 Spectral Procedures

Spectral analysis serves to decompose the IBI time series in different rhythms, e.g., for distinguishing the
0.10-Hz component from the respiratory-related components in HRV. As a matter of fact, the variance
(power) in each of the three earlier defined frequency bands has to be determined.

Several techniques and procedures are used for spectral analysis of the corrected IBI data in order to
obtain HRV spectral power values (Berntson et al., 1997; Berger et al., 1986; Mulder, 1992). A variety of
spectral procedures can be applied, each with its own advantages and restrictions. The results are not
really dependent on the way the spectra are computed. However, serious differences can be expected
when spectra of HR and IBI are compared. This is discussed in the next section.

20.2.5 HR, IBI, or Normalized Values?

Although intuitively it might be expected that spectra of HR and IBI produce the same results, this is
not the case. When HRV is decreased in a certain measuring period, this will be reflected in lower values
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for spectra of both HR and IBL. However, this does not occur in a linear way because of the inverse
relationship between HR and IBI. De Boer et al. (1984) and Mulder (1992) described particularly the
strong dependency on mean HR. Mulder (1992) concluded that the likelihood of finding statistically
significant results in an experiment on mental effort would be greater if IBI measures were taken instead
of HR measures. This is caused by the expected concurrent decrease of IBI and HRV in such situations.
In our opinion, such a difference in expected results between HR and IBI measures is undesirable.
Therefore, Mulder (1992) proposed to use normalized values. This means that for the calculation of heart
rate variability, the values in the original time series of either HR or IBI are divided by its mean values
in the analysis segment at hand. This corresponds to taking the coefficient of variation instead of
computing the standard deviation. Mulder (1992) showed that this transformation prevents the strange
discrepancies between HR and IBI outcomes. For this reason, we prefer to use normalized power values.
The obtained power values have the unit “squared modulation index.”

20.2.6 Logarithmic Transformation

Bendat and Piersol (1986) showed that spectral power values have a chi-squared statistical distribution.
For this reason, Van Roon (1998) argued that taking the log values of these power values is the most
appropriate transformation, both on theoretical and practical grounds, in order to obtain a more normal
distribution that is suitable for statistical analysis. Therefore, we propose to take the natural logarithm
for all spectral band values before statistical analysis.

20.3 Disadvantages

HR and HRV are used as indicators of mental effort: the higher the invested effort, the higher is HR and
the lower is HRV. However, because of the complex relationship of HR with baroreflex blood pressure
control and with the autonomous nervous activity, there are several reasons why such a simple starting
point as indicated above does not hold under all circumstances. The most stable results, according to
this viewpoint, are obtained when short-duration laboratory tasks are performed with relative high
demands on working memory.

Practical disadvantages and restrictions of the method are its sensitivity for artifacts in the obtained
IBI series and its sensitivity for changes in the respiratory pattern. With respect to the latter, the effects
of speaking and sighing on HRV are large. Artifact correction is time consuming. Moreover, the need
for using electrodes and the necessity of having registration apparatus can be considered obtrusive.
However, nowadays sports medicine wristwatches are available that can register HR from beat-to-beat
in a reliable way at an accuracy level that is adequate for human factors studies (Van de Ven, 2002).

20.4 Example

In an advanced driving simulator, 22 participants completed test rides while driving over different types
of roads. Among these were roundabouts, quiet dual carriageways, and urban roads. During the test
rides, participants’ heart rates were registered. (For a full report, see de Waard et al. [1999].) From
recorded interbeat intervals, a moving-average heart rate and the power in the 0.10-Hz band of heart
rate variability were calculated with aid of the so-called profile technique (e.g., Mulder, 1992). With this
technique, averages are calculated, in this case using 30 sec of data as input. Then the calculation window
is moved with a step of 10 sec, and again averages are calculated. The resulting moving averages are
displayed in Figure 20.1.

The ride through different road environments is clearly reflected in both heart rate and the 0.10-Hz
component. Driving on a high-density road (roundabout) is more effortful — heart rate is higher and
variability is reduced — than driving over a dual carriageway. Very illustrative is the additional informa-
tion that the 0.10-Hz component of HRV gives. When looking at the ride through the first built-up area,
heart rate is relatively high compared with driving on the dual carriageway, and it remains high during
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FIGURE 20.1 Average heart rate (top panel) and the 0.10-Hz component of HRV (lower panel) during test rides
in a driving simulator (N = 22). Time is displayed in steps of 10 sec. HRV is displayed compared with a resting level
of 0. (Adapted from De Waard, D. [1996], The Measurement of Drivers’ Mental Workload, Ph.D. thesis, University
of Groningen, Groningen, the Netherlands. With permission.)

that part of the ride. Heart rate variability, however, is only low (i.e., high effort) during the first half of
the ride through the city. And that part actually is the only driving part, as during the second part
participants were waiting for a red traffic light to turn green. Obviously, the waiting itself is not an effort-
demanding task, which is clearly reflected in HRV.

20.5 Related Methods

There are several related methods, such as subjective scales and questionnaires, for obtaining indications
of invested effort (Zijlstra and Van Doorn, 1985; Hart and Staveland, 1988). However, such methods
should be considered complementary and not as replacements for HRV measures because there are several
reasons why subjective and psychophysiological indices might differ. There are strong links of HR and
HRV with blood pressure changes and with respiratory patterns. For this reason, it is informative to
measure respiration and (finger) blood pressure from beat-to-beat in situations where this is possible.
Having additional information about the respiratory pattern at an individual level helps interpretation
of HRV tremendously. This holds for speaking and sighing as well as for shifts in main respiratory rate.
For instance, when respiration rate increases during task performance, there will be a decreased HRV in
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the high-frequency band simply for this reason (Angelone and Coulter, 1964). Moreover, when main
respiratory rate comes within the mid-frequency band, this will lead to an enormous increase in HRV.

Measuring finger blood pressure gives the possibility of obtaining systolic and diastolic blood pressure
values from beat to beat. Because of the strong dependency, via the baroreflex, of blood pressure and
HR, the insight into what is going on with the control of ANS processes is considerably increased. In
particular, with respect to interpretation of HR changes in relation to the two mechanisms presented
(either direct hypothalamic control or the occurrence of a defense-type reaction), the availability of blood
pressure indices is essential.

20.6 Standards and Regulations

There are no standards and regulations with respect to measurement and analysis of HR and HRY,
although there are two extended review studies that give insight into and recommendations for the
application of such techniques in the world of cardiology (Task Force, 1996) and psychophysiology
(Berntson et al., 1997).

20.7 Approximate Training and Application Times

With the right measuring and registration devices, an adequate data-analysis package, as well as software
for data transformation into the right format, the training for using the mentioned measuring and analysis
techniques does not require more than 2 to 3 hours. However, experience has taught that understanding
the backgrounds of HRV as well as the necessary data-transformation and artifact-correction algorithms
requires more time. Several weeks or months of working with such data may be necessary to fully
understand what is going on with HR and HRV during mental task performance.

20.8 Reliability and Validity

Reliability and repeatability of obtained HR and HRV in short-duration mental-loading laboratory tasks
results are usually high, but this does not hold for use in practical settings. The reason for this may be
connected to uncertainty about what subjects are doing in terms of cognitive activities on the one hand,
and emotional/motivational factors as well as compensatory effort on the other. According to the two
main mechanisms of HR regulation mentioned in the introduction, this can have important implications.
Furthermore, fluctuations in breathing pattern, for instance during speaking, have large effects on HRV.

With respect to diagnostics, different positions are taken. Gaillard and Kramer (2000) consider HRV
nondiagnostic as an index for mental effort because differences in types of mental operations cannot be
distinguished. Mulder et al. (2000), however, do consider the same index diagnostic because a clear
distinction can be made between attention-demanding and nonattention-demanding mental work.

It has to be realized, however, that the sensitivity of the measure is not very high, making it difficult
to distinguish between levels of task load and related invested effort. Moreover, using the index on an
individual level requires several repetitions in order to obtain adequate statistical reliability.

The validity aspect, finally, has to be related to the HR regulation mechanisms mentioned in the
introduction. If only the second mechanism, i.e., a defense-type reaction, is in play, we consider the HRV
index as very valid for invested mental effort. However, if compensatory mechanisms are becoming more
important, interpretation of HR and HRV changes in terms of mental effort is not sufficiently reliable.

20.9 Tools Needed

Data collection requires three electrodes, an amplifier, an R-wave triggering device (either in hardware
or software), and a data-collection device that saves the data either as samples of the ECG or as R-peak-
event time points. The latter is the most efficient. Several types of equipment are available, ranging from
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a wristwatch or another portable event-collection device to a full-blown electrophysiological recording
apparatus. For data analysis, in principle, two methods are followed. The first is transformation of the
nonequidistant series of events into an equidistant series of samples (Berger et al., 1986) while using a
standard package for spectral analysis. The second includes a direct Fourier transform of the events series
(Mulder, 1992). In both cases, adequate artifact correction is required additionally. There are some
software packages that combine the necessary processing steps (e.g., Carspan, see Mulder [1992]), includ-
ing data preprocessing of other cardiovascular time series.
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21.1 Background and Applications

Sleepiness has been identified as one of the major causes of accidents in transport and industry (Dinges,
1995). The causes mainly involve sleep loss, long time awake, work at the circadian trough of physiological
activation and alertness, and monotony. Indeed, drugs including alcohol, sedatives, hypnotics, antihis-
tamines, and others can also be included in the list.

The concept of sleepiness usually refers to signs that indicate a tendency toward sleep (Dement and
Carskadon, 1982). This commonsense conception involves subjective as well as behavioral and physio-
logical components. Most of the existing knowledge about sleepiness has been based on self-rating
techniques. Such techniques do, however, have limitations with respect to validity and with respect to
the possibility to capture moment-to-moment fluctuations. Performance measures present similar prob-
lems and can hardly be said to indicate sleepiness per se (although certainly the consequences of it).
Other, more physiologically oriented techniques include evoked potentials, pupillography, and critical
flicker fusion. None of these, however, can easily be used to monitor sleepiness continuously. For this
purpose, only polysomnographical methods would work, i.e., registration and analysis of electroenceph-
alography (EEG), electrooculography (EOG), and electromyography (EMG).

The EEG represents the sum of the electrical brain activity that can be recorded on the scalp via surface
or needle electrodes. In animal studies, electrodes implanted deep into the brain are also used. Normally,
the alert brain presents a high-frequency (16 to 50 Hz) irregular pattern, since different structures of the
brain are differentially active. When alertness falls, the frequency of the EEG falls and the amplitude
increases as more and more neurons are synchronized to fire simultaneously by the thalamus. This is
essentially the rationale behind the use of the EEG as an indicator of sleepiness.

The first EEG descriptions of the process of falling asleep were accomplished by Loomis et al. (1935a,
1935b, 1937). They showed that relaxed subjects lying with closed eyes showed a predominant alpha (8
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to 12 Hz) activity and responded to environmental stimuli. When alpha started to break up, however,
the subjects ceased to respond. Further progression showed that the EEG frequency decreased into the
theta (4 to 8 Hz) and, later, the delta (0 to 2 Hz) range, i.e., sleep proper. Bjerner et al. (1949) showed
that exceptionally long reaction times were associated with alpha blocking downward toward theta, and
they interpreted this as "transient phenomena of the same nature as sleep.”

Not only closure of the eyelid, but also the movement of the eye, is related to EEG changes. Usually,
slow (0.1 to 0.6 Hz) eye movements start to appear when the alpha activity breaks up and the subject
begins to "drift off" into sleep stage 1 (Kuhlo and Lehman, 1964). As sleep is more firmly established,
the slow eye movements begin to disappear, although they may sometimes remain for a while in sleep
stage 2.

It should be emphasized that the above studies have used relaxed and closed-eyes conditions, in which
case the presence of alpha signals alertness. If the eyes are open, however, this is reversed (Daniel, 1967),
and poor detection performance covaries with increased alpha and theta activity (O'Hanlon and Beatty,
1977). Furthermore, individuals falling asleep while performing a task show increased alpha activity
before the event and a “terminal” theta burst when the neck muscle tonus drops and the subject’s head
“nods off” (Torsvall and Akerstedt, 1988). Slow eye movements also increase with the increase in alpha
activity.

Alpha and theta activity, as well as slow eye movements, also increase gradually with increased sleep
loss and proximity to the circadian trough, but effects are not seen until one has reached levels of subjective
sleepiness indicating some effort to stay awake (Akerstedt and Gillberg, 1990). Recently, it has been
demonstrated that different 1-Hz bands react differently to sleep loss and proximity to the circadian
trough (Aeschbach et al., 1997), i.e., there seems to be a homeostatic and circadian type of sleepiness.

Using the approaches indicated above, a number of studies have focused on polysomnographical
sleepiness in different work settings. Lecret and Pottier (1971) showed that time with alpha activity
(filtered) increased with rural and uneventful driving. O’'Hanlon and Kelley (1977) showed increased
alpha activity and lane drifting when driving was monotonous. Studies of shift workers have shown that
train drivers show increased alpha and theta activity (and increased slow eye movements) toward the
late parts of the night (Torsvall and Akerstedt, 1987). Truck drivers behave in much the same way
(Kecklund and Akerstedt, 1993). One quarter of process operators show actual sleep during night shifts
(Torsvall et al., 1989). Mitler et al. (1997), however, found very little changes in alpha and theta activity
in long-distance truck driving despite self reports of sleepiness and videotape evidence of frequent bouts
of sleepiness. Aircrew show increased alpha and theta activity during long-haul flights (Gundel et al.,
1995). Recently there has been a number of studies showing increased theta/alpha activity in driving
simulators as a function of sleep loss and alcohol, a trend that was counteracted by breaks, naps, noise,
etc. (Reyner and Horne, 1997, 1998; Landstrom et al., 1998).

21.2 Procedure

The procedure of preparing a polysomnographical sleep recording is extensively described in the litera-
ture, most central of which is the “gold standard” manual by Rechtschaffen and Kales (1968), and the
Principles and Practice of Sleep Medicine (Kryger et al., 2000). The procedure uses part of the so-called
ten-twenty system for electrode positioning. It starts with the measurement of the distance between the
nasion (the recession between the eyes where the nose bone starts to protrude from the skull) and the
inion (the recession where the skull meets the neck). The distance between the midpoint of the frontal
part of one ear to the other also should be measured. Using these measures, the ideal electrode positions
are then identified. For sleep, C3 and A2 (mastoid behind the left ear) or C4 and Al (mastoid behind
the left ear) are used. For sleepiness measures, the derivation O2-P4 is often preferred. In general, alpha
activity is most pronounced in occipital or parietal derivations. Frontal positions often contain large
artifacts from eye movements and therefore may be difficult to use. The exact positioning of the electrodes
are quite important when using a bipolar derivation, since the amplitude of the recording will increase
with increasing distance between the electrodes, up to a point.
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After identification with a marker pen, the electrode sites are cleaned with spirit and acetone (to remove
fat). A proper rubbing is necessary for a good recording. A silver—silver chloride cup electrode is applied
on the site and fastened using liquid collodium or a self-adhesive ring. EOG electrodes are placed as a
horizontal pair (at the outer canthi of each eye) and as a vertical pair (above and below the eye). If only
few channels are available, one might get away with only one pair placed obliquely, i.e., one electrode at
the outer canthus, slightly above the midline of the eye, and the other below the midline. This permits
the recording of eye blinks (vertical) as well as horizontal eye movements. Frequently, self-adhesive
electrodes can be used for the EEG recording, mainly because of the high-voltage signal (0.5 mV).

When the electrodes have been applied, the conductive medium, electrode jelly, is injected through
the hole at the top of the electrode using a blunt hypodermic needle. For good contact, one can abrade
the skin somewhat using the blunt syringe. However, care must be taken not to draw blood, since this
will change the electrical properties of the electrode. The resistance of the applied electrodes should be
below 5 kOhm. At higher levels, artifacts will be pronounced and create a poor signal-to-noise ratio. The
level should be checked with an impedance meter and, where unsatisfactory, more jelly should be applied
or the skin abraded a bit more. The EOG, with its high-voltage signal (0.5 mV), can accept higher levels
of impedance than the EEG with its 0.01- to 0.05-mV level for alpha and theta activity.

In the next step, the leads from the electrodes are collected in a “pony tail” so as not to interfere with
movement of the head. At several points, the tail should be secured with surgical tape to the neck in
order to prevent movement artifacts. When applying the tape, it is important to leave enough slack in
the leads to allow for normal movement of the head.

The leads are then connected with the receptacle of a small, portable EEG recorder, which is placed
in its carrying pouch (on the belt, for example). The recorder, which has been preprogrammed for certain
types of recordings, is then started and calibrated. This usually involves several rounds of “look right,
look left,” “tense your cheek muscles,” “close your eyes,” and “look straight ahead.”

Each calibration exercise should be identified with the event marker of the recorder. These recordings
are later used to identify particular patterns in the EEG and to remove artifacts. The subject is then
released to go about his normal activities or to wait for the experiment to start. In most cases, the subject
will be instructed to press the event marker upon going to sleep and upon rising or when starting and
ending a work shift, depending on the design of the study. These events are then used to unequivocally
identify the critical segments of the recording. In most studies, the subject will also be supplied with a
small diary in which to note times of going to bed, of rising, of starting and ending work, etc. The diary
is also used to record sleepiness, stress, and other states every 2 to 3 hours, as well as any important
events, such as having to turn off the recorder, etc.

The subject typically returns 24 hours later to have the electrodes and recorder removed. However,
the subject often will have received instructions on how to remove the electrodes (acetone on a wad of
cotton), so logistics can be simplified and the recorder returned or picked up with efficient timing. The
logistics are often important, since the recorders are expensive and time is of essence. At the lab, the
contents of the recorder are dumped into a computer for later processing. However, an immediate eyeing
of the recording is important to establish whether the data will be usable or whether a new recording
will have to be arranged.

21.3 Analysis

The analysis of the recorded data is done on-screen, often with the help of spectral analysis. The scorer
divides each 20-sec window into 4-sec segments and scores for presence of sleepiness (alpha activity,
theta activity, slow eye movements). At the same time, all artifacts are removed from the material to
make a later quantitative spectral analysis possible. One also needs to be prepared to score the recording
into the traditional sleep stages (Rechtschaffen and Kales, 1968), since full-blown sleep may well occur.
Essentially, sleep is divided into stage 1 (alpha activity has disappeared, slow eye movements occur, theta
activity is present), stage 2 (theta activity with sleep spindles, i.e., 14- to 16-Hz activity longer than 0.5
sec, together with K-complexes — fast, high-amplitude waves), stage 3 (delta activity 20 to 50% of the
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epoch and with an amplitude >75 uV), stage 4 (delta activity >50%), and REM sleep (theta activity,
rapid eye movements, sharply reduced EMG activity).

Computerized analysis is mainly some type of spectral analysis, which has replaced simpler techniques
using analog or digital filters. Spectral analysis often uses the fast Fourier transform (FFT). The resulting
spectrum (amplitude or power) can be integrated or averaged across the frequencies of interest. It divides
the EEG activity in frequency bands depending on the amount of activity in each band. The bandwidth
depends on the sampling interval, e.g., a 4-sec interval permits a resolution into 1/4 bands. One can
present the data as total power, expressed as squared microvolts per hertz. Frequently, one prefers to
integrate (sum) power across several bands, such as the alpha (8 to 12 Hz), theta (4 to 8 Hz), 16 to 30
Hz, and delta (0.5 to 4 Hz) intervals. Usually, each band is expressed in percent of the mean across the
study or in relation to the value in a controlled situation at the start. Often, for example, the alpha band
is dichotomized into a high and a low portion or the alpha and theta band summed. As yet there is no
absolute level that is used. It is therefore relatively difficult to compare the results of different conditions.

21.4 Advantages and Disadvantages

The main advantage of the ambulatory EEG (and EOG) recording is that the investigator obtains a
second-to-second measure of manifest sleepiness (and sleep). No other method can provide that. The
absence of such changes cannot, however, be taken to indicate low (latent) sleepiness, since a variety of
factors can mask the appearance of the sleepy EEG. To obtain a dependable measure of latent “deep”
sleepiness, one needs some sort of controlled low-stimulation condition introduced (see Section 21.6,
Related Methods).

One problem is also that the experimenter usually does not know what the ambulatory subject does
every minute around the clock when out of the laboratory. A section of extreme drowsiness or even sleep
could be completely innocuous if it occurs during a break, but fatal if it occurs while operating equipment.
Thus some sort of frequent diary notation by the subject is invaluable.

An obvious problem is also the abundance of artifacts due to movement or electrical interference from
the environment. Movement artifacts can be eliminated through meticulous application of electrodes
and leads. Electrical interference can often be filtered out. On an individual level, weak alpha producers
may be difficult to analyze.

21.5 Example

Figure 21.1 shows the EEG/EOG pattern of a subject with severe sleepiness performing a test with open
eyes. The first seconds show beta activity with relatively normal eye blinks (the triangular forms). This
is followed by an increase in alpha activity together with obvious eye closure and slow rolling eye
movements. Fifteen seconds later, the dozing-off episode is terminated, beta activity reappears, and eye
blinks return.

EOG

~—— ]

FIGURE 21.1 EEG and EOG recording during an episode of nodding off in a subject performing a test.
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21.6 Related Methods

There is no alternative method for measuring continuous fluctuations of alertness, but there are three
or four related ones. They are all based on the idea of analyzing the EEG during a well-controlled
period of relaxation with open or closed eyes. The advantage is, of course, that external interference
is reduced and that latent sleepiness is brought to the surface through the relaxed and soporific
situation.

The first is the multiple sleep latency test, which simply involves lying down on a bed in a dark room
for 20 min with the instruction to relax and to permit oneself to fall asleep (Carskadon et al., 1986). The
test is terminated when the first three epochs of stage 1 sleep have appeared. Normal values in alert
individuals are 15 to 20 min, while 5 min constitutes an indicator of pathology or presence of severe
sleepiness because of sleep loss, late-night work, or drug intake. The test is usually repeated four to five
times during daytime, and the mean is used as a score. Sleep-onset REM may suggest narcolepsy or
depression. This test has the disadvantage that subjects with a good ability to relax may obtain spuriously
short latencies.

The maintenance-of-wakefulness test uses the same rationale but involves an instruction to stay awake
for as long as possible (Mitler et al., 1982). This test is increased in duration to 60 min.

The Karolinska drowsiness test is run for 10 min with open eyes and 5 min with closed eyes (Akerstedt
and Gillberg, 1990). The amount of time with sleepiness indications is used as a measure, and the time
with clear alpha or theta activity and/or slow eye movements in the EOG is summed. This test has the
advantage that it comes relatively close to sedentary work tasks.

Another interesting method is called the “alpha attenuation test” and is based on a ratio between the
EEG alpha power with eyes open and with eyes closed, recorded alternately in 1-min intervals. Since
alpha power (spectral content) decreases with sleepiness when the eyes are closed and increases with the
eyes open, the ratio will increase with increasing sleepiness (Stampi and Stone, 1995).

21.7 Tools Needed

The primary tool for this type of measurement is a small, lightweight, ambulatory EEG recorder. Older
tape-recorder types of systems have been replaced by hard disk or solid-state minicomputers that can
record for 24 hours on a large number of channels. Two frequently used instruments are the Embla
from Flaga (Iceland) and Vitaport (The Netherlands). The former offers 17 channels; the second uses
a modular system that can add on series of amplifiers. Both can record any type of electrophysiological
measures, including respiration, light, physical activity, etc. Several other types of equipment are used
for sleep analysis in the home, but we are not aware of them being used for true ambulatory wake
monitoring.

Apart from the recording equipment, a personal computer is needed for downloading the recorded
signals. The software for manual sleep analysis and spectral analysis is supplied by the manufacturers of
the recorders, but the user may need to make modifications. We are using the programming package
LabView to produce customized analysis packages.

EEG recording also requires the consumables such as electrodes (silver—silver chloride or other types),
spirits, and acetone for cleaning application sites.

21.8 Application and Training Time

The application time for the experienced lab specialist is between 15 and 20 min for the minimum
number of electrodes. Learning to apply electrodes takes only a few hours, but one needs 10 to 20
applications with follow-up of recording quality before performance is reasonably reliable. Scoring the
EEG, on the other hand, takes a few months of training with close monitoring of quality by an experienced
scorer. Furthermore, repeated quality checks are necessary.
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21.9 Standards and Regulations

There are no standards developed specifically for continuous EEG recording for sleepiness, although
there are standards for sleep recording (Rechtschaffen and Kales, 1968). The established literature cited
above should be used for guidance.

21.10 Reliability and Validity

Formal reliability has not been established for ambulatory EEG methods of sleepiness, since reliability
refers to the precision with which a method measures what it is intended to measure. This definition is
rather meaningless, since the methods define exactly what they are intended to measure, and reliability
is thus essentially perfect. Another approach is to evaluate the repeatability of the measure, but since the
EEG is constantly changing, this approach also lacks meaning.

With respect to validity as an indicator of sleepiness, a number of studies cited above have established
a relation between subjective sleepiness and sleepiness-impaired performance. Essentially, purposeful
interaction with the environment is simply not feasible when the EEG is dominated by alpha or theta
activity with slow eye movements.
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22.1 Background and Applications

The event-related potential (ERP) is a transient series of voltage oscillations in the brain that can be
recorded from the scalp in response to discrete stimuli and responses. Specific ERP components, usually
defined in terms of polarity and minimum latency with respect to a discrete stimulus or response, have
been found to reflect a number of distinct perceptual, cognitive, and motor processes, thereby proving
useful in decomposing the processing requirements of complex tasks (Fabiani et al., 2000).

ERPs have a long history of being used to examine aspects of cognition that relate to a number of
issues of relevance to human factors and ergonomics, including vigilance, mental workload, fatigue,
adaptive aiding, stressor effects on cognition, and automation. (See Kramer and Weber [2000] and Byrne
and Parasuraman [1996] for reviews of this literature.) For example, Kramer et al. (1983) found that
increasing difficulty on a primary task resulted in decreases in the amplitude of a late positive component
of the ERP, the P300, elicited by a secondary task. In a later study, Sirevaag et al. (1987) found reciprocity
in the amplitude of P300s elicited by primary and secondary tasks. As the primary task became more
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difficult, P300s elicited by primary task events increased in amplitude concurrently with decreases in the
amplitude of P300s elicited by secondary task events. This pattern of P300 reciprocity is consistent with
resource tradeoffs predicted by multitask processing models (Wickens and Hollands, 2000). Other studies
have employed ERPs to examine changes in performance as a function of time on task (Humphrey et
al., 1994), in on-line adaptive communication algorithms (Farwell and Donchin, 1988), as a means to
examine drug effects on human cognition (Ilan and Polich, 2001), as well as other human factors issues.

22.2 Procedure

The recording and analysis of ERPs require a number of steps with branching points (i.e., choices with
regard to methods of recording and analyses) at many of the steps.

22.2.1 Step 1: Design of the Experimental Paradigm

Given that many ERP components have a relatively small signal-to-noise ratio, ERP paradigms often
need to be designed such that a number of trials can be recorded in each of the conditions of interest.
Exceptions to the need for multiple trials include the later ERP components such as the P300 and slow
wave, which can be resolved with few trials (Humphrey and Kramer, 1994). There is also a need to isolate
the electrodes and recording device from other electrical sources. Finally, ERPs are most useful as a means
to decompose aspects of cognition in well-designed paradigms in which perceptual, cognitive, and motor
processes can be systematically manipulated.

22.2.2 Step 2: Preparing the Subject for ERP Recording

This step involves the application of electrodes to the subject’s or operator’s scalp, the selection of
appropriate gains and filters for the amplifiers, and ensuring that “clean” signals (i.e., electrical signals
uncontaminated by electrical line noise, movement artifact, drift, etc.) are being recorded. Monitoring
of the electrical signals during the conduct of the experiment is also prudent to ensure data quality.

22.2.3 Step 3: Preparation of the ERP Data for Analysis

This step often entails additional filtering based on the characteristics of the ERP components that one
is interested in as well as screening for eye movements, which can contaminate the electrical activity
recorded from the brain. Trials on which eye movements occur can either be rejected or adjusted to
reduce the influence of electrical activity associated with saccades from the activity recorded from the
brain. Techniques are applied to enhance the signal-to-noise ratio of the ERP components. In many cases,
this involves signal averaging, although other approaches such as spatial filtering and autoregressive
modeling have also been employed with some success (Gratton, 2000; Gratton et al., 1988).

22.2.4 Step 4. Component Definition and Pattern Recognition

Prior to statistical analysis, it is important to determine how ERP components are to be resolved and
measured. Perhaps the simplest approach is to examine components in restricted time windows and
define them in terms of measures of base-to-peak amplitude, peak-to-peak amplitude, or area. However,
while straightforward, this approach makes it difficult to deconvolve temporally overlapping components.
This can be accomplished with techniques such as principal components analysis, Vector filtering, and
wavelet analysis (Effern et al., 2000; van Boxtel, 1998).

22.2.5 Step 5. Data Analysis

ERP components can be analyzed with a variety of traditional univariate and multivariate procedures in
an effort to examine the sensitivity of specific components to experimental manipulation and system
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parameters. Journals such as Psychophysiology, Biological Psychology, and Electroencephalography and
Clinical Neurophysiology can be consulted for examples of the application of particular statistical methods
of data analysis.

22.3 Advantages

Perhaps the primary advantage of ERP recording is the wealth of knowledge that we currently possess
concerning the functional significance of different ERP components. This knowledge can be used to
decompose the information-processing requirements of different tasks and system configurations. That
is, ERPs can and have been used to decompose, in a temporally precise manner, the information-
processing activities that transpire between the time stimuli impinge on sensory receptors until an
individual produces an action, whether it is an eye movement, a vocalization, or the skilled movement
of the hands or feet. (See Kramer [1991] and Rugg and Coles [1995] for a summary of this literature.)

Another important advantage of ERPs is that, in many cases (i.e., for a number of ERP components),
the brain regions from which a component is generated are known. This knowledge enables the researcher
to capitalize on the extensive neuropsychological literature that maps particular cognitive functions to
neuroanatomical circuits. For example, on the basis of ERP and other neouroimaging data, Just et al.
(2003) have recently proposed a resource-based model of mental workload that predicts multitask
performance deficits on the basis of whether distinct or overlapping brain regions will be used in the
performance of particular tasks.

ERPs can also be obtained in the absence of operator actions and performance. This is especially useful
in vigilance situations in which few operator actions are required as well as in highly automated systems
in which operators serve primarily as system monitors or supervisors.

22.4 Disadvantages

Given problems with motion artifacts and electrical noise, it is preferable to record ERPs from individuals
who are not ambulatory. This clearly reduces the number of situations in which ERPs can be utilized.
Nevertheless, there are still ample professions for which ERP recording is possible (e.g., pilot, driver,
office worker, process control operator, etc.).

ERPs require a discrete stimulus or response. Therefore, situations in which it is either difficult to
record ERPs from stimuli that already appear in a task or system (e.g., the appearance of a new track on
an air-traffic-control display) or it is unfeasible to introduce signals from which ERPs can be recorded
(e.g., in a secondary task) are not easily amenable to ERP recording.

Finally, ERP recording, analysis and interpretation require relatively substantial training both in terms
of the recording procedures as well as in the relevant psychological and physiological literatures.

22.5 Example

Figure 22.1 presents a set of average ERPs recorded from eight different scalp sites from ten young adult
volunteers in an experiment conducted to examine the attentional requirements of visual marking. Visual
marking is a phenomenon that entails focusing attention on one set of stimuli while ignoring other
physically interspersed stimuli. The ERPs shown in Figure 22.1 were recorded from the presentation of
a set of stimuli that subjects were instructed to ignore (gap condition), memorize for later report (memory
condition), or determine whether one of the stimuli changed (neutral condition). The ERPs presented
in Figure 22.1 were averaged across the ten volunteers after having been filtered and screened for potential
artifacts. Several different ERP components can be identified in the waveforms: a P100 at approximately
150 ms poststimulus (the stimulus is indicated by the vertical line at 0 ms on the x-axis), an N100 at
approximately 200 ms poststimulus, and a later positive-going waveform called the P300. As can be seen
at several different electrode sites (e.g., P3 and O1), the three different conditions are clearly discriminated
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by the N100 component. Given that N100 reflects the allocation of spatial attention, these data suggest
that attention is indeed distributed differently during the three conditions.

22.6 Related Methods

The most closely related method is electroencephalographic recording (EEG). ERPs are the transient
electrical activity, elicited by specific stimuli or responses, within the EEG signal. Unlike ERPs however,
EEG activity is usually analyzed in the frequency rather than the time domain and tends not to be related
to specific stimuli and/or responses (although it can be). Like ERPs, EEG can also be recorded in
laboratory, simulator, and field environments.

Other techniques that enable an assessment of central nervous system activity include positron emis-
sion tomography (PET) and functional magnetic resonance imaging (fMRI). PET and fMRI are used to
image functional activity in the brain, often as an individual is performing a specific task. Both of these
techniques involve inferring changes in neuronal activity from changes in blood flow or metabolic activity
in the brain (Reiman et al., 2000). In PET, cerebral blood flow and metabolic activity are measured on
the basis of clearance of radionuclides from cortical tissues. These radionuclides, which are either inhaled
or injected, decay by the emission of positrons that combine with electrons to produce gamma rays,
which are detected by a series of sensors placed around the head. Each PET image, which is acquired
over an interval of anywhere from 1 to 45 min, depending on the nature of the radionuclide employed
in a study, represents all of the brain activity during the integration period. These PET images are then
coregistered with structural scans, often obtained from MRIs, to indicate the location of the functional
activity. fMRI is similar to PET in that it provides a map of functional activity of the brain. However,
fMRI activity can be obtained more quickly (within a few seconds), does not depend on the inhalation
or injection of radioactive isotopes, and can be collected in the same system as the structural information.
The blood-oxygen-level-dependent technique (BOLD) of fMRI uses the perturbation of local magnetic
fields due to changes in the oxygen content of blood during increased blood flow to image functional
brain activity (Belliveau et al., 1991; Ogawa and Lee, 1990). While both PET and fMRI provide excellent
spatial resolution for brain activity related to different aspects of cognition, neither technique can be
used outside of the laboratory.

22.7 Standards and Regulations

There are no regulations that govern the collection and analysis of ERP data. However, a number of
guidelines have been published concerning ERP data recording, analysis, and presentation (see Picton et
al., 2000).

22.8 Approximate Training and Application Times

The time required to learn how to record and analyze ERP data varies depending on whether you want
to learn the basics (a couple of months) or instead become knowledgeable about the basis of ERP signals
(an advanced degree). Application times for the ERP electrodes also vary from approximately 15 min for
a few electrode sites to up to 45 min for a large array of electrodes.

22.9 Reliability and Validity

The validity of different ERP components as metrics of specific cognitive constructs (e.g., attention,
aspects of language processing, aspects of memory, etc.) has been convincingly demonstrated through a
series of converging operations (Kramer, 1991; Fabiani et al., 2000).

Reliability of ERP components has been established through extensive replications of a variety of
effects, which have involved the mapping of ERP component latency and amplitude changes to specific
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experimental manipulations. More formal reliability analyses have also been performed with a subset of
ERP components. For example, Fabiani et al. (1987) evaluated the reliability of P300 amplitude and
latency measures in a series of simple oddball studies in which individuals were instructed to respond
to a subset of stimuli. The split-half reliability was 0.92 for P300 amplitude and 0.83 for P300 latency.
The test—retest reliability assessed over a period of several days was 0.83 for P300 amplitude and 0.63 for
P300 latency.

22.10 Tools Needed

ERP recording requires sensors (electrodes); amplifiers; a computer system for data collection, analysis,
and stimulus presentation; as well as software for data collection and analysis. There are many complete
systems available on the market for EEG/ERP recording. However, many of these systems are designed
for clinical use and therefore do not provide the flexibility often needed for research. A few examples of
systems that are designed for ERP research include Neuroscan (http://www.neuro.com/medsys/), BIOPAC
(http://www.biopac.com/newsletter/september/erp.htm), Biologic Systems (http://www.blsc.com/neu-
rology/explorerep/index.html), and Nicolet (http://www.nicoletbiomedical.com/tr_intuition.shtml).
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23.1 Background and Applications

The neural activity of the brain generates electrical currents that, in accord with general physical laws,
can be monitored outside the head by means of their resulting electrical and magnetic fields. The
corresponding recordings are known as the electroencephalogram (EEG) and magnetoencephalogram
(MEG), respectively. Whereas EEG recordings have been used for many years to evaluate clinical condi-
tions such as epilepsy, the technologies that permit MEG recordings to be made are relatively recent. Due
to the intrinsic noise present in the sensors and amplifiers used to obtain MEG records, only the relatively
strong fields produced by the simultaneous firing of large ensembles of similarly oriented neurons can
be detected.

In addition, the increased metabolic activity produced by local regions of increased neuronal activity
leads to local increases in the blood supply to these neurons. The increase in oxygenated hemoglobin
can be detected by appropriate magnetic resonance imaging (MRI) techniques. Because these local
modulations in blood supply are a consequence of the execution of cerebral functions, this MRI variant
is called functional MRI (fMRI).

In recent years, these techniques have gained increasing importance in neuroscientific applications
such as the analysis of the neural substrate of specific cognitive processes. Very recently, there have also
been attempts to employ these methods in the diagnosis of certain neurological diseases. MEG and fMRI
are to some extent complementary. While MEG can monitor neural functions with excellent temporal
resolution (in the range of msec) but only poor spatial resolution, fMRI can localizes activations with
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substantial spatial resolution (a few mm) but only coarse temporal resolution (a few seconds). By using
the two methods in combination, one can therefore perform precise temporal-spatial analyses of higher
neural functions.

Because the usefulness of MEG for medical diagnosis is still under debate, the number of MEG
laboratories is still limited (some 50 at the time of writing), and MEG applications are still largely
restricted to pure scientific investigations. FMRI, on the other hand, is being utilized in many more than
100 clinical and research institutes worldwide as well as in applied studies.

Both fMRI and MEG are best suited for the analysis of cognitive and other brain functions that are
restricted to limited brain areas. FMRI is equally sensitive throughout all regions of the brain, with
the exception of some regions close to caverns and ventricles. In contrast, MEG is primarily sensitive
to neural activity in superficial brain regions that are oriented tangentially with respect to the skull.
Processes in the center of the brain and/or with radial orientation are almost undetectable by the MEG.

Some neuroscientific research areas amenable to investigation with MEG and fMRI are:

+ Movement-related brain activation

+ Memory processes (encoding and retrieval)

+ Visual perception, attention, and selection

+ Auditory perception, attention, and selection

+ Language production and processing

+ Perception of music

+ Learning and brain plasticity with respect to cognitive functions

Some clinical applications of these techniques include the localization of functionally important brain
areas in the context of neurosurgery, the localization of epileptic foci based on specific areas of neural
spiking (with MEG supplementing EEG for this purpose), and the estimation of the impact of certain
brain lesions on higher neural functions.

In some investigations, there will be no canonical basis for preferring one of the two methods discussed
here, and the choice will depend on the system that is available. However, if an analysis of temporal
responses is desired, the MEG will be preferred. If the desired empbhasis is on the spatial specificity of
responses, fMRI will be preferred. As previously indicated, maximal information will be derived when
the methods can be combined. It should be noted, though, that some subjects or patients cannot be
examined by either of the methods due to technical or safety considerations (for instance, the presence
of ferromagnetic inserts).

23.2 Basic Mechanisms

23.2.1 MEG

The brain’s magnetic fields are approximately 10~ smaller than the earth’s magnetic field. Conventional
magnetic measuring devices (such as fluxgates) cannot be used to monitor field amplitudes this low.
Instead, superconducting quantum interference devices (SQUIDs) must be employed. These sensors
exploit the quantum mechanical “Josephson-effect” (Josephson, 1962), which can be observed when
certain materials are in a superconducting state. In order to achieve this state, these devices need to
be maintained at a temperature of 4 K (-269°C) by liquid helium. Modern MEG systems record the
signal from as many as 150 to 300 SQUIDs spread equally over the head surface (with no physical
contact needed), thereby providing an intersensor distance of approximately 2 to 3 cm. In order to
eliminate external magnetic noise (for instance, noise caused by moving iron objects like cars), MEG
experiments must be conducted in a dedicated room that is magnetically shielded by multiple layers
of mu-metal, an iron alloy especially developed for magnetic shielding. This shielding can have a total
weight of several tons.
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To further suppress external noise, special variants of the MEG sensors have been developed. These
new variants are known as gradiometers, in contrast to the original magnetometers (for details see
Himildinen et al., 1993; Lounasmaa et al., 1996).

23.2.2 fMRI

When the spin tilt of protons is aligned by a strong magnetic field, and that spin tilt is momentarily
perturbed by a brief electromagnetic pulse, the protons will emit a burst of radio-frequency (RF) energy
as they return to their initial aligned state. MRI, in general, relies on an analysis of the RF energy produced
during the return or relaxation period. The characteristics of the emitted RF signal will depend on the
character and sequence of the perturbing pulses and on the intensity of the aligning field. If the strength
of the aligning field is given a spatial gradient (by the superimposition of a separate gradient field), the
emitted signals will have an RF signature that is dependent on their location in the gradient. Since the
overall strength of an emitted signal is dependent upon the density of the protons generating that signal,
the strength of the emitted signal bearing a particular RF signature will allow one to determine the proton
density (and thus tissue characteristics) at the spatial location that is the source of that signal. (For details,
see Jezzard et al. [2001] or Turner et al. [1998].) In this manner, a map of tissue densities throughout
the brain can be derived. In the case of fMRI, a relaxation signal time constant (which is designated T2*)
is of special interest. This time constant characterizes the exponential decay of the RF burst emitted by
the excited protons (see above). T2* values vary according to the oxygenation level of the venous blood
at particular locations. This oxygenation level is in turn dependent on the level of neural activity at a
location, because there is an overcompensating increase in the blood supply in regions with enhanced
metabolism. The change in the RF signal that reflects this change in oxygenated hemoglobin is known
as the blood-oxygenation-level-dependent (BOLD) response. BOLD responses onset about 4 sec after an
increase in metabolic activity and have a total duration of about 15 sec. FMRI maps the spatial distribution
of these BOLD responses.

To generate the huge static magnetic field required for MRI and fMRI (typically 1.5 tesla, although
systems up to 7 tesla have been built), the system requires correspondingly strong currents. These can
only be provided by superconduction. Therefore, MRI systems require permanent cooling using liquid
helium. In addition, fast and powerful amplifiers and receivers are required to set up the magnetic
gradients, generate short RF pulses with arbitrary shapes, and record the emitted RF echoes. RF
shielding of the MRI room is mandatory to prevent interference. See Figure 23.1 for a typical MRI
scanner.

MRI and fMRI images are organized into slices of a few millimeters thickness, each made up of a
rectangular matrix of voxels (i.e., volume elements), which represent the signal from a small rectangular
volume of tissue. The number of voxels per slice is typically 256 x 256 to 1024 x 1024 for structural
scans, and 64 X 64 to 128 x 128 for functional scans. The geometric region covered by the slices is called
the field of view (FOV).

23.3 Procedure

23.3.1 MEG

At the beginning of the measurement period, a helmetlike gantry holding the sensors is placed over the
subject’s head. Coils fixed on the head provide weak magnetic sources at known anatomical sites. These
sources are used to establish an anatomical coordinate system, which is needed to assign the measured
magnetic fields to appropriate anatomical structures. After this coordinate system has been established,
the MEG is recorded continuously or in a stimulus-locked/epoch-based manner, depending on the
experimental design. The evoked magnetic fields are sampled at a rate of some hundred Hertz.
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MRI device MEG device

FIGURE 23.1 Typical examples of MRI scanner and MEG device. The computer system attached to the MRI image
indicates the console system needed to control the imaging process, located outside the shielded MRI room.

23.3.2 f{MRI

The subjects recline on a movable gantry, which is shifted into the bore of the magnet. Usually, fMRI
experiments require at least two steps: (1) a structural scan to acquire an image of the anatomical structure
at high resolution (taking some 10 min) and (2) repeated (up to some hundred) functional scans that
acquire the task-specific BOLD image at a low structural resolution. Depending on the type of experiment,
the entire process can take up to 1 hour. The BOLD signals are typically acquired with a sampling
frequency of 0.1 to 1 Hz. During subsequent processing, the sequence of functional images is statistically
analyzed (see below) and combined with the structural scan (a process called coregistration) to allow for
a precise anatomical localization of the functional results.

23.4 Experimental Setup

During data recording, a sequence of visual or auditory or other sensory stimuli is presented to the
subject, who has to process them according to a predefined task. For example, a sequence of words may
have to be encoded, or geometric figures classified, or there may be a sequence of tactile stimuli that
require no overt response. Often, the same or similar stimuli are presented repeatedly with different task
requirements. Generally, differences between the BOLD responses in the different experimental condi-
tions are evaluated to determine what brain regions are specifically activated by a particular task or a
particular type of sensory input. In order to access the generality of the obtained results, several subjects
(typically 10 to 20) are examined using the same experimental manipulation.

In clinical applications, certain phasic events like epileptic MEG or EEG signal patterns can be used
as triggers for the data-extraction process. Signal-averaging techniques can then be used to extract specific
characteristics of the signals or images associated with those events.

23.4.1 Data Analysis
23.4.1.1 MEG

Since the strength of the task or stimulus