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A conceptual model for work-related neck and upper-limb
musculoskeletal disorders
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ARMSTRONG TI , BUCKLE P, FINE LJ, HAGBERG M, JONSSON B, KILBOM A, KUORINKA
IAA, SILVERSTEIN BA, SJOGAARD G, VIIKARl-JUNTURA ERA. A conceptual model for workrelated neck and upper-limb musculoskeletal disorders Scand J Work Environ Health 1993;19:7384. This paper presents a conceptual model for the pathogenesis of work-related musculoskeletal disorders. The model contains sets of cascading exposure, dose, capacity, and response variables, such
that response at one level can act as dose at the next. Response to one or more doses can diminish or
increase the capacity for responding to successive doses. The model is used as a framework for discussing the development of work-related muscle, tendon, and nerve disorders. It is intended as a beginning, to be modified to explain new findings as they become available. In research, it can help to
identify areas needing additional data for the development and expression of work-related musculoskeletal disorders. Researchers can use it to design laboratory and field studies. In practice, it demonstrates the relationship between common exposure factors and different responses. This information
can be used to evaluate and design jobs for the prevention of work-related musculoskeletal disorders.
Key terms: carpal tunnel syndrome, cumulative trauma disorders, dose-response, fatigue, nerve pathogenesis, repetitive strain injuries, tendinitis, tendon and muscle disorder, work-related disorders.

Thi s paper conce rns a model for th e development of
work -rel ated neck and upper-limb disorders. It brings
together the collective experience of researcher s,
from many countr ies , who have ea ch recognized the
need for a mod el that addresses both scientific and
practi cal aspects and the ir interactions.
The scie ntific literature shows that the health prob lem s cons idered in the model are found worldwide ,
in both industrial and non industrial groups. Historical records and oth er documentation show that many
of the disorders in que stion have been recognized for
ce nturies, and their ass ociation with occup ations was
recorded lon g before sickness benefit schemes and
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co mpensation claim s were in existence. It is perhap s
inevitable that an y study or discuss ion of the expression of the disorders qu ickly leads to a consideration of the preexisting social conditions, and the effect s on individuals and organization s. The balance
bet ween such fact ors is complex and is further justification for dev eloping a model such as the one prese nted in thi s comm unication.
Regardless of national and cultural differences in
social thoughts or attitudes towards states of health,
mu sculoskeletal problems are found. The extent of
the problem s is difficult to es tablis h becau se definition s, diagnostic criteria, and offi cial statistics are
rare ly comparable from country to country.
Limitations in establishing causality are evident in
cu rrent methodologies when these methodologies are
appl ied to most workplace studies . These limitations
sho uld not be seen as a barrier to the interpretation
of data from the many epidemiolog ic studies th at
identify ass ociations , but rath er as lim itations that
exi st in many areas of health-related research. A
model of the interaction between physiological, mech anical, indi vidual, and psychosocial fac tors provides a framework for integrating epidemiologic
findings with laboratory studies.
Thi s model wa s de vel oped to highlight the multifactorial nature of work-related neck and upper-limb
disorders and to assist in the und erstanding of the
complex nature of the interactions between ex posure,
dose, cap acity, and response. Th e model ca n also be
considered a tool for research planning and study interpretation.
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There is an important role for researchers in providing those responsible for prevention and rehabilitation with the information required to develop effective strategies . The model outlined reflects this
need. It is hoped and expecte d that the model will
be deve loped further.
Work relatedness
Musculoskeletal disorders should be characterized as
"wo rk-related diseases " rather than as "occupational diseases" (1) . An occupatio nal disease is defined
as a disease for which there is a direct cause-effect
relationship between hazard and disease (eg, asbestos-asbestosis). Work-related diseases are defined as
multifactorial when the work environment and the
performance of work contribute significantly, but as
one of a number of factors, to the causation of disease (1). Work-related disea ses can be partially
caused by adverse work conditions. They can be ex-

acerbated by workplace exposures, and they can impair work capaci ty. It is important to remember that
personal characteristics and enviro nmenta l and socioc ultural factors usually playa role as risk factors
for these diseases . Some of the health problems presented in the model have charac teristic s of both
work-related and occupational diseases, especially if
expos ure levels are high.
The "work relatedness" of musculoskeletal disorders is supported by numerous epidemiologic studies (2-21). (See table 1.) It can be seen that these
disorders are not unique to anyone occupa tional
group. Reported occupations include meat processors, letter carriers , office workers, and manufacturers of many products. The common trait of these
groups is repetitive or intensive use of the hands.
The incidence and prevalence of musculoskeletal
disorders in reference populations with reduced hand
work are low, but not zero. (See table 1.) This morbidity is evidence of other, probably nonwork-related

Table 1. Epidemio logic studies of the relation ship between work exposure and muscu loske let al respon se variab les provide
evid ence of a dose -response relat ionship. (95% CI = 95% confidence interval , EMG = elect romyog raphy)
Study
desig n

Study population

Exposure

Male industrial workers belong ing to an occupational
health center : 20 cases of
degenerati ve shou lder tendinitis (3 cases of tendinitis
due to general infl amma·
tory disorder exc luded),
contrasted to 34 referents
matched for age and work·
shop (2 referents for each
case)

Work wit h hands at or
above shoul der level; exposur e assessed by interview and observation of
physician

Shipyard welders (131 males)
wit h more than five years
of welding experience. contrasted to office worke rs (57
males) age 40 years or older

Locali zed shoulder muscle Crossfati gue; work with elevated sectional
arms with hands at or above
shou lder level; expos ure
measured fo r welders by
observation and EMG in an-

Casereferent

Exposed
prevalence
or
incidence

Referents '
prevalence
Risk
or
incidence

11 exposed

5 exposed
referents

cases

18%

2%

Refer-

95% CI

~~~~ Response and comment
ber

11

2.7-42

2

Shoulder tendinitis; adjust ment for potent ial confoun ders (age) not perfor med in the analysis

13

1.7-95

3

Shoulder tendiniti s; adjust ment fo r poten tial confounders (age) not performed in the analysis; the
numbe r of welding years
not associate d with out-

------------~~~~~-----------------------------------~~--------4 Tennis elbow (lateral epl-

Meat cutlers (90 males)
contrasted to construct ion
foremen (77 males)

" Overstrain of the exten sors and flexo rs of the wrist

Crosssect ional

8.9%

1.3%

7.4

0.91-61

condy litis)

and fin gers"; exp osure data

fro m previous publis hed
literature and plant walk
throug hs
Packers (118 females ) contrasted to employees in
nonstrenu ous jobs (197 female off ice worke rs and
supervisors)

Work tasks stre nuous to
the muscle -tendon structures of the upper li mb; exposure data fro m previous
publis hed literature and
plant walk throug hs

Cohort

7.0%

1.1%

Meat proc essing workers
(377 rneatcutters, sausage
makers, packers) contras ted to worke rs in nonstrenuous job s (332 off ice
workers, maintenance men,

Work tasks strenuous to
the muscle tendon structures of the u pper lim b; exposure data from plant walk

Crosssecti onal

0.8%

0.8%

6.4

5

Epicondylitis (late ral and
medial) causing a vis it to
the doct or; adjustment for
potential confounders (age)
not perf ormed in the analysis

6

Epicondylitis (lateral and
medial)

throughs
_

s~~~~

Sci ssors makers (90 fe- Number of pieces handled;
males , 3 males) contrasted graspi ng wit h th e fingers
to shop assistants (females) wide open
in a big department store

Crosssect ional

18%

14%

1.4

0.7- 2.9

7

Hand-wrist tendinitis (DeQuervain); tendini tis related
to number of pieces handied

Assembly-line packers (152
females) in food producti on
industry contrasted to shop
assistants (133 females) in
a department store (cashlers excl uded)

Crosssect ional

56 %

14%

8.1

4.5-14.6

8

Muscle-tendon syndr ome;
adjustme nt for potential
confounders (age) not performed in the analysis

Repetitive arm work, repetitive motions up to 25000
cycles per workda y; exposure assessed from observation analysis of video
and from an interview

(continued)
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Table 1. Continued .
Exposed
Stu dy popul ati on

Exposure

Industrial wo rkers (N = 652) High -force hlgh·repe titive
jobs compared wit h lowforce low -repeti tiv e jobs;
EMG and video analysis of
jobs

Study
design

c ross-

prevale nce

or
incidence
12%

Referent s'
prevalence
Risk
or
Incidence
0.6%

29.4

3.3%

0.9%

3.9

16.3%

0.7%

Refer-

95% CI

~~~ Response and co mment
ber
9

Hand and wrist tendin it is;
cont rol for age, gend er,
plant years on t he job

10

Hand -wrist tendinitis (DeQuervaln); adjust ment for
potenti al confounders (gender, age) not perform ed in
the analysi s

5

Tenosynovit is or peritend init is (including DeQuervain)
causing a vis it to t he doctor

sect ional

Packaging and foldi ng
workers (41 males, 328 females) contrasted to knitti ng workers (203 males,
149 females)

Exposure accord ing to job Crosscategories; no exposure sectio nal
measurem ents

Sausage makers (107 Iemales) cont rasted to employees in nonst renuous
j obs (197 fem ale off ic e
workers and superviso rs)

Work t asks stre nuous t o
t he muscl e-tendon struc tu res of th e upp er limb ; exposure data from previou sIy publi shed li terature and

Cohort

1.1-14

24

- ----------- ~~~~~~~~~ ---- --- ----------- ------------- ------ ----c ross-

Scissors makers (90 temales, 3 mal es) co ntr aste d
to shop assi stant s (133 females) in a big depart ment
stor e

Number of pieces handled,
grasping wi th the fing ers
wi de open

Data ent ry operators (50 females,3 males) con t rasted
to office work ers (55 females and males)

Constrained head and arm
posture

Assembly-line workers in a
shoe manufacturi ng line
(102 females) cont raste d to
nonassemb ly wo rkers (102
females) (Rhomboid mus-

Observations from fi lms of
t he work t asks; each assembly-Iine worker handled
3400 shoes per day; repet iti ve arm movement s

c ross-

Worke rs for a je t engine
manuf actur er (27 fem ales
and 3 males wit h carpal tunnel syndrome) and 90 randomly gender-matched

Use of vibratin g handto ols

case-

All butchers from two small
slaughterhouses (17 males)
wi th 3- 32 years of ex·

Lifting, tear ing , and handling of carcasses wit h left
hand versu s usin g to ols
wi th right hand; exposure
determ ined by observat ion

Cross'
sec tion al

Indust rial workers (N = 652) High -fo rce hig h-repet iti ve
j obs comp ared w it h lowforce low-repet it ive jobs;
EMG and video analysis of
job s

Crosssectio nal

61%

28%

4.1

2.3-7.2

7

Tension nec k syndrome;
adju stm ent for poten t ial
confound ers (gender, age)
not performed in t he analysis

38%

11%

4.9

1.8-13

11

Tension neck syndrome;
adju stm ent for potential
confound ers (gender, age)
not performed In the analysis

14%

1%

7.3

1.6-33

12

Tension neck syndrome,
adju stm ent for pot entia l
co nfounders (age) not performed in the analysis

13

Carpal tunn el syndro me
identified from workers'
com pensat ion reports and
plant medic al personnel

14

Carpal tunn el syndrome dlagnos ed from SUbjective
sympt om s and electrodlagoasis

1.7-142

15

Carpal t unnel syndrom e,
control fo r age, gender,
plant years on th e job

2.3

1.4-3.7

16

Carpal tunnel syndrome according to nerve condu cti on velocity; no symptoms

9.4

2.4- 37

17

Carpal tunn el syndrome;
control for age and gender

4.8

1.5-16

18

Carpal tunnel syndrome;
control fo r age and gender

19

Workers' compensation for
carpal tu nnel syndrome; female : male rati o 1.2: 1 and
~~~~2~~~~

20

Hypot henar hammer syndrome ; adju st ment for
potenti al confo unders (age)
not performed in t he analy-

secti onal

crosssecti onal

secti on al

_

~~~~~~L

perie nce

13.8

referent

Assem bly workers (N = 479)
co ntraste d to admi nistrative and clerica l wo rkers

Variou s occupations

Frozen fo od facto ry workers (N = 207)

Frozen f ood facto ry workers exposed to col d

Crosssect ional

Carpal tunnel syndrom e reo
lease patients (38 males)
cont rasted to hosp ital and
co mmunity referent s (N =
143)

Vibration > 20 years

Case-

Washington state wor kers
(in United States)

Indu st rial codes - oyste r
and cr ab Indus try workers

c ross-

53%

5.6%

47%

24%

0.6%

28%

16

sectional

37%

4.3%

referent

Register
inci dence

0.2%

14.8

------- - ----------------Employees from governmen t vehicl e maintena nce
workshops using hand as
hammer (79 males) cont rasted to emplo yees fro m
government vehicle maintenance workshops who
did not use hand as hammer (48 males)
Platers In a plant producing
paper and pulp mach inery
(89 males) contra sted to of fice work ers at th e same
plant (N = 61)

Habitual hand ham mering
defin ed as using th e hand
to hammer more t han once
a day acco rding t o inter-

__

Crosssecti onal

14%

0%

16.3

2.7- 100

view

Exposure assesse d by
questionnaire, observation
and vibration level and
duration measurements;
platers exposed to vibration
mainl y during grind ing but
also durin g use of hands as

sis

Crosssect ional

37%

20%

2.8

1.3-6.2

21

Hypo thena r hammer syndrome ; right ulnar artery;
adjustm ent for age in th e
analysis

hamm er s
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causes. These background cases are consistent with
the concept of the World Health Organization of
"work relatedness" (1).
The variation in the responses reported in table I
is possibly due to differences in the criteria used for
case definitions and the methods of examination.
Most researchers define cases by clinical examination (symptoms and clinical findings), but some use
clinical findings without symptoms and visa versa.
Because musculoskeletal disorders are a problem
common to many different occupations and work
groups and because they can involve different tissues
and body locations, these disorders are often referred
to collectively as cumulative trauma disorders, repetitive trauma disorders, repetitive strain injuries, or
overuse syndromes. While a literal interpretation of
each term suggests subtle differences, as a practical
matter they refer to the same diagnostically related
group of problems. The term "work-related musculoskeletal disorder" is used in this paper.
While an exact diagnosis is desirable for affected
workers, it is not always possible, particularly in the
earliest stages of the development of a musculoskeletal disorder. In most cases it is desirable to intervene before explicit patterns of symptoms develop .
Therefore it may be desirable to use case criteria that
have a high degree of sensitivity at the expense of
specificity. In other words, at the earliest stages of
development, it may not be important whether a
worker 's discomfort is due to a biochemical disturbance in the muscle or to a deformation of the tendon because both can respond to a reduction in work
intensity.
Many studies have considered factors such as age,
gender, weight, chronic diseases, fitness, and congenital differences. Age and gender have been linked to
symptoms of carpal tunnel syndrome (16, 22-24);

Exposure
(Work Requirements)

however, the studies with such findings have either
been based on nonoccupational populations or the
occupational exposure was not quantified . Studies in
which occupational exposure was quantified and the
level of exposure was high have shown that the risk
associated with personal factors was small when
compared with that associated with occupational exposures (9, 13, 15, 25). Similar cases have been
found for other personal factors of musculoskeletal
disorders .
Although musculoskeletal disorders can result in
pain and impaired work performance, they can also
go unreported. A worker's decision to report a problem can be influenced by his or her personal, social,
and economic circumstances. Studies of job satisfaction and stress have, as yet, been inconclusive (26-29). Peer pressure can also contribute directly to a
worker's decision to report a problem. It can also
contribute indirectly to the production of a disorder
by encouraging a worker to work faster or slower
(30) .

Workers' willingness to report musculoskeletal
problems may be related to cultural differences which
influence their perception and willingness to tolerate pain. Studies of these issues have produced mixed
findings (31, 32). The progression from disorder to
disability is probably strongly influenced by psychosocial, cultural, and economic factors (33).

The model
The goal of our dose-response model is to account
for the factors and processes that result in work-related neck and upper-limb disorders. The ultimate
objective of such a model is to specify acceptable
limits on work design for a given individual. In its
simplest form, a lumped-parameter dose-response
model can be characterized as the following four sets
of interacting variables: exposure, dose, capacity, and
response . (See figure 1.) Because these variables are
measures of the system state at any time, they are
referred to as state variables.

EXTERNAL

Capacity ...- - - - - - - ,

Dose

I
-Lr---------'--------,
Response 1
_

-

Response 2

- - Response n

INTERNAL

Figure 1. The proposed model contains sets of cascading
exposure , dose, capacity. and response variables . such that
the response at one level can act as a dose at the next level. In addition, the response to one or more doses can diminish (impairment) or increase (adaptation) the capacity for
responding to successive doses.
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Exposure
Exposure refers to the external factors (eg, work requirements) that produce the internal dose (eg, tissue loads and metabolic demands and factors). For
example, the geometry of the workplace and the
shape of the tools are important determinants of work
posture. The size, shape, and weight of work objects
are important determinants of tissue loads. Work
standards are important determinants of the frequency and velocity of muscle contractions . It also is possible for the response of one tissue to result in a dose
that affects another tissue. (See figure 1.) For example, connective tissue can thicken as its adapts to
stress, and this thickening can lead to pressure on
adjacent nerves and impaired nerve capacity .

Scand J Work Environ Health 1993, vo119, no 2

Not all important work requirements and other
work environment factors are physical characteristics. Conflicting job demands, such as the need to
increase both the quality and quantity of the product, can be important. Even characteristics of the
work environment, such as the threat of a plant closing, can also be important, and these characteristics
can best be considered as work environment factors
rather than as work requirements.
Dose
Dose refers to those factors that in some way disturb the internal state of the individual. Disturbances
may be mechanical, physiological, or psychological.
Examples of mechanical disturbances are tissue
forces and deformations that are produced as a result of exertion or movement of the body. Examples
of physiological disturbances are consumption of
metabolic substrates, production of metabolites, ion
displacement, and tissue damage. Examples of psychological disturbances are anxiety about the work
load and the lack of social support from family.
Response
Response includes the changes that occur in the state
variables of the individual. Examples are a change
in substrate, by-product, ion concentrations, temperature, or the shape of tissues. One response can in
tum be a new dose, which then produces another response. For example, an exertion of the hand can
cause changes in tissue shape and in substrate and
metabolite levels, which in tum result in discomfort.
The responses that are produced as a result of another response are referred to as secondary, tertiary,
and the like, depending on the number of preceding
responses. In the previous example, tissue deformation and substrate and metabolite levels are primary
responses, and discomfort is a secondary response.
The relationship between dose and state variable
response can be altered by previous exertions. For
example, initially an exertion draws on high energy
phosphate stores within the muscle. Later, it can draw
on the muscle glycogen and fatty acid stores. The
effect of a dose can occur immediately or it can require long periods of time. Exertion of force will produce immediate elastic deformation of tendons. Repeated or prolonged exertions over the course of a
work shift can result in viscous deformation of tissues. Repeated and prolonged exertions, day after
day, can result in changes in the composition of tissue. These changes can result in increased dose tolerance. Such changes are referred to as adaptation
and are a desirable effect of training. The changes
can also result in reduced capacity, which is an undesirable effect.
A quantitative description of all of the human components and of all of the state variables is not yet
possible. Therefore the discussion will focus on examples pertaining to muscles, tendons, and nerves.

Capacity
Capacity, whether physical or psychological refers
to the ability of the individual to resist destabilization due to various doses. Examples include the ability of tissues to resist deformation, the ability to
maintain concentrations of metabolites when exposed
to forces of exertion or movement or nonphysical
factors such as a strong sense of self-esteem or a high
capacity to resist mental stress. According to the
model capacity can be reduced or enhanced by previous doses and responses. For example, previous
exertions can reduce substrate levels or increase metabolite levels so that fewer exertions are tolerated
before fatigue and discomfort occur. Similarly, prior
exertions can result in residual deformation of connective tissues so that fewer exertions or lower force
is required to produce microfailures. Most individuals are able to adapt to certain types and levels
of activity. Muscles can develop increased aerobic
or anaerobic metabolic capacity. Connective tissues
can adapt by becoming stronger; however, not all tissues adapt at the same rate. A muscle can adapt faster
than a tendon and result in reduced tendon capacity.

Muscle disorders
Physical work requirements and individual factors
determine muscle force and length characteristics as
a function of time, which in tum determines muscle
energy requirements. Muscle energy requirements in
tum can lead to fatigue, which then can lead to muscle disorders. Muscle responses can be characterized
as a series of cascading mechanical and physiological events. Mechanical responses include deformation and the yielding of connective tissues within the
muscle, as well as increases in intramuscular tissue
pressure, which can affect the muscle blood flow
mechanically (34, 35). Physiological responses include electrochemical and metabolic changes (36).
Initial responses include electrical excitation, shifting ions, activation of contractile proteins, and mechanical deformation of muscle tissues. These responses are followed by shifting concentrations of
substrates and metabolites. These local changes are
conveyed to the central nervous system by sensory
afferent nerves and cause corresponding sensations
of effort and discomfort, or what is referred to collectively as "perceived fatigue." Of note is the fact
that these sensory afferents simultaneously affect the
cardiorespiratory responses to match the increased
need for muscle blood flow to supply substrates, including oxygen, and to prevent the accumulation of
metabolites. However, if intramuscular pressure is
maintained at a high level for prolonged periods of
time, as during sustained static contractions, the
blood flow can be insufficient, and the changes in
intramuscular homeostasis is vital for force development (37).
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Muscular damage can be a result of high tension
development , as seen especially in eccentric contractions, which can lead to muscle fiber Z-line ruptur e
(38). Such muscle work also causes large delayed increases in serum creatin e kinase (39), and these increases likewise can be seen in relation to occupation al work (40, 41). Such changes are common
findings in muscle soreness, and they are reversible
if the muscle is allowed to rest and recover. Repair
of muscle injury includes the rege neration of contract ile fibers, as well as that of connective tissue
(42). Often repair is greater than the original damage, and in such cases the muscle adapts to tolerate
the stress that caused the damage. Repair of a single case of damage should be complete after a few
weeks or months. However, if damage occurs daily
due to a work activity, the capacity of the muscle
may be insufficient to repair the damage as fast as
it occurs, and long-lasting impairment can develop.
When a muscle is fatigued repeatedly without sufficient recovery being allowed for, muscle disorders
are likely to occur, as has already been discussed.
The precise mechan ism on a subcellular level is not
yet known and may not be due only to the mechani cal events in the muscle, but, in occupational disor ders, it more often may be related to metabolic events
in the muscle. Depleti on of energy can result in activity-related pain (43) .
Lately, attention has been drawn to the accumulation of calcium (Ca) ions in the intracellular space
(44) . Calcium is relea sed from the sarcoplasmic reticulum during contra ction and ca n enter the muscle
cell. Insufficient clearance of Ca'" from the cytosolic
space causes the Ca'" concentration to increase, and
the increment has serious implication s in that Ca' "
increases phospholipase activity, which can break
down the membr ane lipids and cause increased cell
membrane permeability and an accumulation of toxic
metabolites. In addition Ca' " increases the susceptibility of the membran e lipids to free radicals, which
are formed during reoxygen ation of hypoxic tissue.
Finally, Ca'" overload can alter mitochondrial func tion (45).
Larsson et al (46) and Lindm an et al (47) report ed differences in muscle morphology that suggest
that subjects with chroni c myofascial pain have a
lower capacity and higher levels of fatigue than normal subjects. These mechanisms are consistent with
the patholo gically high rates of fatig ue and low
strength reported by Hagberg & Kvarnstrom (48) for
patients with myofascial shoulder pain. Reduced local blood flow in the trapezius muscle was correlated with myalgia and ragged red fibers in 17 patients
with chronic myalg ia and was related to static load
dur ing repetitive assembl y work (49). In particular
the active muscle fibers can be insufficiently perfused
due to increased pressure in the se areas (50). Disturbance in muscular microcirculation can lead to the
sensitization of pain receptors (nocice ptors) in the
muscle and pain at rest. Pain receptor sensitizati on
78

means that low threshold stimuli can activate the pain
system or that even spontaneous activi ty can occur
in nociceptive nerves (5 1).
Motor control of the working muscle plays a crucial role in the development of disorders. The recruitment pattern of the moton euron s can occur according to the size prin ciple (ie, the small units are activated at low forces) (52, 53). Consequently, the same
unit can be recruited continuously durin g a given
work task. Therefore, even if the relative load on the
muscle as a whole is low, the active motor unit can
work close to its maxim al capaci ty. These lowthreshold motor units may have a high risk of being
damaged (54). Actuall y, these units have been identified as showing marked morphol ogical changes,
described as red ragged fiber s (55). Another mechanism to induce a stereotype recruitment pattern is
the activation of gamma motoneurons due to
ischemia or the accumulation of metabolites (56).
Finally, the generation of muscle tension due to mental load can cause an overload on some specific muscle fibers (57). In addition, Edwards (58) has published "Hypothesis of Peripheral and Central Mechanisms Underlying Occup ational Muscle Pain and
Injury."
From this discussion it can be seen how an exertion of the body lead s to a ser ies of responses. The
magnitud e of each respon se depend s on the capacity of the tissue and its exposure to previou s responses . Some of the se steps are summarize d in table 2. The ultimate reportin g of fatigue and pain depends on their effect on work capacity relative to
work demands and on socioeconomic factors.

Tendon disorders
Tendon dose is relat ed to tensile forces from muscle contractions and to conta ct and shearing forces
from adjacent anatomic surfaces (eg, bones and ligaments). Tendon responses can be mechanical or
physiological. Mechanical respon ses include elastic
and viscous deformation and yielding . Physiological
responses include the triggering of nerve receptors,
healing, and adaptation.
The most common sites of tendon disorders among
industrial workers are the wrist, forearm, elbow, and
shoulder (6, 40, 59, 60). The terminology for tendon
disorders is not well defined . Kurppa et al (61) used
tenosynovitis for inflammation of the tendon sheath
and peritendinitis for inflammati on of the paratendon.
The pathogenesis of shoulder tend initis is fairly
well understood. The predisposing factor for shoulder tendiniti s is often degeneration . Degeneration of
the tendon is caused by impairment of perfusion and
nutrition, in addition to mechanical stress. Cell death
within the tendon, forming debris in which chalk can
deposit, is the initial form of degeneration. The tendons to the supraspinata, the biceps brachii (long
head), and the upper parts of the infraspinata mus-
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d e have zones of avascularity (62, 63). Signs of degeneration such as cell death, chalk deposits, and
microruptures are located predom inantly in this area
of avascularity. Impairment of the circulation and
thus accelerated degeneration is ca used by compression and static tension of the shoulder tendons. The
compress ion of the tendon s occur s when the arm is
elevated. During elevation of the arm, the rotator cuff
tendons and the insertion s on the greater tuberosity
are compressed under the coracoacromial arch. It is
believed that this compression or impingement is sufficient to impair perfusion of the tendon .
Tend on circulation is also dep endent on muscle
tension. Circulat ion in the tendon is inversely proportional to the tension and ceases at greater tensions.
Recent studies have shown that the intramuscular
pressure in the supraspinata muscle excee ds 30 mm
Hg (=3.99 kPa) at 30 degre es of forward flexion or
abduction in the shoulder joint (3, 64). An impairment of blood circulation occurs at this pressure level. Since the major blood vessel supplying the supraspinata tendon runs through the supraspinata muscle, it is likely that the circulation of the tendon may
be disturbed already at 30 degrees of forward flexion or abduction in the shoulder j oint.
The se deformations can increase with successive
exe rtions due to the viscoelastic properties of tendons. Goldstein et al (65) demon strated that, when
flexor digitorum profundus tendon s were subjec ted
to 500 repetitions of an 8-s axial load followed by
2 s of rest, the viscous strain was equal to the clastic strain. When a 2-s load was followed by 8 s of
rest, the visco us strain was negligible. Repeated or
prolonged exertions with insufficient recovery time
can lead to a deformation of tendons and reduced perfusion that persists well beyond the period of work.
In the degenerated tend on, it is possible that exertion triggers an inflammatory " foreign body" response to the debri s of dead cells and results in active tendin itis. In addition, infection (viral, urogenital) or systemic inflammation may predispose a subject to react ive tendinitis in the shoulder. One hypothesis is that an infection that makes the immune
system active increases the possibility of a "foreign
body" response to the degenerative structures in the
tend on.
The pathogenesis of lateral epicondyl itis is not yet
well understood. The predominant theory is that microruptures occ ur at the attac hment of the muscle to
the bone, more specifically between the insertion and
the periosteum of the bone, causing inflammation
(66-68). Th is phenomenon could be due to repetitive high force exceeding the strength of the collagen fibers of the tendon origin. The microtear, usually in the origin of the extensor carpi radialis brevis,
result s in the formation of fibron s and granular tissues as a consequence of repetitive trauma (69).
Tendons are kept in place at the wrist by ligamentous compartments. The first dorsal wrist compartment can be narrow and cause excessive friction dur-

ing movements of the wrist, and this friction leads
to inflammation and swelling of the tendon s. Tendinitis has been induced in the Achilles tendon of rabbits by electrical stim ulus leadin g to repetitive contraction s (70).
Extensive work can also be perform ed in sports,
and thus there is a strong analog y between work-related and sport-related tendinitis. Competiti ve swimmers with repetitive overhead arm movements are at
risk for impingement syndrome (71). Lateral epicondylitis is known as tennis elbow since the condition has been attributed to tennis playing. (See, eg,
reference 72.)
As in muscle responses, it can be seen how an exertion of the body leads to a series of tendon responses, which are summarized in table 2.
Table 2. Characterization of work-related musculoskeletal disorders in general and muscle, tendon, and nerve disorders in
particular according to sets of cascading exposure and response variables as conceptualized in the model.
Exposu re·dose

Indiv idual 's capacity

Respon se

Musculoskeletal system
Work
Work
Work
Wor k

load
loc ati on
frequency
duration

Body size and shape
Phys iolo gical state
Psyc hol ogical state

Jo int posit ion
Muscle for ce
Musc le length
Muscl e velocity
Frequen cy

Musc le mas s

Memb rane permeabili ty
Ion flow
Membrane actio n
pote nt ials
Energy turnover
(metabolism) musc le
enzymes, and energy

Muscle disorders
Muscle force
Musc le veloc ity
Frequency

Musc le anatomy
Fiber type

Durat ion

com position

Enzyme concentration
Energy stores
Capill ary density

stores
Intram usc ular pressure

Ion imbalances
Reduced SUbstrates
Incre ased metaboli tes
and water
Increase in blood
pressure, heart rate ,

cardiac outp ut.
mus cle blood flow
Muscle fatig ue
Pain

Free radi cals
Membrane damage
Z-disc ruptur es
Afferen t activat ion

Tendon disorders
Muscle for ce
Muscle length
Muscle velocit y
Frequency
Joint pos it ion
Compartm ent
pressure

Anthropometry
Tendon anatomy
VaSCUlarity
Synovial ti ssue

Stress
Strain (elasti c & viscous)
Microruptur es
Necrosis

Inflamm at ion
Fibro sis
Adhesions
Swell ing
Pain

Nerve disorders
M uscle force

Muscle length
Muscle velocit y
Frequency
Jo int position
Com partm ent
pre ssure

Anthropom et ry
Nerve anatomy
Elect rolyte st atu s
Basal com partment
pres sure

Stress
Stra in
Rupt ures in perineural
t issues
Protein leakage
Ruptu res in perineural
tissu e

Protein leakage in nerve
trunk s
Edema
Increased pressure
Impaired blo od flow
Numbn ess, tin gli ng,
cond uction blo ck
Nerve acti on
pot en tial s
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Nerve disorders
As with tendons, the concept of dose, when applied
to nerves, implies muscle contractions, joint positions, and joint movements which produce pressure
and deformation of the nerves. Some individuals experience responses that continue well beyond the
normal contraction. In addition, nerve pressure and
deformation can persist after the contraction as a secondary effect of the swelling of adjacent tendons and
tendon sheaths. Mechanical responses in tum lead to
a series of physiological responses that ultimately
include impaired nerve function. Nerves can also be
affected by exposure to vibration and low temperatures.
Lundborg et al (73) showed that intracarpal canal
pressure can lead to impaired conduction and sensory function of the median nerve in less than 1 h.
An increase in carpal tunnel pressure of three to six
times the resting value was found during isometric
or isotonic maximal contractions of wrist and finger
muscles (74). These changes were related to mechanical pressure and perfusion of the median nerve.
A response is an effect of the dose caused by exposure. Impaired circulation in the median nerve results in tingling, numbness, pain, and a loss of motor function in the hand. The impaired function in
the nerve can be measured by nerve conduction velocity changes or sensory threshold shifts (73). It has
also been claimed that pain in the shoulder can be
proximal entrapment pain triggered by compression
of the median nerve at the wrist (75).
Compression of the median nerve in certain postures is the basis of "Phalen's" or the "wrist flexion"
test for carpal tunnel syndrome and other provocative tests of nerve function (23). The acute response
to exposure modified by capacity has been described,
but the model can also be applied to chronic (longstanding) effects. Wrist extension (the exposure) may
cause "stretching of the nerve" (the dose) leading to
microruptures (the response). In tum, these microruptures may be considered a dose generating the response of inflammation. Inflammation is then considered a dose with a response of tissue scarring. Tissue scarring alters the capacity of the nerve and may
also be a dose of pressure increase. A permanent
pressure increase may lead to nerve degeneration due
to impaired blood perfusion. A pressure increase has
already been shown to block the outward and inward
axoplasmic flows in the nerve (75, 76).
Microscopic studies of tissues in the carpal tunnel in wrist specimens have revealed changes (eg,
increased thickening of fibrocytes and fibrous connective tissue) in the radial and ulnar bursa and the
median nerve (77). The pattern of these changes corresponds with the pattern of stresses produced between the tendons, nerves, and adjacent flexor retinaculum and carpal bones. It was suggested that repeated exertions with a flexed or extended wrist are
important factors in the etiology. The authors con80

eluded that these stresses and tissue changes were
involved in the pathogenesis of activity, related carpal tunnel syndrome. Similar observations and conclusions have been made by other investigators (23).
The effect of a given dose depends on the individual's capacity. Whether an increase in carpal tunnel pressure causes an impairment of blood flow in
the nerve is dependent upon blood pressure. Individuals with high blood pressure require higher intracarpal tunnel pressure elevation to decrease blood
flow and impair nerve function (78). Whether large
or small carpal tunnel areas increase the risk for carpal
tunnel syndrome is a disputed issue (79, 80). It may
be that the residual volume plays an important role
(81). Hormonal status may influence the pressure in
the carpal canal. High levels of estrogen in pregnancy
(82) increase the retention of water in the body. Metabolic disorders may make the nerve more susceptible to pressure increases in the carpal tunnel. Examples of metabolic disorders are diabetes mellitus and
amyloidosis. Compression of the median nerve proximal to the wrist (eg, the thoracic outlet) may make
the nerve more susceptible to an impairment of blood
flow in the wrist (double crush syndrome) (75).
Other investigators have shown that peripheral
nerve disorders can result from the transmission of
pressure from an external work object through the
skin to an underlying nerve (83-86). A localized
pressure above 50 mm Hg ("'6.65 kPa) in the carpal
tunnel or pressure above the systolic level from a
tourniquet around the upper arm causes a conduction block in the median nerve at the wrist (73, 78).
Extreme flexion or extension of the wrist causes an
increase of pressure in the carpal tunnel that can affect the blood perfusion of the median nerve (74, 87,
88).
In the case of materials handling, it is evident that
the poor ergonomic design of tools with respect to
weight, shape, and size can impose extreme wrist
positions and the use of high forces on the worker
(89,90). Holding an object requires a power grip and
high tension in the finger flexor tendons that cause
increased pressure in the carpal tunnel. The heavier
the object, the greater the power required to hold the
object.
Hand and arm vibration causes an involuntary increase in power grip through a reflex of the strength
receptors (91). Furthermore, vibration can cause protein leakage from the blood vessels in the nerve
trunks and result in edema and increased pressure in
the nerve trunks and therefore also result in edema
and increased pressure in the nerve (92).
As is the case with muscles and tendons, exertion
of the body results in a series of mechanical and
physiological doses and responses of the nerves.
Doses and responses of a certain type and magnitude
are necessary for a nerve to function, but other doses and responses can impair its function. In time,
nerves adapt in ways that increase their tolerance to
increasing doses. There appears to be a series of
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thresholds between the dose levels necessary for normal function and those which lead to impaired function. The thresholds appear to vary among people and
within people over time.
Psychosocial interaction
In the previous sections the interactions between doses and responses in different tissues such as muscle,
tendon , and nerve have been indicated. The interactions between psychosocial exposures, psychological factors, and tissue responses are less well established, but possible pathways have been described
by, for example , Theorell et al (93). The quantitative relationships, however, need to be described in
future research.
Use of the model
The proposed model should be useful in the design
of studies on the etiology and pathomechanisms of
work-related musculoskeletal disorders, as well as in
the planning and evaluation of preventive programs.
Epidem iologic studies among working populat ions
usually focus on associations bet ween the top and
bottom of the cascade (see figure 1) with physical
work load, psychological demands, and environmental risk factors of work at one end and the manifestations of symptoms, diseases, or disabilities at the
other. Unbalanced age, gender, and work histories are
frequent problem s for epidemiolo gic studies. These
factors can be controlled in laboratory studies, but
it is unethical to expose human subjects to a situation that is believed a priori will make them sick. The
model can be used to identify intermediate responses, such as intracarpal canal pressure, to evaluate selected exposure factors with minimum risk to the
human subject.
An important question concerning research is how
well exposure, dose, response, and capacity can be
measured and quantified. Various studies have assessed exposure using job title or job classification,
questionnaires on possible risk factors, job checklists
filled out by the researchers, observations, and direct measurements (94), with quantifiabil ity and cost
of assessment increasing as one moves from the beginning to the end of the list. The use of quantifiable methods has been strongly encouraged, and several methods are available. (See, eg, references 9597.) If one wants to extend the measuring time (ie,
assess long-term cumulative exposure), there are few
methods of direct measurement (eg, goniometers) and
the cost of such studies is of major concern. Repeated
use of validated checkli sts is less costly, and the development of a job-exposure matrix (ie, individual
exposure profiles) is more economical for an assessment of cumulative exposure. However, it has been
difficult to find the best compromise between the precision and cost of direct measurement exposure with

the loss of precision and accuracy of the less expensive checklist or questionnaire methods.
Muscle force and jo int position are probabl y the
most commonly used methods to estimate dose. To
measure capacity, anthropometry, muscle strength,
and psychological characteristics have been used.
Muscle biopsies can also be used, but tendon and
nerve biopsies are not ethnically acceptable.
The responses range from pain, fatigue , discomfort, or other subjective symptoms to more objective
factors such as nerve action potentials, muscle action potentials, rupture s, and edema, many of which
can be quantified only under laborator y conditions
(98, 99). Some of the objective responses mentioned
can be measured at the workplace, but it is more usual to rely on subjective assessment, often combined
with a clinical examination. Several components of
clinical tests have been not adequately validated and
need further evaluation .
The measurement and quantifi cation of exposure,
dose, capacity, and response is encouraged whenever possible. By applying the model, the open-minded researcher may discover new exposures, doses,
capacities, and responses, which, after their discovery, can be quantified.
Modelin g is becomin g increa singly common in
both social and natural science. The strength of modeling, given a high validity of the model , is that the
outcome of a series of events can be predicted without extensive experimentation. In the case of musculoskeletal disorders, a valid ation of the entire
model through laborat ory or epidemiolo gic studies
is hardly conceivable, due to the long-lasting disease
process.
The hypotheses underlying attempts to prevent
work-related musculo skeletal disorders are seldom
formally stated; in many cases the prevention programs can be described as "trial and error" exercises. Most attempts are never evaluated, and therefore
the validity of the original hypothesis cannot be tested. The proposed model can be used to identify intermediate doses and response s.

Concluding remarks
The proposed model addresses the complex, multi factorial nature of work-related neck and upper-limb
disorder s. It has been developed through the experience and results of research in many disciplines. It
provides a clear framewor k for understanding the
complex nature of the interactions between exposure,
dose, capacity, and response.
It is hoped that one use of the model will be to
aid researchers in identifying dose and response variables in their studies. In particular, the use of the
model should generate more efficient planning and
evaluation of both research addressing the etiol ogy
and pathomechanisms of these disorders and intervention and prevention studies.
81
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