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2.1 INTRODUCTION

In the United States, work-related musculoskeletal disorders account for approximately
38% of cases involving days away from work [1], thus making it an enormous economic
and health care burden. A large component in musculoskeletal disorders is acute and
chronic contraction-induced skeletal muscle injury [2]. In order to address this issue, there
have been extensive studies to-date on acute contraction-induced muscle injury using
both animals and humans. Occupationally related musculoskeletal disorders have been
associated with exposure to excessive physical loads, repetitive movements, awkward pos-
tures, and vibration [3]. A number of different tissues, including skeletal muscles, can be
injured by exposure to these various factors [3]. To understand how exposure to these fac-
tors results in muscle injury, it is necessary to understand the biological and physiological
mechanisms that allow skeletal muscles to generate movement, maintain posture, and
support loads. The goal of this chapter is to provide a basic description of skeletal muscle
physiology, injury mechanics, and motor control with application to occupational muscu-
loskeletal disorders.

2.2 MUSCLE PHYSIOLOGY AND ANATOMY

Individual skeletal muscles are comprised of bundles of muscle cells or myofibers
(Figure 2.1). Each myofiber is surrounded by a collagenous basement membrane (basal
lamina) in addition to a cellular membrane called the sarcolemma. Myofibers are simi-
lar to other cells in the body, but they have a couple of unique features. First, myofibers
contain a modified endoplasmic reticulum called a sarcoplasmic reticulum (SR). The SR
functions as a protein processing and distribution organelle, and it regulates the levels of
free intracellular calcium (Ca?*) within the myofiber. Second, most of the intracellular
space within the myofiber comprises the contractile elements or myofibrils (80% of a
muscle’s volume) (Figures 2.1 and 2.2). Each myofibril comprises thick and thin filaments.
Each thick filament (12-18 nm diameter) is composed of several hundred myosin proteins.
Within the thick filaments, each myosin protein has a projection or a globular head. These
globular heads have binding sites that can interact with and form crossbridges with the
thin filaments, and an ATPase binding site. Thin filaments (5-8 nm diameter) are made
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FIGURE 2.1 Organization of a skeletal muscle cell showing the sarcolemma, sarcoplasm, sarco-
mere, and transverse T-tubules.
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of actin molecules that are organized in two strands twisted together to form a helix, that
ire covered by threadlike tropomyosin molecules and spherical troponin molecules. Thin
thick filaments are organized in a specific pattern which is repeated down the length
of the muscle. It is this patterning that gives skeletal muscle its striated appearance 4].
Myofibers are wrapped in a connective tissue sheath called the endomysium, bundles of
nwyofibers are wrapped in an additional sheath (the perimysium), and whole muscle is
wrapped in the epimysium (Figure 2.2). Each repeated segment of thin and thick ﬁbers
forms a sarcomere [4]. The sarcomere is defined as the area between the Z-disk or Z-line
| gure 2.3). Each sarcomere comprises dark areas (A bands), that contain the thick fila-
gents, and light areas (I bands), that contain the ends of the thin filaments that do not
verlap with the thick filaments (Figures 2.3 and 2.4). At each end of the sarcomere is a
sree-dimensional (3D) structure referred to as a Z-disk or Z-line. Muscle contractions
produced when crossbridges are formed between overlapping thin and thick fibers in
sarcomere, making the sarcomere the smallest contractile unit in the myofiber. The

n titin attaches the A-band to the Z-disk (Figures 2.3 and 2.4).

4 SOMATIC NERVOUS SYSTEM
muscle is innervated by motor neurons that control activation and subsequent con-

sn. The somatic nervous system which innervates skeletal muscle has nerve fibers that
gontinuous from their origin in the cell bodies on the spinal cord to their termination
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on skeletal muscle at the myofibrils (Figure 2.5). This is in contrast to the autonomic ner-
1 vous system, which contains two neuron chains of preganglionic and postganglionic fibers
| used to innervate cardiac and smooth muscles. To initiate a muscle contraction, myofibers
must receive stimulation from motor neurons located in the ventral horn of the spinal

| cord. This stimulation is based on total synaptic input at the cell body from inhibitory

I ] postsynaptic potentials (IPSPs) and excitatory postsynaptic potentials (EPSPs) produced
by presynaptic inputs originating from diverse sites 1n the brain. Presynaptic inputs can
| be influenced by many peripheral sensory receptors in the ascending pathways that can
influence descending pathway output via the motor neurons. These inputs can either be

| r excitatory or inhibitory. Areas of the brain that control skeletal muscle activity are motor
| regions of the cortex, basal nuclei, brain stem, and cerebellum. When summed at the cell
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Body on the spinal cord, if EPSP’s are more dominant, an action potential is then initiated.

A motor neurons are considered the final common pathway where skeletal muscle

Betivity can be governed only by input from these neurons; thus, it is considered the final

on pathway (Figure 2.5). Other parts of the nervous system can only affect skeletal

€ activity by influencing the motor neurons in the somatic nervous system. While

al muscle is under voluntary control, lower brain centers control involuntary activ-

) that assists in bringing about the voluntary action that is typically controlled by motor
$ons in the higher brain centers. Indeed, much of skeletal muscle control is involuntary.
When a motor neuron is activated, an action potential is propagated down the nerve
oh and terminates on the neuromuscular junction (NM]). The NM] is a space where the
i potential cannot cross from the nerve axon to the muscle fibers it innervates. Thus, a
messenger is used to transmit the signal from the nerve axon to the muscle fibers.

the signal is transmitted down the nerve axon, voltage-gated channels open to release
Lium into the terminal button of the NMJ. This facilitates the release of the chemical
nger acetylcholine (ACH) that crosses the space to the motor end plate. This causes
snie shift which results in the propagation of the action potential down the basement

ne of the muscle fiber and then down the transverse tubule (‘T-tubules) of the mus-
(Figure 2.6).
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FIGURE 2.6 ‘The muscle cell, with sarcolemma, transverse T-tubule, SR, and myofibrils.

2.4 MUSCLE CONTRACTION AND FORCE GENERATION

The action potential activates the voltage-gated dihydropyridine receptors in the T-tubule.
This change in the T-tubules triggers the opening of calcium release channels (ryanodine
receptors) on the SR. Ca** leaves the SR lateral sacs through the ryanodine receptors, enters
the cytoplasm, and binds to troponin, one of the proteins on the thin filaments (Figure
2.6). Troponin has three polypeptide units: one binds to tropomyosin, one binds to actin,
and a third which binds to Ca?*. Under resting conditions, tropomyosin is bound to actin and
it blocks the myosin binding site on the actin protein, preventing the formation of cross-
‘ bridges (Figure 2.7). However, when free Ca** rises in the cytoplasm of a myofiber, it binds
, to troponin and tropomyosin is pulled away from the myosin binding site on actin, leav-
| ‘ ing it open for crossbridge formation. Once crossbridges are formed, the ATPase located

\ | | on the myosin head increases its activity and hydrolyzes ATP. This causes the crossbridge
| to break, and Ca?* then dissociates from its binding site on tropomyosin. When Ca*" is
|| removed, tropomyosin slides back into the blocking position and the muscle relaxes. Thus,
' ‘ troponin and tropomyosin are referred to as regulatory proteins in muscle contraction

| (Figure 2.7).

| One of the main functions of skeletal muscle is to generate and transmit force. Force,
| or muscle tension, is directly related to the number of actin and myosin crossbridges that

i are formed and the frequency of stimulation. A single action potential results in a single
' | muscle contraction referred to as “twitch”. As the frequency of stimulation increases, the
resultant twitch tension increases with increasing stimulation frequency until a force pla-
teau results. Force is produced at each attached crossbridge, so the total force development
is proportional to the number of attached crossbridges. The number of crossbridges that
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¢an be formed depends upon the degree of overlap between the thin and thick filaments.
When a sarcomere is overstretched or compressed, the area over which thin and thick fila-
ments overlap is reduced, and thus there is a decrease in the number of crossbridges that
¢an be formed resulting in a reduction in force (Figures 2.3 and 2.8). Thus, maximal force
Is generated when sarcomeres are at a length that produces the optimal overlap between
thin and thick fibers. Passive tension is due to connective tissue and increases dramatically
‘48 the length increases, usually outside of the normal physiological range. The total tension
in the muscle is the sum of the active and passive tension (Figure 2.8).
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Force is generated at the crossbridges, but it is transmitted longitudinally and radially
along myofibrils. The longitudinal transmission of force occurs down the thick myosin
filament to the Z-disk, and on to the next serial set of myofibrils. Two proteins titin and
nebulin, maintain length registry of the sarcomere and aid in axial transmission of con-
tractile forces. The actions of titin and nebulin maintain registry of the A-band with the
Z-disk which is important for sarcomere integrity. Nebulin maintains length registry of
the thin filaments [5,6] by interacting with tropomyosin and troponin to form a lateral
network with actin to regulate thin filament length. Titin functions as a two part spring to
transmit force from the thick filaments to the corresponding Z-disk.

Radial forces are transmitted via lateral stabilization of adjacent myofibrils. The protein
responsible for maintaining lateral registry of adjacent myofibrils at the Z line is desmin
[7]. The Z-disk structure is thought to be 3D in nature and comprises the proteins desmin,
actin, and a-actinin. The radial enclosure of these three proteins also extends longitu-
dinally along the myofibrils to provide both radial and longitudinal stability [8]. These
proteins are thought to be anchored to the Z-disk via intermediate filament-associated pro-
teins (IFAP). The cytoskeletal lattice extends radially from the Z-disk to the sarcolemma
via the transmembrane proteins. The transmembrane proteins are thought to anchor the
myofilaments to the sarcolemma via focal adhesions [9]. These adhesions or “costameres”
are made up of a variety of transmembrane proteins. The basement membrane is then

attached to the sarcolemma via the dystroglycan complex [8,9]. Radial transmission of

forces occurs through structural proteins located in and outside of the sarcomeric region
via the intermediate filament network, and to the sarcolemma via the transmembrane pro-
teins [8]. Capability of radial force transmission is necessary for redundancy in case of fiber
injury. Thus, force can be transmitted in any direction in relation to the axis of the muscle
fibers via endosarcomeric and exosarcomeric protein lattices.

2.4.1 Types of Muscle Contractions

There are three primary types of muscle contractions. These contraction types are dis-
tinguished by how the muscle length changes during the contraction [10,11]. Isometric
contractions are defined as muscle activity where tension is generated without a change in
length. This is also referred to as a static contraction where muscle is generating tension but
does not result in a change in length, and thus, there is no segmental (about a single joint)
or whole body motion. Shortening contractions (often referred to as concentric contrac-
tions [10] are defined as the muscle generating tension while getting shorter. Concentric
contractions usually generate segmental or whole body motion. Lengthening (or eccen-
tric) muscle contractions are defined as the muscle generating tension while the muscle is
lengthening. Lengthening contractions are usually used to absorb work or energy, thereby
applying braking to segmental or whole body motion.

2.4.2 Concentric Muscle Contractions and the Force-Velocity Relationship

During concentric muscle actions, the shortening velocity varies as a function of applied load
to the muscle, thus shortening velocity progressively decreases as applied load is increased.
The resultant relationship is hyperbolic (Figure 2.9). The maximum shortening velocity
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FIGURE 2.9 The force-velocity relationship of skeletal muscle.

‘occurs when there is no applied load, and the shortening velocity progressively approaches
zero velocity at an applied load equivalent to the maximum isometric force of the muscle [12].

2.4.3 Eccentric Muscle Contractions

Itis now well known that muscle can generate more tension during eccentric muscle actions
than during concentric or isometric contractions. This was first reported in a study involv-
ing human muscles under volitional control [13]. It is also interesting that while muscles
generate more tension during eccentric muscle actions than concentric muscle actions,
EMG activity is less in muscles during stretch than during shortening at the same tension.
During maximal effort, the EMG signature remains constant and force varies due to the
length-tension relation of that specific muscle or muscle group; however, force during voli-
tional eccentric activity never exceeded 140% of maximal shortening forces [14]. In animal

tudies that employ electrical stimulation to activate the muscle of interest, forces of 180%

Of maximum isometric force are typical [15]. High eccentric forces in humans with spastic

paresis have been attained to levels similar as those seen in animal studies [16]. In addition,
I muscles in humans are stimulated by external electrical stimulators, as in the case of spi-
nal cord injured patients, the external forces generated during eccentric muscle actions are
iearly 200% of the forces generated concentrically using the same electrical stimulation
paradigm [17]. Thus, exogenous electrical stimulation overrides the inhibitory influences
that moderate muscle output force. The force-velocity relationship during lengthening is

lear linear as the force does not increase as the lengthening velocity increases (Figure 2.9).

24.4 Stretch-Shortening Cycles

dtretch-shortening cycles (SSCs) are a type of muscle action that incorporates both con-
entric and eccentric muscle actions. Natural movement usually comprises SSCs. In most
ports-related activities, it involves a prior stretch before shortening to enhance the short-
ping phase of the movement. Activities that typically use SSCs are jumping, walking,
inning, and movement in and around obstacles. In occupational-related activities, it is
host related to reciprocal lifting and lowering activities and repetitive lift and carry tasks.
s an excellent model to study physiological muscle function [18]. It also allows for simul-
ineous study of concentric and eccentric muscle function and their synergism.
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FICURE 2.10 Length-tension relationship during shortening, isometric, and lengthening muscle
actions.

2.4.5 Length-Tension Relationship

During isometric muscle contractions, it is well understood that force varies as a func-
tion of muscle length while the muscle is shortening or lengthening (Figure 2.10). Also,
peak muscle tension reaches a plateau during maximal isometric contractions. It has
been shown that muscle tension is lowest at very short and very long muscle lengths and
develops higher tension in the intermediate lengths [19,20]. This is due to the degree of
sarcomere overlap in the crossbridge. Thus, the length-tension curve has an ascending
and descending limb as length increases (see Figure 2.8). The ascending limb, defined
as the increase in force with increase in length, is due to more actin binding sites being
available to bind with the myosin filaments. As tension plateaus, this is thought to be due
to all the actin binding sites being bound to the myosin filaments. The descending limb,
defined as the decrease in muscle tension with increasing length, is due to less actin bind-
ing sites being available as the actin filaments are pulled out of register with the myosin
filaments. Thus, the length-tension relationship of muscle is due to myofilament overlap
in the sarcomere (as shown in Figures 2.3 and 2.8).

2.5 MUSCULOTENDON ACTUATOR

Muscle and tendon have typically been studied in isolation although they function syner-
gistically. Their integrative function has been defined as the musculotendon actuator [21].
While physiologists have long recognized that muscle and tendon act in a synergistic
fashion, they have studied those tissues in isolation to better understand the function of

muscle and tendon separately. The musculotendon actuators interact with body segments
to produce movement and the dynamics of movement are dependent upon the contraction
dynamics of the actuator. This system also functions as a feedback loop where the dynam-
ics of body segments affect the force output of the actuator via the length and velocity of
the actuator and the inherent compliance [21].

Tendon compliance affects the contraction dynamics of the muscle. In actuators with
highly compliant tendons, a length change of the actuator would be mostly realized by
the length change in the tendon, with very little concomitant length change in muscle.
Compliance of an actuator is defined by the ratio of tendon slack length to muscle fiber
length. Muscle length changes will be commensurate with length perturbations of the
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musculotendon actuator if the actuator is stiff. However in compliant actuators, muscle
length changes will not follow exogenous length perturbations. This is quite relevant since
changes in muscle length are rarely measured directly, indeed in human studies of muscle
function the kinematics of the musculotendon are measured. The assertion that changes in
musclotendon length are representative of muscle length changes may be incorrect, par-
ticularly for actuators with highly compliant tendons [21]. The active and passive force-
length relation of muscles that have been published to-date may be erroneous due to the fact
that muscle fibers are at different lengths in the active versus passive state even though the
actuator is at the same length. This is due to differing amounts of tendon stretch which are
caused by different forces exerted by the muscle fibers. Thus, the stretch of the tendon must
be accounted for to accurately represent muscle stretch [22]. The muscle tendon interface
(at the aponeurosis) exists in a state of dynamic equilibria, where force transients are equal-
ized via stretch of the tendon and muscle activation and muscle length change. The dynamic
equilibria also are governed by the response time of the tendon and muscle which are often
different. Actuator compliance varies depending on the muscle group and animal species.
n humans, actuator compliance appears to be highest on the plantar flexor group and low-
st on proximal groups such as biceps and triceps [23-25]. In summary, one must think in
erms of the musculotendon when investigating in vivo muscle function or reviewing scien-
ific studies of in vivo function. While most studies refer specifically to muscle function, the
neasurements are typically made on the musculotendon group. Thus, one must be cogni-
lant of the influence of tendon mechanics on muscle function and the musculotendon unit.

L6 ENERGETICS OF MUSCLE CONTRACTIONS

ieletal muscle is an electro-chemical-mechanical transducer. In other words, muscle
Clivity is governed by electrical input from the somatic nervous system evoking chemical
hanges that provide energy for the contractile activity, and the subsequent mechanical
tput which results from the contractile activity. Muscle activity is fueled by several meta-
pathways; each pathway is most suited for a type of muscle contraction. Muscle fibers
Jave these alternate pathways that generate adenosine triphosphate (ATP), the fuel for
iscle contraction. Myosin ATPase splits ATP to provide energy for the power stroke
i the crossbridge (Figure 2.11). To repeat the cycle, a fresh molecule of ATP binds to the
yosin thick filament to allow detachment from the actin filament. This ATP is then split
 recycle the bridge for the next stroke. The active resequestration of calcium back into
¢ SR is also fueled by ATP. ATP is the only energy source used for muscle activity and
st be supplied at a continuous rate for activity to be maintained. Limited supplies of
P are located in the muscle, but three additional pathways provide supply of fresh ATP
needed during activity. The three pathways are (1) creatine phosphate pathway which
phates high energy phosphates to ADP to form ATP, (2) oxidative phosphorylation (citric
M cycle and the electron transport chain), and (3) glycolysis. Creatine phosphate is the
it storehouse tapped during muscle contractile activity. The reversible reaction is based
the donation of a high energy phosphate from creatine phosphate to ADP in the pres-
# of the enzyme creatine kinase to form creatine and ATP. As energy reserves are built
i resting muscle, the high energy phosphate is transferred to creatine phosphate, thus
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FIGURE 2.1  Crossbridge cycling and the role of ATP.

2 rested muscle contains five times as much creatine phosphate as ATP. When the small
pools of ATP are utilized at the onset of muscle contractile activity, the creatine phmphatﬁe
pools can be rapidly converted to ATP to fuel the muscle activity. T1.1is erfergy pat.h\:vay is
mostly tapped during short, high intensity activity such as sprints, Ju'mpmg, or lifting uf:
objects for a short duration. Longer duration activities will use alternat‘we energy pathw:ayh
of oxidative phosphorylation and glycolysis to produce ATP. Oxidative phﬂ'SphUI'ylal'I(}.n
provides a rich yield of 36 ATP molecules for each molecule of glucose. This pathway is
slow, due to the number of intermediate steps. Sufficient oxygen 1s needed in the mu.sicle
mitochondria to fuel this pathway. Long-term, lower intensity activities such as*repetltwe
motion tasks typical in manufacturing or manual materials handlir.lg, or wal]flng wuulﬁd
use this pathway provided that sufficient oxygen and nutrient supplies are available. This
would be categorized as an aerobic pathway since it is done in the presence of oxygen.
Oxygen is transported to the active muscles by the bloodstream. The flow of oxygen is
potentiated by increased inotropic and chronotropic actions of the hea‘rt to pump more
blood, vasodilation of the blood vessels to increase mass flow rate, and increased pulmo-
nary activity to provide more oxygen 1o the bloodstream. Slow twitch m.uscle fibers have
more myoglobin for storage of oxygen to assist in transfer of oxygen to active muscle ﬁbexjs.
Nutrient fuel can also be transported by the blood for use by active muscle or stored in
glucose chains for later use. |
Cardiovascular performance can limit the amount of oxygen that can be de.lwered to
active muscle. During maximal activity, vasoconstriction occurs and the relatively lsiow
oxidative phosphorylation pathway cannot keep up with the task demﬁands for delivery
of ATP to the muscle. When this occurs, muscles will rely on glycolysis to meet energy
demands. Using this pathway, a glucose molecule is broken down intn:? tw-:.:u ATP molecules
and two pyruvic acid molecules. In the presence of oxygen, the pyruvic acid molecules can
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then enter the oxidative phosphorylation cycle to yield more nutrient fuel. However, the
glycolytic pathway can proceed in the absence of oxygen to produce two ATP molecules
for every glucose molecule. This is not as rich of ATP yield as produced by the oxida-
tive phosphorylation pathway; however, this pathway is much faster and can proceed in
the absence of oxygen, thus an anaerobic pathway. This pathway is best suited for short
gduration, intense physical activity. However, this pathway rapidly depletes the muscles’

small supply of glycogen and in the absence of oxygen, the molecules of pyruvic acid are

gonverted into lactic acid, thus promoting muscle soreness and metabolic acidosis lead-

Ing to significant muscle fatigue. In most occupational tasks that require manual material

jandling, this pathway is probably not used since most tasks in the industrial setting are of
wer intensity and longer duration.

2.7 MUSCLE FIBER TYPES

There are three types of skeletal muscle fibers that differ by their contractile speed and

ATP enzymatic processes used. There are slow oxidative fibers (Type I), fast oxidative
(Type Ila), and fast glycolytic fibers (Type IIb) (Figure 2.12). The faster fibers (Type

la and I1b) are also referred to as fast myosin-ATPase for their ability to process ATP more
pidly. This also means that the crossbridge cycles more rapidly, resulting in a faster con-
ile velocity. Type Ila and IIb fibers are also referred to as fast-twitch-fatigue resistant

ind fast-twitch fatigable, respectively. Type I muscle fibers are slow twitch fibers that have a
ffeater capacity to form ATP, are richer in mitochondria that contain enzymes in the oxi-
ative phosphorylation pathway, and are richer in myoglobin due to the fiber’s dependency
il oxygen for contractile activity. This gives Type I muscles a red color. Type I muscles
fe typically used to maintain posture, and for long duration, low-intensity tasks that are
ipically found in many work environments. Type I muscles are better equipped for oxi-
tive phosphorylation, a slow ATP synthesizing pathway. The rich yield of ATP in this
ithway does not readily deplete energy stores, and also does not accumulate lactic acid
nce this pathway always operates in the presence of oxygen; thus, they are more fatigue
sistant. Fast fibers have far fewer mitochondria than their slower twitch counterparts and
more stored glycogen and the enzymes necessary to break down glycogen into ATP.

Typel Type LIA Type 1IB

names Red, slow twitch (ST) White, fast twitch (FT)

Slow oxidative (SO) Fast oxidative glycolytic (FOG)
v 1 of contraction Slow Fast

Fast glycolytic (FG)

Fast
of contraction Low High High

oility Fatigue resistant Fatigable Most fatigable
capacity High Medium Low
Ic capacity Low Medium High
B unit size Small Larger Largest

density High High Low

RE 2.12 The characteristics of muscle fiber types. (Adapted from Simon S.R. (ed.), Orthopaedic
Seience, American Academy of Orthopaedic Surgeons, Rosemont, IL, 1994. With permission.)




68 m Occupational Ergonomics: Theory and Applications Skeletal Muscle Physiology and Its Application to Occupational Ergonomics = 69

They also have much less myoglobin than the Type I fibers, gives them a white color. They Dorsal root ganglion

also have less capillary density since they do not rely on oxygenation for contraction. They Dorsal root Afferent axon
have a higher myosin-ATPase content, and are typically larger in diameter than their Type
[ counterparts and have more myofilaments of actin and myosin to produce greater ten-
sion. Thus, the Type II glycolytic fibers are most suited for tasks that require high power
output for a short duration, due to their dependence on glycogen to fuel the activity. Type
[Ta fibers are hybrids between the Type I and Type IIb fibers. They have both the high
ATPase capacity of the Type IIb fibers and the higher oxidative capacity of the Type I fibers. 4
Their contraction velocity is higher than the slow twitch Type I fibers and can maintain ___'_. RE 2.13 The afferent and efferent axons from the motor neuron and the ventral and dorsal
contraction for longer than the Type IIb fibers. However, their contractile activity needs ganglia.

more ATP than the oxidative phosphorylation pathway can provide, they do rely somewhat
on the glycolytic pathway to meet the contractile demands, thus they fatigue more rapidly man muscles are connected to the central nervous system by both motor and sensory
than their Type | counterparts. wes, The motor nerves exit the spinal cord on the ventral side or front side of the cord

e

Whole muscles contain a mixture of fiber types, dependent upon the intended use of ile the sensory nerves enter the spinal cord from the dorsal or back side (Figure 2.13).

Efferent axon

Ventral root Motor neuron

Interneuron

the muscle. Muscles that have a large percentage of fast twitch glycolytic fibers are used # motor nerves, also called efferent nerves, carry impulses outward from the central
for short duration, higher intensity tasks, while those that have a larger percentage of slow yous system to the muscles. This pathway is termed the efferent or descending pathway.
twitch fibers are used more for maintenance of posture. The fiber type composition can sensory nerves, also known as the afferent nerves, transmit impulses inward from the
vary from muscle to muscle and person to person. For example, elite marathon runners ddes, joints, skin, and other sensory organs to the central nervous system. This path-

have a higher population of slow twitch fibers than elite strength athletes. Strength athletes 8 termed afferent or ascending pathway.
sprioceptors are sensory receptors located in the muscles, joints, and tendons that
orm mechanical distortion of the muscle or joint into nerve impulses to provide

normally have a high population of Type II fibers to generate power for short durations.

2.8 MOTOR CONTROL gentral nervous system with information on the changing conditions of the muscu-
Motor control is the system that controls and coordinates human movements. It involves pletal system, such as muscle length and joint position. Proprioceptors include mus-
a dynamic process that regulates the ability of the human body to move, adapt, learn, use ndles and Golgi tendon organs. The muscle spindles lie parallel with the muscle
tools, conduct occupational tasks, and carry out many more activities. Motor control func- Lin the belly of the muscle and are activated by the gamma motor neurons to stay in

tions involve continuously processing sensory information related to body movements ronization with the muscle fibers. They provide inputs about muscle length to the
(e.g., force magnitude, directions, etc.) and environment (e.g., floor slipperiness, lighting, $al nervous system. Golgi tendon organs monitor forces and tensions in the muscle;
etc.), and initiating the commands necessary for successful task completion. at the muscle-tendon junctions (Figure 2.14). Another important proprioceptor is

Factors affecting motor control are complex. The study of motor control is generally con- picircular canals of the inner ear that sense the position of the body. Collectively,
sidered multidimensional; as such, it necessarily includes many dimensions of control, the- peceptors provide continuous input to the nervous system to determine how many
oretical perspectives, approaches, and disciplinary methods. Such complexity of approaches d¢ hibers should be recruited to perform a task. In addition to proprioceptors, vision
reflects the fact that human activities—from the simple to the most complex—rely on physi- N important role in motor control. Research evidence suggests that vision is used

ological functions that cross numerous boundaries, and that draw on complex control func- the trajectory and kinematics of movements while proprioceptor is critical in the
tions within the human brain, nervous system, and musculoskeletal system, and that rely ssion of the plan into motor commands sent to the muscles [27,28]. The interactive
on the body’s ability to dynamically integrate sensory information and control functions, i can explain how the human body maintains postural balance and how human gait
Traditionally, research on motor control has focused on the function of the nervous system omplished.

and how it controls body movements. More current research clearly establishes that motor !

controls arise from the interaction between neural and biomechanical dynamics [26]. L ontrol of Postural Balance

" ce of postural equilibrium is a complex process. In daily life or in an occu-
Wl setting, postural equilibrium is constantly challenged by perturbations arising
The part of nervous system pertaining to motor control includes the brain, spinal cord, ronmental changes, sudden movement of body segments, or task demands.

motor nerves, sensory nerves, and proprioceptors. The brain and the spinal cord com- urbations could be visual, vestibular, or mechanical changes resulting in condi-
prise the central nervous system, which initiates and controls human movement. bt may displace the body away from its equilibrium.

2.8.1 Structure of the Motor Control System
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FIGURE 2.14 Intrafusal fibers complete with (a) gamma motor neurons and (b) sensory endings.

Biomechanically, the body’s equilibrium is achieved when all fﬂrc;es. acting on qthc body
segments are balanced and the center of mass is well controlled within the base of mppt:n t
The maintenance of postural balance is dependent on both 5:.—:1'151‘:1'?“;111(1 motor processes.
When the body’s center of mass is shifted near the outer perimeter of the basa'l 5_11ppurt d'uc
to perturbations, the instability is detected via afterent mputﬁ'frum muscles, ]L‘lll‘lt!:“r, vr:b't]br
ular system, and vision. Subsequently, motor processes cumrdmatfi the mus-.:lf: agtmn:i mpu
discrete synergies to minimize postural sway and keep the hﬂd?r S r:fenter of mass ﬂmth}JT
the base of support [29,30]. If the static balance cannot be maintained, a rapid :-itr::p ol
additional external support such as holding onto a guard rail is needed to reestablish the
base of support. b=

Research on the human body’s responses to postural perturbations provides unpurlant
views of postural control mechanisms. In order to obtain a measure of the relative llllpi{]r—
tance of the participating afferent inputs, experiments were designed to enhance, weaken,

or exclude one or more afferent inputs [27,31-33]. For example, the role of the vestibular

system becomes more important when the standing surface is uneven and the vision input
‘r - . i - L = ; . s
is excluded. Despite the availability of multiple sensory inputs for healthy adults, the pre

ferred sensory input for balance control is the proprioceptors at the feet [34]. Although the
central nervous system generally relies on one sense at a time for balance, when one source
is reduced, alternative sensory inputs are used for balance [35]. Postural balance is widely

used as an indicator of susceptibility to loss of balance or fall. The control of postural sta

- - " : o i e oz B - |:|+ [_l | S
bility plays an important role in fall prevention among elderly as well as among individu

performing workplace activities.
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2.8.3 Control of Human Gait

Human gait is the most common human movements which occur subconsciously; however,
the control mechanism behind such common movement is little understood by most people.
Gt requires an integration of a complex neuromuscular-skeletal system as well as the coor-
fination of muscles acting across many joints. This dynamic balance could be disturbed by
faumatic injury, neurological damage, gradual degeneration, and even fatigue [36]. It can
S0 be challenged by perturbations arising from environmental changes, that is, floor slip-
periness and compliance, or job-task requirements, such as working at heights [37-40].

10 achieve safe and efficient locomotion, previous studies indicated that major motor
functional requirements needed to be met. Upright posture and total body balance must
B¢ maintained [41] and the upper body should be fully supported against the force of grav-
Wy during locomotion. Foot trajectory needs to be well controlled to achieve safe ground

Wlearance [42]. In addition, sufficient mechanical energy needs to be generated by the body

M maintain forward velocity during progression [43]. Moreover, the motor patterns at the
Wips, knees, and ankles have the major function of absorbing and generating energy [43]
B the central nervous system must integrate and coordinate efferent commands with
groprioceptive feedback and vestibular and visual inputs to generate the correct patterns
W moment of force at each joint.

Previous studies on gait [38,44,45] have documented that people changed their gait
they approached and encountered slippery surfaces. Humans can adjust their gait to
gived changes indicated by sensory feedback, and can safely negotiate many different
ton-surface levels. The typical protective gait strategy adopted in response to increased
periness includes shorter steps, and increased knee flexion to reduce vertical accelera-
Hand forward velocity [46]. Gait changes are also observed in poorly lit environments.
1§ experiencing these conditions walked significantly slower, and exhibited decreased
Bming velocity and heel contact angle [38]. It is the sudden and unanticipated changes
Birface slipperiness or other environmental factors that cause most slips and falls.

Muscle Mechanics of Movement

Fotor unit is the most fundamental element of the neuromuscular system; it consists
 » group of muscle fibers that are innervated by the same motor neurons (Figure 2.15).
' i single motor neuron is stimulated to exceed the threshold of contraction, all fibers

motor unit will contract [47]. A large motor unit with a larger number of muscle
SN exert greater force than a small motor unit. Other factors affecting the force
Ao & muscle are the muscle fiber length, muscle cross-section, and the rate at which

SMOr unit discharges the impulse. The force generated by a muscle is also determined

bl number of motor units actively stimulated at the same time. Muscle recruitment is

B iechanism of muscle force production and involves the order pattern in which pools
MO units are sequentially activated [48].

Motor Learning

MIE fwo major types of motor abilities that are critical for our day-to-day activities—
1 #quilibrium control and voluntary motor control involving a particular movement
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FIGURE 2.15 The muscle nerve, motor axons, and muscle fibers.

goal [49]. The latter is the basis for learning complex motﬂir skills, such as sports mutir:s afui
job tasks requiring specific motor skills. Motor learning is one of thf: most cumple:f ume:.n
behaviors, and enables the human body to adapt and lear‘n in a continuously changing Lil_n i-
ronment. The body relies on a series of sensory impulses tnllnulre.d by motor commands from
the brain to accomplish a skilled task with efficiency and precision. ~re
The initial stage of learning relies greatly on visual feedback ﬂll(:'l thje re‘qulrenm‘n;
that the movements must be performed consciously. Eye—hm;nd cnnn.:iu.mtmn 15;55;:{111[1:1
during this stage as many occupational tasks, such as reaching or hftmg an G—JC.L,, ]t.;:fe
guided by visual input and feedback. During the second stage uflearr‘ung, pmprlmr:.%h 11.
cues provide feedback to integrate the techniques [50}. fo’hen Fhe third stage' 1; rZa-L ::;1
a stable movement pattern is formed. New pathways and junctions are estab‘lm e mﬂ e
brain and the control of movements gradually becomes autonomous, LlI:IlIkE‘ thﬁe LU’.I'I-l
scious control needed in the early stage [51]. Muscle firing pa‘tterrlls used for the contro
of movement is sophisticated and is dependent on a number of variables. }?s one lae:calrl.nlels
more accomplished in a task, such as in martial arts training, ballet d:fm{.':mg, basLef }‘a 1\
or manual materials handling, those firing patterns become more optimized for the t.-.a.r-i ..
demands. However, muscle injury can occur when tasks demands exceed .the tuh?ranu
of skeletal muscle, and those demands can comprise muscle forces, straml ratea,‘rv.ep—
etitions, or work-rest cycles. While evidence indicates that mnre.accmmpllshed‘_h_‘rm‘g
patterns can reduce muscle injury susceptibility, we must be cogqizant of »_vhat tfhiu.“j
contribute to muscle injury, and the mitigating factors as a foundation to design effective

intervention strategies.

2.9 INJURY MECHANICS

We know that eccentric muscle actions are known to cause a greater amount of mus(::le d;:vam-i
age than concentric or isometric contractions (Figure 2.16). This suggests that hlgh loac
tensions in fibers may be more important than physiologic considerations in the etiology
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72h
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240 h
Stretch-shortening contraction exposure

BURE 216  Histographs of tibialis anterior muscle sections exposed to isometri

C contractions
dinjurious SSCs 72 and 240 h after exposure.

Bihe injury process [52-54]. For decades, it has been hypothesized that high mechanical
88 produced during eccentric muscle actions have been causal in the underlying etiol-
B¥ 0f muscle strain injuries [15,55]. This was thought to be due to high fiber stresses in the
factile apparatus due to high forces transmitted axially to the actin and myosin con-
iile proteins. Additionally, high mechanical forces produced during muscular contrac-

B8, particularly in eccentric exercise, where forces are distributed over relatively small
B sectional areas of muscles, cause disruption of contractile and intermediate filament
Meins in skeletal muscle fibers and connective tissues [56,57]. A single exposure to dam-
Mg eccentric muscle actions results in loss of performance immediately after exposure
B can last for up to 30 days [58]. Past Investigations of eccentric contraction-induced
de injury have indicated that mechanical factors such as peak force and average force
M work during stretch [60], fiber length [59,60], strain [61], range of motion [62], number
gepetitions (63] (Figure 2.17), and work-rest cycles [64] influence the amount of muscle
ge. Change in maximum isometric force after injurious exposure has been shown to
#he best indicator of the degree of muscle damage [65]. Interestingly, exposure to con-
i€ (shortening) or isometric muscle actions does not normally produce muscle injury
9-68|. Recently, the ability to rapidly quantify both skeletal muscle degeneration and

mation following an injurious exposure in the same tissue using a novel stereologi-
#echnique has been shown to reveal further insight

Wheletal muscle [63,67,69,70]

Into the injury and repair process
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FIGURE 2.17 Histographs of tibialis anterior muscle sections exposed to either none, 30 55Cs,
70 SSCs, or 150 SSCs 72 h after exposure.

Fortunately, our understanding of the cellular and molecular mechanisms involved in
mediating muscle damage and repair after strain, or low force, repetitive motion induced
injuries is rapidly increasing [2,71,72]. Understanding how muscle tissue responds to
these various stressors, and the time course of those responses, is necessary for defining
approaches that can be taken to reduce the chances of obtaining an injury, or approaches
to enhance the rate of recovery once an injury occurs. The cellular changes that occur asa
result of acute muscle strain and repetitive motion are different. Strain injuries are associ-
ated with structural damage to myofibers, blood vessels and nerves, and cause edema and
inflammation [73,74). Repetitive motion damage can be associated with muscle ischemia,
pain and mitochondrial dysfunction [75,76]. Details regarding the cellular responses to

repetitive use and strain injuries are discussed hereafter.

2.9.1 Strain Injuries and Skeletal Muscle

Strain injuries are the result of three basic processes: (1) Initially, excessive forces coupled
with lengthening result in structural damage to muscle cells (myofibers), including tear:
ing of the cell membrane (i.e., the sarcolemma). (2) Structural damage to the sarcolemma
cesults in an increase in intracellular calcium levels, modifications of myofiber proteins
and lipids and the activation of intracellular pathways that regulate the injured muscle’s
response to damage. (3) Pro- and anti-inflammatory factors (i.e., cytokines and chemo:
kines) are released by local tissues and infiltrating immune cells. Cytokines and chemo
kines cause inflammation and stimulate cellular pathways mediating muscle regeneration
and repair. These three processes are involved in mediating the extent of physical damage,

functional changes of the muscle, pain, and repair.
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2.9.2 Muscle Injuries Associated with Repetitive Tasks

titive S ' :
il:spt;d th;a::ﬁ u;mh;e: movements that typically require little force generation by a muscle
; uscle action may need to be maintained over| ‘ | '
- ' ong periods of time
,, b _ ' gp e, or repeated
-mmnﬂt u:::;i again c?un;]g a :nrk cycle [76,77]. Injuries caused by these types of activities
f. y associated with inflammation or large are: |
: ge areas of myofiber degenerati
Bt | | | generation, but
::ii::‘are cl‘iliu'qac'ter']zed by muscle pain and/or rapid fatigability of the muscle [78-82]
- icalﬁre ;ab lnglurles ﬂll:i' prevalent in people working with computers and other les';
| y demanding tasks. With the decrease in jobs i - ,
'. _ - jobs that require high levels of physical
In-on, znderstandmg the mechanisms underlying this type of damage is crucia]:l) )
E oﬁil;rzeeue' to ﬂvel:'usc h;:s been studied in people with trapezius myalgia. This disorder
s n in workers whose job requires them to maintai
-4 _ u tain stable upper bod
. H : | y postures
- ;znc:Ej pe'n;)da of time such as computer and clerical work [78,80]. Trapezius mylagia
_ 4 ;: e dvr;'lt the alﬁPE:arance of ragged Type I muscle fibers and with a decrease in
. f m'tooh ow .tn the in jll!'f?d region. This ragged appearance of myofibers is an indica-
ot ;Gc ﬂnc?rlal dysfunction in the cell [75,82,83). The dysfunction and pain associ-
. wit trapezm:? my.algm and with other overuse injuries have been linked to changes
o :Iudm}:_eglllﬂt_'”“ in the damaged area, changes in the pH of the intra extracellular
4 n 7; anges in the local concentrations of specific ions involved in mediating muscle
i byli[ ,84,25]. These biochemical alterations may have profound effects on myofiber
o 0118 - 111 .
m and on the activity of sensory pathways carrying pain information (reviewed

1(76]). Ea‘rly onset overuse related MSDs have been shown to have an inflammato

me 1:', Tﬂth increased levels of CRP, TNF-a, IL-1f, and IL-6 in serum 186] 1*«”][:&1';y c?mi

U mju{'y that is localized from repetitive tasks can result in both local :.md limc?‘
mmation followed by structural changes in the tissue [2]. Barbe and Barr d:ilz:t;

1 h:nal model of repetitive upper limb tasks to model repetitive use injuries [87]. Based
-_-- results, they argue that inflammation reduces soft tissue mlera:rce to co 't' aSEd
elitive loading, and is related to pain and movement dysfunction [88]. Also, th : 1““';

K a caus_al relationship between repetitive tasks and the develnpmenlt of c:;.r -anelytLSta I

Kirome with all the associated physiological changes such as reduced conductlci}n mime

*otor function deficits, and sensory changes [89]. As the upper limb task d: he Occlt-

gase, serum and- tissue levels of cytokines and chemokines increase, along with 3:;;;

Chal:lgES in grip strength [90]. This is an important finding because it demonstrat
usal link between the task demand, changes in inflammatory mediator levelshi tlfs
. and blood, and motor performance and strength. High force, moderate re er:itim:‘

s of the upper extremities also change central nervous system sensitization b ifucre :
2ls of substance P and neurokinin at the dorsal horn of the spinal cord tha}': resulta#d-l

duced motor function, neuropathic pain, mechanical allodynia, and widez;prezd

immation [91].
¥ Physical Damage to Tissue

I injuries are caused by exposure of muscle and other soft tissues, including vascu-
hn;rves and tendons to excessive strain or lengthening [92-94) Studies performed
umans [73,95-98), and animals 155,99,100] have demonstrated that exposure
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s results in physical damage to muscle tissue that can include

loss of intermediate filaments and mitnchnnd*ria, damage to
and disruptions in Z-line alignment (i.e., Z-line streaming).
roteins that maintain the integrity of the myofiber, such
have demonstrated that there are disruptions of the exo-

atri 1| In
and endosarcomeric membranes (66,94,101], and of the extracellular mdti}lx llﬂ&lﬁitlhin

i ion-i d injuries, damage wi

o ind ' . In lengthening contraction induce
strain-injured muscle tissue | | | i sarcO
: the myotendinous junction an p

the muscle is most often seen at _ - f &

: tion of sarcomeres

it ha hypnthes.lzed that there is a popula
[102-105]. In fact, it has been - itions [94,106,107). The stretch-
i der lengthening conditions [94,100,187].
are weaker, and tear more easily un i | il
induced damage to the extracellular matrix, sarcomeres, and critical cell c;]rgar:lellt;: E;
l : but not with pain. :
- : : scle force [62,65,108,109], bu

associated with reduced isometric mu M | _ -
been hypothesized that these :nitial structural changes initiate a chain of events that may

i in i ' in, and stimulate
maintain an injury-induced force deficit. result in inflammation and pain,

pathways important for regulating muscle repair and regeneration.

to lengthening contraction
shearing of myofibers, the
the extracellular membrane,
Immunostaining for structural p
as desmin, titin, and fibronectin,

2 9.4 Muscle Inflammation

The physical disruptions of muscle fibers along with increases o
are the initial effects of muscle injury. However, force deficits, muscle swelling, ‘

ness occur 1-7 days after the initial injury, and are associated with muszle inﬂamniatufl?
] : * : damaged tissue, actually
ls. the first immune cells to enter
55,63,93,101,110]. Neutrophils, . Y beniuning to firider
1 thi “the initial injury [111,112]. We are only beg _
infiltrate muscle within 2 h of the ini _ ‘ ]
stand the complex roles that various immune cell types plaly in the datj:?:age and fm
ever, it has been demonstrated that neutrophils phagocytize dege11ﬁra g
‘ * ils ICIP: ro-
Gbers and debris produced by injury. [n addition, neutrophils can paruugate tl}l‘l'l tde E;g e
: ‘ hi : e te the dal
- ~ . cals from damaged tissue, which can exacerba
duction and release of free radicals _ ' T
[113]. Neutrophils can also produce proteases and a number off:ytuku?e;, 1f;1c1ud;:eg;1ugCle
cecrosis factor-a (TNF-a; [114]) and IL1- [115]. These Cﬁﬂklﬂf’?s mflght '”"‘[CT:Y [llﬁ—lhlﬂl
* ' t to attract monocytes to the site of the inju b
catabolism and degradation and ac : g gton.
ther inflammatory cells commonly
Monocytes/macrophages, the 0 : R el Iniciry [LIS.120K
~ 2h and 14 days after the initial muscie mjury 135
muscle, can be found between 1 . g st 8y ol
In rats, macrophages expressing specific cell-surface molecules, including EDI d[::) libﬁ
’ - ssing macr ag e
identified i d muscle tissues [120-122]. ED1 expressing
have been identified in damage ‘ e e cxoed
ic ti d remove debris. These macrophage
‘nfiltrate damaged and necrotic issue an s ' ‘ 3
II:'U iuﬂammatiry cytokines including TNF-a [123,124]. Aside from lﬂC['EElSl]-‘lg'ﬂ'lu:.L ¢
y ; : %
Eatabﬂlism and promoting protease activity, TNF-a also activates the tr:?nsLit.'lptuz:wi ;3
tor. nuclear factor xB (NF-xB), to stimulate transcription of genes encudmgl or F -
' - TNEF- 0 stimulz
iquiti lytic pathway [125,126]. TNF-a may als
that are part of the ubiquitin proteo L | e i
the lrans]::riptinn of other pro-inflammatory cytokines mcludm?)llalﬁ‘and ILES :,?nduc
‘ -1 81). The increas -
* ant protein (MCP-1; (127,12
chemokine monocyte chemoattractan _ 4 cisoue enhance lool
: ; ines by inflammatory cells in damage '
tion of cytokines and chemokines 3
pathwayz mediating tissue inflammation and may act to exacerbate damage during

first 5 days after muscle injury.

in intracellular calcium

processes. How
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29.5 Muscle Regeneration and Repair

The infiltration of immune cells along with the release of pro-inflammatory cytokines
appears to enhance muscle damage. During the acute phase of the injury, both pain and
force deficits appear to be reduced by treating animals with nonsteroidal anti-inflammatory
gdrugs (NSAIDs). For example, rabbits which were exposed to a session of repeated eccen-
e contractions and treated with the NSAID flurbiprofen, showed improved functional
gcovery during the first week after injury as compared to controls [129]. However, 4 weeks

fer the injury, the NSAID treated animals demonstrated reduced force generation. The
Mthors hypothesized that treatment with NSAIDs may have interfered with or delayed
¢ recovery process in these animals [129]. This inding was supported in more recent
or by LaPointe and colleagues [121,122]. In humans with muscle damage caused by
‘ ill walking, treatment with over the counter doses of acetaminophen or ibuprofen
psults in a decrease in pain, but these anti-inflammatory agents also decrease protein
fthesis which may be needed for muscle repair [130-132]. These findings suggest that
thibition of the inflammatory response interferes with normal recovery of muscle after a
fin-induced injury.

Ir lammatory cells, particularly macrophages, may stimulate myofiber regeneration
' a number of different mechanisms. ED2 expressing macrophages, also referred to
esident macrophages, are thought to play a role in muscle repair and myofiber regen-
tion [120-122,133]. These macrophages may stimulate growth and repair by releasing a
mber of factors that could stimulate the division, migration, and differentiation of muscle
sursor cells. These factors include, fibroblast growth factor-2 (FGF-2; [134,135]), insu-
dike growth factor-1 (IGF-1; [136-138] and hepatocyte growth factor (HGF; [134,139]).
iddition, ED2 expressing macrophages may also release the anti-inflammatory cyto-
g8 1L-6 [140,141] and IL-15 [142-144]. Although inflammation causes pain and appears
Macerbate myofiber damage, the inflammatory process also appears to be necessary for
iplete repair of tissue and recovery of muscle function [145].

) FUTURE DIRECTIONS

M8 chapter, basic aspects of skeletal muscle physiology, motor control and learning,
nore advanced concepts of muscle injury were discussed. The control mechanism for
ral balance and human gait was also reviewed. There are many directions in which
#ch on the mechanisms of motor control described in the chapter could be extended.
locomotion, other motor behaviors that are commonly seen in occupational set-
gould be further researched. For example, the control of reaching movement using
gent arm postures, body movement strategies during obstacle crossing, postural con-
Mrategies after slips and falls, and so forth. The contribution of these postures and
gRies to common injury risks for overexertion, traumatic injuries, and musculosk-
I disorders, for example, is intuitively apparent, but not substantiated by sufficient
eh efforts. Further in-depth understanding in these areas will provide insights to
Bve job performance and to prevent such common occupational injuries as slips- and
lated trauma. In addition, skeletal muscle injury mechanics is important to the

]
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field of ergonomics and the mitigation of occupational musculoskeletal disorders [146].
Recent work in muscle pathomechanics have allowed better understanding of the response
of tissues to repeated mechanical exposures [70]. Efforts to incorporate epidemiological,
biomechanical loading, soft tissue tolerance, and psychosocial findings into a systems-engi-
neering approach should be pursued to establish a better understanding of the pathways
of musculoskeletal injury and the resultant preventive strategies. Although we are begin-
ning to understand how the major risk factors influence the load-tolerance relationship of
human tissue, the mechanism of interaction of these risk factors in producing tissue dam-
age is virtually unexplored [147]. Further work is needed to clarify the response of tissue
to acute and repetitive loading and the pain pathways associated with these physiological
responses. Much of our knowledge about tissue tolerance, especially that related to repeti-
tive loading, has been gained from cadaver studies. Such data do not reflect the biological
system’s ability to physiologically adapt to exposures that occur during actual working
conditions. Future research efforts should examine the in vivo tissue tolerance of healthy
populations as well as compromised populations that are reflective of workplace popu-
lations [147]. Additionally, research involving the risk of further injury associated with
return-to-work is sparse. Integration of epidemiological data, biomechanical exposures,
soft tissue pathomechanics, and psychosocial data are needed to determine how the risk of
injury is affected when an individual is working while recovering from a musculoskeletal
disorder [147]. The findings from research on the pathomechanics of skeletal muscle injury
are beneficial for incorporation into modern biomechanical and psychosocial models. In
addition, biomarkers that are identified from pathomechanics studies could be beneficial
for use in field studies to help determine jobs and populations at risk.

REFERENCES

1. United States Department of Labour (USDL), Work-related musculoskeletal disorders, B.o.L.
Statistics (ed.), Table 10a, 2007.

2. M.E. Barbe and A.E. Barr, Inflammation and the pathophysiology of work-related musculosk-
eletal disorders, Brain Behav Immun, 20: 423-429 (2006).

3. B.P. Bernard, V. Putz-Anderson, S.E. Burt, L.L. Cole, C. Fairfield-Estill, L.]. Fine, K.A. Grant,
C. Gjessing, L. Jenkins, J.J. Hurrell, N. Nelson, D. Pfirman, R.L. Roberts, D. Stetson, M. Haring-
Sweeney, and S. Tanaka, Musculoskeletal Disorders and Workplace Factors: A Critical Review
of Epidemiologic Evidence for Work-Related Musculoskeletal Disorders of the Neck, Upper
Extremity, and Low Back, US Department of Health and Human Services, National Institute
for Occupational Safety and Health (DHHS-NIOSH), Cincinnati, OH, pp. 400, 1997.

4. L. Sherwood, Human Physiology: From Cells to Systems, Brooks/Cole, Pacific Grove, CA, 2001,

J. Wright, Q.Q. Huang, and K. Wang, Nebulin is a full-length template of actin filaments in the

skeletal muscle sarcomere: An immunoelectron microscopic study of its orientation and span

with site-specific monoclonal antibodies, J] Muscle Res Cell Motil, 14: 476-483 (1993).

6. M.]. Chen, C.L. Shih, and K. Wang, Nebulin as an actin zipper. A two-module nebulin fragment
promotes actin nucleation and stabilizes actin filaments, ] Biol Chem, 268: 20327-20334 (1993).

7. E. Lazarides, Intermediate filaments as mechanical integrators of cellular space, Nature, 283:
249-256 (1980).

8. T.J. Patel and R.L. Lieber, Force transmission in skeletal muscle: From actomyosin to external
tendons, Exerc Sport Sci Rev, 25: 321-363 (1997).

o

Skeletal Muscle Physiology and Its Application to Occupational Ergonomics m 79

9. '11.1“ Pf.'ll‘dtff, J.D. silicianc:r. and S.W. Craig, A vinculin-containing cortical lattice in skeletal muscle:

ransverse lattice elements (“costameres”) mark sites of attachment between myofibrils anci
sarcolemma, Proc Natl Acad Sci USA, 80: 1008-1012 ( 1983). i

10, E. Asmussen, Positive and Negative Muscular Work, ACTA Physiol Scand, 28: 365-382 (1953)

1. P. Cavanagh, On “muscle action” vs -
- s “muscle contraction”, ] Biomech, 21:
12. D.R. Wilkie, The relation ch, 21: 69 (1988)

(1950).
13. M. Singh and P.V. Karpovich, Isotonic and isometric
J Appl Physiol, 21: 1435-1437 (1966).

14. PV. Komi, ME&SLlW:ﬂ@t of the force-velocity relationship in human muscle under concentric
" and eccentric contractions, Medicine and Sport, Vol. 8, pp. 224-229 (1973)

15. (i_l Warrf:fl, D.A. H:ayes., D.A. [,qwe, and R.B. Armstrong, Mechanical factors in the initiation
K g eccentric cﬂntract'mn-ilnduced Injury in rat soleus muscle, J Physiol, 464: 457475 (1993)

6. v;rKlnumm*L Ana!ynns of spas:tic paresis., Proceedings of the 10th International Congress of ;‘he

orld Confederation for Physical Therapy, Sydney, NSW, Australia, pp. 629-633, 1987

7. R. Triolo, D. Robinson, E. Gardner. and R

| , D. son, E, 3t . Betz, The eccentric strength of electri '

4 lated pargl)rzed muscle, IEEE T Biomed Eng, 651-652 (1987). ) w e

18. PV Komi, Stretch-shortening cycle: A powerful model to é.tudy normal
] Biomech, 33: 1197-1206 (2000).

9. AM. (J'ﬂrdnn, A.F. Huxley, and EJ. Julian, The variation in isometric tension with sarcomere
i length in vertebrate muscle fibres, ] Physiol, 184: 170-192 (1966).
2 'K.A. F,<2!111an, 1]_1& velocity of unloaded shortening and its relation to sarcomere length and
_ ;sgmzetnc force in vertebrate muscle fibres, ] Physiol, 291: 143159 (1979)
sk BE. Zajac, Muscle and tendon: Properties, models, scalin cati
1 - , y' & , and application to biome

| and motor control, Crit Rev Biomed Eng, 17: 359-411 (]985). i P
& A.V. Hill, The heat of shortenin
B, 126: 136-195 (1938),

% M.E Bobbert, PA. Huijing, and G.]. van Ingen Schenau, A model of the human triceps surae
muscle-tendon complex applied to jumping, | Biomech, 19: 887-898 (1986).

8. TL. Wickiewicz, R.R. Rov. P : ;
» R.K. Roy, PL. Powell, and V.R. Edgerton, Muscle - i
lower limb. Clir Orthop, 275-283 (1983), 8 uscle architecture of the human

9. PA. Huijing, Architecture of the human gastrocnemius muscle and
quences, Acta Anat (Basel), 123: 101-107 (1985).

¢ R.D, Beer, Beyond control: The d | ‘ ‘
| ; : ynamics of brain-body-environment int jon i
Systems, Adv Exp Med Biol, 629: 7-24 (2009). : by v ke
.— R‘ut Sal‘nburg, Mb Ghﬁilardi, H. Poizner, and C. Ghez, Control of limb dynamics in normal
i jECL::- and patients without proprioception, J Neurophysiol, 73: 820-835 (1995)
R.L. Sfamblurg, H. Poizner, and C. Ghez, Loss of proprioception produces
€oordination, ] Neurophysiol, 70: 2136-2147 (1993).
¢ L.M. Nasher, Adapting reflexes controlling the human posture, Exp Brain Res, 26: 59-72 (1976)

| the I—:;}rak, and L.M. Nashr}en Central programming of postural movements: Adaptation to
red support-surface configurations, J Neurophysiol, 55: 1369-1381 (1986).

¢ I Sahlstrand, R. Ortengren, and A. Nac
| s R, ; . Nachemson, Postural equilibrium i ' idiopathi
scoliosis, Acta Orthop Scand, 49: 354-365 (1978). ! e
) .ﬂ&l‘p:};(rhi, G. ?chnnen W.L. Hsu, J]. Jeka, E Horak, and V Martin, Motor equivalent control
0 enter of mass in res surf: ' -
}199?)' sponse to support surface perturbation, Exp Brain Res, 180; 163-179
A. Bhattacharya, R. Morgan, R. Shukla, H.K. Ramakrishanan, and L. Wang, Non-invasive esti-

mation of afferent inputs for postural stability under low : :
15: 533-550 (1987) y er low levels of alcohol, Ann Biomed Eng,

L]

between force and velocity in human muscle, J Physiol, 110: 249-280

forces of forearm flexors and exten SOTS,

and fatigued muscle,

g and the dynamic constants of muscle, Proc R Soc London Ser

some functional conse-

deficits in Interjoint




80 m Occupational Ergonomics: Theory and Applications

34. A. Shumway-Cook and EB. Horak, Assessing the influence of sensory interaction of balance.

Suggestion from the field, Phys Ther, 66: 1548-1550 (1986). o) il
35, L.M. Nasher, Adaptation of human movement to altered environments, Trends in Neuroscience,

5: 351-361 (1982). _ ke
36. D.A. Winter, Biomechanics and Motor Control of Human Movement, University of Waterloo

Press, Waterloo, ON, Canada, 1991. il | .

37. T. Bhatt, J.D. Wening, and Y.C. Pai, Adaptive control of gait stability in reducing slip-related
backward loss of balance, Exp Brain Res, 170: 61-73 (2006). | ‘

38. S. Chiou, A. Bhattacharya, and P.A. Succop, Evaluation of workers’ perFEWEd sense of slip and
effect of prior knowledge of slipperiness during task performance on slippery surfaces, AIHAJ,

: 492 0).

39. if::glecfl?e{iffog )Cham, K. Gielo-Perczak, R. Gronqgvist, M. Hir:vnnen. H. Lanshammar,
M. Marpet, C.Y. Pai, and C. Powers, Biomechanics of slips, Ergfmnmms, 44:1138-1 1_66 FZU[] 1).

40. B. Wang, A. Bhattacharya, A. Bagchee, and W. Wang, Kinematic metl?f::nds fﬂr quantitating loss
of balance while negotiating a curved path on a slippery surface, J Test Eval, 25(1): 135-142

41. ﬂi?hamﬂi Balance adjustments of human perturbed while walking, J Neurophysiol, 44:

650-664 (1980). . . - oes
42. D.A. Winter, Foot trajectory in human gait: A precise and multifactorial motor control task,

Phys Ther, 72: 45-53 (1992); discussion 54-56. | i
43. D.A. Winter, Energy generation and absorption at the ankle and knee during fast, natural, anc
slow cadences, Clin Orthop Relat Res, 147-154 (1983). -
44. R. Cham and M.S. Redfern, Heel contact dynamics during slip events on level and incline
surfaces, Safety Sci, 40(7-8): 559-576 (2002). ‘ | i |
45. P.E Tang, M.H. Woollacott, and R.K. Chong, Control of reactive balance ad]usl.ment.a in per-
" turbed human walking: Roles of proximal and distal postural muscle activity, Exp Brain Res,
119: 141-152 (1998). | & i
46. M.G.A. Llewellyn and V.R. Nevola, Strategies for walking on low-friction surfaces, in:
W.A.L.a.G. Havenith, (ed.), Proceedings of the Fifth International Conference on Environmental
Ergonomics, Maastricht, the Netherlands, pp. 156-157,1992. | ‘ “ o
47. R.M. Enoka, Central modulation of motor unit activity, Med Sci Sports Exerc, 37: 2111-2112
(2005). . | . ‘ i
48. R.E. Burke, The control of muscle force; Motor unit recruitment and firing patl:.:nﬁ,
Human Muscle Power, N.L. Jones, N. McCartney, and A.]. McComas (eds.), Human Kinetics,

Champaign, IL, pp. 97-109, 1986. |
49. ]. Massion, A. Alexandrov, and A. Frolov, Why and how are posture and movement coordi

nated? Prog Brain Res, 143: 13-27 (2004). | 1 :
50. R. Barlett, Sport Biomechanics: Reducing Injury and Improving Performance, Taylor & Francis,
New York, pp. 245-265, 2007. | RN
51. K.H.E. Kroemer and E. Grandjean, Fitting the Task to the Human, Taylor & Francis Group,
New York, pp. 147-155, 2005. ‘ ‘ ‘ 3
52. W.T. Stauber, Eccentric action of muscles: Physiology, injury, and adaptation, Exerc Sport Sci
Rev, 17: 157-185 (1989). AidA -
53. W.T. Stauber, Measurement of muscle function in man, sports injuries, in: Internationa
Perspectives in Physical Therapy, Churchill-Livingstone, Philadelphia, PA, 1989.
54. R.B. Armstrong, Muscle damage and endurance events, Sports Med, 3: 370-381 ({9@6).
55. R.B. Armstrong, R.W. Ogilvie, and J.A. Schwane, Eccentric exercise-induced injury to rat

skeletal muscle, ] Appl Physiol, 54: 80-93 (1983). 20
56. R.B. Armstrong, Mechanisms of exercise-induced delayed onset muscular soreness: A briel

review, Med Sci Sports Exerc, 16: 529-538 (1984).

Skeletal Muscle Physiology and Its Application to Occupational Ergonomics = 81

37. R.B. Armstrong, G.L. Warren, and J.A. Warren, Mechanisms of exercise-induced muscle fibre
injury, Sports Med, 12: 184-207 (1991).

98. G.L. Warren, C.P. Ingalls, S.]. Shah, and R.B. Armstrong, Uncoupling of in vivo torque pro-
duction from EMG in mouse muscles injured by eccentric contractions, J Physiol, 515(Pt 2):
609-19 (1999).

9. L.E. Gosselin and H. Burton, Impact of initial muscle length on force deficit following length-

- ening contractions in mammalian skeletal muscle, Muscle Nerve, 25: 822-827 (2002).

80. K.D. Hunter and J.A. Faulkner, Pliometric contraction-induced injury of mouse skeletal mus-

cle: Effect of initial length, ] Appl Physiol, 82; 278-283 (1997).

61, R.L. Lieber and J. Friden, Muscle damage is not a function of muscle force but active muscle

. strain, ] Appl Physiol, 74: 520-526 (1993).

2. R.G. Cutlip, K.B. Geronilla, B.A. Baker, M.L. Kashon, G.R. Miller, and A.W. Schopper, Impact

~ of muscle length during stretch-shortening contractions on real-time and temporal muscle

. performance measures in rats in vivo, J Appl Physiol, 96: 507-516 (2004).

B3, B.A. Baker, R.R. Mercer, K.B. Geronilla, M.L. Kashon, G.R. Miller. and R.G. Cutlip, Impact of

repetition number on muscle performance and histological response, Med Sci Sports Exerc, 39:
1275-1281 (2007).

R.G. Cutlip, K.B. Geronilla, B.A. Baker, R.D. Chetlin, I. Hover, M.L. Kashon, and J.Z. Wu,
Impact of stretch-shortening cycle rest interval on in vivo muscle performance, Med Sci Sports
Exerc, 37: 1345-1355 (2005).

8. G.L. Warren, D.A. Lowe, and R.B. Armstrong, Measurement tools used in the study of eccen-
tric contraction-induced injury, Sports Med, 27: 43-59 (1999).

b R.L. Lieber, L.E. Thornell, and J. Friden, Muscle cytoskeletal disruption occurs within the first
. 15min of cyclic eccentric contraction, J Appl Physiol, 80: 278-284 (1996).

B.A. Baker, K.M. Rao, R.R. Mercer, K.B. Geronilla, M.L. Kashon. G.R. Miller, and R.G. Cutlip,
Quantitative histology and MGF gene expression in rats following SSC exercise in vivo, Med Sci
Sports Exerc, 38: 463-471 (2006).

JA. Faulkner, S.V. Brooks, and E. Zerba, Muscle atrophy and weakness with aging:
~Lontraction-induced injury as an underlying mechanism, J Gerontol A Biol Sci Med Sci, 50
Spec No: 124-129 (1995).

b BA. Baker, R.R. Mercer, K.B. Geronilla, M.L. Kashon, G.R. Miller, and R.G. Cutlip, Stereological

lalysis of muscle morphology following exposure to repetitive stretch-shortening cycles in a
rat model, Appl Physiol Nutr Metab, 31: 167-179 (2006).

L R.G. Cutlip, B.A. Baker, K.B. Geronilla, R.R. Mercer, M.L. Kashon, G.R. Miller, Z.S. Murlasits,

and S.E. Alway, Chronic exposure to stretch-shortening contractions results in skeletal muscle

adaptation in young rats and maladaptation in old rats, Appl Physiol Nutr Metab, 31: 573-587

(2006).

#M. Clarkson and M.J. Hubal, Exercise-induced muscle damage in humans, Am J Phys Med

phabil, 81: S52-569 (2002).

% Barr and M.F. Barbe, Pathophysiological tissue changes associated with repetitive move-

ment: A review of the evidence, Phys Ther, 82: 173-187 (2002).

§ Friden, M. Sjostrom, and B. Ekblom, A morphological study of delayed muscle soreness,
perientia, 37: 506-507 (1981).

WL Stauber, VK. Fritz, D.W. Vogelbach, and B. Dahlmann, Characterization of muscles

ared by forced lengthening. 1. Cellular infiltrates, Med Sci Sports Exerc, 20: 345-353 (1988).

Kadi, G. Hagg, R. Hakansson, S. Holmner, G.S. Butler-Browne, and L.-E. Thornell,

Mructural changes in male trapezius muscle with work-related myalgia, Acta Neurophathol,

B8 352-360 (1998).

d and K. Sogaard, Muscle injury in repetitive motion disorders, Clin Orthop, 21-31

R




e e —

= ——

82 m Occupational Ergonomics: Theory and Applications

77. G. Sjogaard, U. Lundberg, and R. Kadefors, The role of muscle activity and_ mental load in the
development of pain and degenerative processes at the muscle cell level during computer work,
Eur | Appl Physiol, 83: 99-105 (2000). ‘

78. K. Keller, ]. Corbett, and D. Nichols, Repetitive strain injury in computer keyboard users:
Pathomechanics and treatment principles in individual and group intervention, ] Hand Ther,
11: 9-26 (1998). | ‘

79. G. Sjogaard, Muscle energy metabolism and electrolyte shifts during low-level prolonged static
contraction in man, Acta Physiol Scand, 134: 181-187 (1988).

80. B.R. Jensen, B. Schibye, K. Sogaard, E.B. Simonsen, and G. Sjogaard, Shoulclm? muscle load a.nd
muscle fatigue among industrial sewing-machine operators, Eur | Appl Physiol Occup Physiol,
67: 467-475 (1993). ' ; |

81. G. Sjogaard, and B.R. Jensen, Muscle Pathology with Overuse, in: D. Ranney_, (ed.), t:,,hmmr
Musculoskeletal Injuries in the Workplace, W.B. Saunders Company, Philadelphia, PA,
pp. 17-40, 1997. * ‘ |

82. S.E. Larsson, L. Bodegard, K.G. Henriksson, and P.A. Oberg, Chronic trapezius myalgia.
Morphology and blood flow studied in 17 patients, Acta Orthop Scand, 61: 394-398 (1990).

83. B. Larsson, J. Bjork, K.G. Henriksson, B, Gerdle, and R. Lindman, The prevlalences of cy1.0~
chrome ¢ oxidase negative and superpositive fibres and ragged-red fibres in the trapezius
muscle of female cleaners with and without myalgia and of female healthy controls, Pain, 84:
379-387 (2000). | | )

84. N. Ortenblad, G. Sjogaard, and K. Madsen, Impaired sarcoplasmic reticulum Ca(2+) release
rate after fatiguing stimulation in rat skeletal muscle, J Appl Physiol, 89: 210-217 (2000).

85. B.R. Jensen, G. Sjogaard, S. Bornmyr, M. Arborelius, and K. )nrg{ensen, Intr?muscylar laser-
Doppler flowmetry in the supraspinatus muscle during isometric contractions, Eur J Appl
Physiol Occup Physiol, 71: 373-378 (1995). ' |

86. S.J. Carp, M.E Barbe, K.A. Winter, M. Amin, and A.E. Barr, Inflammatory biomarkers increase
with severity of upper-extremity overuse disorders, Clin Sci (Lond), 112: 305-314 (20?]7). |

87. A.E. Barr, EE Safadi, R.P. Garvin, S.N. Popoff, and M.E Barbe, Evidence of progressive tissue
pathophysiology and motor behavior degradation in a rat model of .wurk related musculo-
skeletal disease, Proceedings of the International Ergonomics Association/Human Factors and
Ergonomics Society 2000 Congress, San Diego, CA, pp. 5/584-5/587, 2000. |

88. A.E. Barr, and M.E Barbe, Inflammation reduces physiological tissue tolerance in the develop-
ment of work-related musculoskeletal disorders, ] Electromyogr Kinesiol, 14: 77-85 (2004).

89. B.D. Clark, T.A. Al-Shatti, A.E. Barr, M. Amin, and M.F. Barbe, Performance of a high-
repetition, high-force task induces carpal tunnel syndrome in rats, ] Orthop Sports Phys Ther,
34: 244-253 (2004). .

90. M.E Barbe, M.B. Elliott, .M. Abdelmagid, M. Amin, S.N. Popoff, EE. Safadi, and AE Barr,
Serum and tissue cytokines and chemokines increase with repetitive upper extremity tasks,
] Orthop Res, 26: 1320-1326 (2008). n ol |

91. M.B. Elliott, A.E. Barr, B.D. Clark, M. Amin, S. Amin, and M.E. Barbe, High force rcachnfg
task induces widespread inflammation, increased spinal cord neurochemicals and neuropathic
pain, Neuroscience, 158: 922-931 (2009). - ‘ e

92. R.L. Lieber, T.M. Woodburn, and J. Friden, Muscle damage induced by eccentric contractions
of 25% strain, | Appl Physiol, 70: 2498-2507 (1991). _

93, ], Friden, PN. Sfakianos, and A.R. Hargens, Muscle soreness and intramuscular fluid pressure:
Comparison between eccentric and concentric load, ] Appl Physiol, 61: 21?5-—21.?9 (1986):

94, ], Friden, and R.L. Lieber, Segmental muscle fiber lesions after repetitive eccentric contractions,
Cell Tissue Res, 293: 165-171 (1998). ‘

95. ]. Friden, J. Seger, M. Sjostrom, and B. Ekblom, Adaptive response in human skeletal muscle
subjected to prolonged eccentric training, Int J Sports Med, 4: 177-183 (1983).

Skeletal Muscle Physiology and Its Application to Occupational Ergonomics = 83

96. D.]. Newham, G. McPhail, K.R. Mills, and R.H. Edwards, Ultrastructural changes after concen-
tric and eccentric contractions of human muscle, ] Neurol Sci. 61: 109-122 (1983).

97. J. Friden, M. Sjostrom, and B. Ekblom, Myofibrillar damage following intense eccentric exer-
cise in man, Int ] Sports Med, 4: 170-176 (1983).

98. D.J. Newham, D.A. Jones, and R.H. Edwards, Large delayed plasma creatine kinase changes
after stepping exercise, Muscle Nerve, 6: 380-385 (1983).

99. R.L. Lieber, and J. Friden, Selective damage of fast glycolytic muscle fibres with eccentric con-

traction of the rabbit tibialis anterior, Acta Physiol Scand, 133: 587-588 (1988).

100. W.T. Stauber, and C.A. Smith, Cellular responses in exertion-induced skeletal muscle injury,
Mol Cell Biochem, 179: 189-196 (1998).

101. R.L. Lieber, M.C. Schmitz, D.K. Mishra, and J. Friden, Contractile and cellular remodeling

in rabbit skeletal muscle after cyclic eccentric contractions, | Appl Physiol, 77: 19261934

S (1994).
H02. WEE. Garrett, Jr., Muscle strain injuries, Am J Sports Med, 24: $2-58 (1996).
r_IGS. C.T. Hasselman, T.M. Best, A.V. Seaber, and W.E. Garrett, Jr., A threshold and continuum of

ﬁ

injury during active stretch of rabbit skeletal muscle, Am J Sports Med, 23: 65-73 (1995).

104. TJ. Noonan, T.M. Best, A.V. Seaber, and W.E. Garrett, Jr., Identification of a threshold for

skeletal muscle injury, Am J Sports Med, 22: 257-261 (1994),

105. W.T. Obremsky, A.V. Seaber, B.M. Ribbeck, and W.E. Garrett, Jr., Biomechanical and histologic

assessment of a controlled muscle strain injury treated with piroxicam, Am J Sports Med, 22:
558-561 (1994).

106. D.L. Morgan, New insights into the behavior of muscle during active lengthening, Biophys J,

57:209-221 (1990).

07, J.A. Talbot, and D.L. Morgan, Quantitative analysis of sarcomere non-uniformities in active
muscle following a stretch, ] Muscle Res Cell Motil, 17: 261-268 (1996).

108. K.B. Geronilla, G.R. Miller, K. Mowrey, M.L. Kashon, and R.G. Cutlip, The mechanical and

histological response of rat skeletal muscle to oscillatory contractions, American college of
sports medicine, Medicine and Science in Sports and Exercise, Medicine and Science in Sports
and Exercise, Baltimore, MD, pp. 474, 2001.

8. G.L. Warren, D.A. Hayes, D.A. Lowe, ].H. Williams, and R.B. Armstrong, Eccentric contrac-
tion-induced injury in normal and hindlimb-suspended mouse soleus and EDL muscles, | Appl
Physiol, 77: 1421-1430 (1994).

1. K.B. Geronilla, G.R. Miller, K.F. Mowrey, ].Z. Wu, M.L. Kashon, K. Brumbaugh, J. Reynolds,
A. Hubbs, and R.G. Cutlip, Dynamic force responses of skeletal muscle during stretch-short-
ening cycles, Eur ] Appl Physiol, 90: 144-153 (2003).

. RA. Fielding, T.J. Manfredi, W. Ding, M.A. Fiatarone, W.]. Evans, and J.G. Cannon, Acute

phase response in exercise. I11. Neutrophil and IL-1 beta accumulation in skeletal muscle, Am
J Physiol, 265: R166-R172 (1993).

).G. Tidball, Inflammatory cell response to acute muscle injury, Med Sci Sports Exerc, 27:
- 1022-1032 (1995).

LM. Best, and K.D. Hunter, Muscle injury and repair, Phys Med Rehabil Clin N Am, 11:
251266 (2000).

D.B. Dubravec, D.R. Spriggs, J.A. Mannick, and M.L. Rodrick, Circulating human peripheral
blood granulocytes synthesize and secrete tumor necrosis factor alpha, Proc Natl Acad Sci USA,
87: 6758-6761 (1990).

K. Tiku, M.L. Tiku, S. Liu, and ].L. Skosey, Normal human neutrophils are a source of a specific
interleukin 1 inhibitor, ] Immunol, 136: 3686-3692 (1986).

PO. Hasselgren, P. Pedersen, H.C. Sax, B.W. Warner, and J.E. Fischer, Current concepts of pro-

tein turnover and amino acid transport in liver and skeletal muscle during sepsis, Arch Surg,
123: 992-999 (1988).




84 m Occupational Ergonomics: Theory and Applications

117. L.L. Moldawer, G. Svaninger, ]. Gelin, and K.G. Lundholm, Interleukin 1 and tumor necrosis
factor do not regulate protein balance in skeletal muscle, Am ] Physiol, 253: C766-C773 (1987).

118. B. Alvarez, L.S. Quinn, S. Busquets, EJ. Lopez-Soriano, and ].M. Argiles, Direct effects of tumor
necrosis factor alpha (TNF-alpha) on murine skeletal muscle cell lines, Bimodal effects on pro-
tein metabolism, Eur Cytokine Netw, 12: 399-410 (2001).

119. J.M. Round, D.A. Jones, and G. Cambridge, Cellular infiltrates in human skeletal muscle: Exercise
induced damage as a model for inflammatory muscle disease? J Neurol Sci, 82: 1-11 (1987).

120. B.A. St Pierre and J.G. Tidball, Macrophage activation and muscle remodeling at myotendi-
nous junctions after modifications in muscle loading, Am J Pathol, 145: 1463-1471 (1994).

121. B.M. Lapointe, P. Fremont, and C.H. Cote, Adaptation to lengthening contractions is indepen-
dent of voluntary muscle recruitment but relies on inflammation, Am J Physiol Regul Integr

Comp Physiol, 282: R323-R329 (2002).
122. B.M. Lapointe, J. Frenette, and C.H. Cote, Lengthenin
linked to secondary damage but devoid of neutrophil invasion,

(2002).

123. ].L. De Bleecker, V.I. Meire, W. Declercq,
necrosis factor-alpha and its receptors in inflammatory myopathies,

239-246 (1999).

124 E. Zador, L. Mendler, V. Takacs, J. de Bleecker, and F. Wuytack, Regenerating soleus and exten-
sor digitorum longus muscles of the rat show elevated levels of TNF-alpha and its receptors,
TNER-60 and TNFR-80, Muscle Nerve, 24: 1058-1067 (2001).

125. R. Medina, S.S. Wing, and A.L. Goldberg, Increase in levels of polyubiquitin and proteasome
mRNA in skeletal muscle during starvation and denervation atrophy, Biochem J, 307(Pt 3):

631-637 (1995).
126. P.O. Hasselgren, Role of the ubiquitin-proteasome pathway in sepsis-

lism, Mol Biol Rep, 26: 71-76 (1999).
127. B.S. Wung, J.J. Cheng, H.]. Hsieh, Y.J. Shyy, and D.L. Wang, Cyclic strain-induced monocyte

chemotactic protein-1 gene expression in endothelial cells involves reactive oxygen species
activation of activator protein 1, Circ Res, 81: 1-7 (1997).

128. M. Baggiolini, B. Dewald, and B. Moser, Chemokines, in: J.I. Gallin and R. Snyderman,
(eds.), Inflammation, Basic Principles and Clinical Correlates, Lippincott Williams & Wilkins,
Philadelphia, PA, pp. 419-431, 1991.

129. D.K. Mishra, J. Friden, M.C. Schmitz, and R.L. Lieber, Anti-inflammatory medication after
muscle injury, A treatment resulting in short-term improvement but subsequent loss of muscle
function, ] Bone Joint Surg Am, 77: 1510-1519 (1995).

130. T.A. Trappe, J.D. Fluckey, E. White, C.P. Lambert, and W.]. Evans, Skeletal muscle PGF(2)
(alpha) and PGE(2) in response to eccentric resistance exercise: Influence of ibuprofen acet-
aminophen, ] Clin Endocrinol Metab, 86: 5067-5070 (2001).

131. T.A. Trappe, E White, C.P. Lambert, D. Cesar, M. Hellerstein, and W.J. Evans, Effect of ibu-
profen and acetaminophen on postexercise muscle protein synthesis, Am ] Physiol Endocrinol

Metab, 282: E551-E556 (2002).
132. ].M. Peterson, T.A. Trappe, E. Mylona, F. White, C.P.
Ibuprofen and acetaminophen: Effect on muscle inflammation after eccentric exercise,

Sports Exerc, 35: 892-896 (2003).

133. M. Cantini, M.L. Massimino, A. Bruson, C. Catani, L.D. Libera, and U. Carraro,
regulate proliferation and differentiation of satellite cells, Biochem Biophys Res Commut
1688-1696 (1994).

134 S.M. Sheehan and R.E. Allen, Skeletal muscle satellite cell proliferation in response to mem-
bers of the fibroblast growth factor family and hepatocyte growth factor, | Cell Physiol, 181:

499-506 (1999).

g contraction-induced inflammation is
J Appl Physiol, 92: 1995-2004

and E.H. Van Aken, Immunolocalization of tumor
Neuromuscul Disord, 9:

induced muscle catabo-

Lambert, W.]. Evans, and EX. Pizza,
Med Sci

Macrophages

1, 202

Skeletal Muscle Physiology and Its Application to Occupational Ergonomics = 85

135. G. Fibbi : i -Ci y ‘
ibbi, S. D'Alessio, M. Pucci, M. Cerletti, and M. Del Rosso, Growth factor-dependent prolif-

eration and invasion of muscle satellite ¢ j
te cells ¢ : :
Chem, 383: 127-136 (2002) cells require the cell-associated fibrinolytic system, Biol

136. M. Hill, A. Wernig, : i

| . » A\ g, and G. Goldspink, Muscle satellite (s adl et :

L iEn;I;nry and repair, | Anat, 203: 392.\9(5003). e Ty esliacitrmiins doring Mocal this
137, E.D. Rabinovsky, E. Gelir, S. Gelir, H. Lui, M. Kattash, FJ. DeMayo, S.M Shenaq, and

R.]. Schwartz Targeted ex i -
, pression of IGF-1 transgene to skelet: ool i
| :;ng rr:;tur neuron regeneration, Faseb J, 17: 53_55%2003;’ skeletal muscle accelerates muscle
. UK. Adams, Autocrine and/or paracrine insulin-li -
cle, Clin Orthop, S188-5196 (2002). sulin-like growth factor-T activity in skeletal mus-

9. C. Zeng, ].E. Pesall, K.K. Gilkerson, and D.C. McF

R ;ﬂ;:'llfc}; .isaglli;e cell proliferation and dilferenti::ilzzfi;’z:;igzcﬂt l(:f:]]i”:‘p la-tT{l:gtﬂe{gzr([]}J;)h -
B i res;;an'se :z‘;ir:]?i:} Ft’ MHZ?;!HI'E‘U‘], F. Scuderi, and E. Bartoccioni, Myaoblasts p-r{}duce
BN Cantin ML Ma“imm: Erﬁ Stl'l'llll-;ll,rfﬂf Imfml,m?l, 10: 267-273 (1998).

Human satellite cell hrn]'f . h Rossini, C. Catani, L. Dalla Libera, and U. Carraro
B & soluble factnr(g rE; ;r::;n; in vitro is regulated by autocrine secretion of IL-6 stimulateci
s (109c) h y activated monocytes, Biochem Biophys Res Commun, 216:

L.S. Quinn, K.L. Haugk, : ;
y BL.L. gk, and K.H. Grabstein, Interleukin-15: ' :
;hk;leta] Mk, Endocrinology; 136: 3669-3672 (1995“' In-15: A novel anabolic cytokine for
r uin 3 A 1 .
lnterguki:- liidi:ifi;giﬁgﬁ D]rnl;dafd, B. ilvarez, and ].M. Argiles, Overexpression of
. : SCIE ertro i 1 Vi ” - 2 o .,

;Jl: gaslt;ng disorders, Exp Cell Res, 280:);—63 (IZ(J}(’}EI).mm uplications for treatment of mus-
| Pi [:‘;p:; ’E-;c:;?fﬂi’rbﬂju;l;i F. Costelli, S. Busquets, B. Alvarez, EM. Baccino, L.S. Quinn
i -Soriano, and J.M. Argiles, Interleukin-15 antagonizes mus e *
tumour-bearing rats, Br ] Cancer, 83: 526-531 (2000).5 antagonizes muscle protein waste in

V. Prisk and J. Huard, Muscle injuri
. : , njuries and ir: , : : _
| gigﬂi Histopathol, 18: 1243-12;6 (2003) repair: The role of prostaglandins and inflammation,
b R.G. Cutlip, Soft Tissue Pathomecha ics, |
_ b - ‘ *chanics, in: W.S.M.a.W. ki e
%’%on;mrcs Handbook, CRC Press, Boca Raton, FL, p: 15- [lf:?j;k;ﬂge: T8 aptrions
i sl a . : : - ¥ .
I rras, R.G. Cutlip, S.E. Burt, and T.R. Waters, National occupational research agenda

~ (NORA) future directions in oc i
ccupat :
Ergon, 40: 15-22 (2009) pational musculoskeletal disorder health research. Appl






