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15.1 Soft-Tissue Pathomechanics

Although epidemiological studies have been beneficial in identifying the prevalence of musculoskeletal

disorders, the demographics and job types most affected, and types of injuries most sustained, they

do not address the soft-tissue injury mechanisms that result in pain, injury, and impaired function.

This chapter briefly reviews the relevant and related research in soft-tissue pathomechanics of muscle.

Pathomechanics is defined generally as the study of the mechanisms of soft-tissue injury that result

from physical loading exposures. The study of muscle pathomechanics focuses on the effects of both

short- and long-term static and dynamic muscle contractions intrinsic during physical loading on the

functional and cellular changes that lead to injury, pain, and loss of function. Because the internal

and external forces involved in any work-related activity act on multiple structures and tissues in the

body, multiple systems often are affected. Injury, pain, and loss of function may involve damage to

bone, and to soft tissues in the body, such as cartilage, tendon, ligaments, muscle, nerve, or the vascu-

lature. Because the pathomechanics of these tissues may involve different mechanisms that often are
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studied independently, separate treatments are warranted. This review will focus specifically on the

pathomechanics of contraction-induced muscle injury.

The field of pathomechanics is not new; however, much of relevant basic and applied research has been

conducted under more established but related scientific disciplines. For example, much of the research on

skeletal muscle pathomechanics comes from the fields of muscle physiology, exercise physiology,

and sports medicine where the study of the risk factors and physiological mechanisms associated with

contraction-induced muscle injury have long been investigated. It is therefore a goal of this chapter to

integrate this vast, diverse body of knowledge into a brief, yet helpful resource for applied ergonomists.

This chapter is organized into three sections. The first section introduces and illustrates the fundamen-

tal terms and concepts pertaining to basic muscle anatomy and physiology. The second section reviews

the various methodological approaches that have been used with both human and nonhuman subjects.

The third section examines the body of research that sheds light on the underlying molecular, cellular,

and functional mechanisms associated with muscle injury caused by the major work-related risk

factors such as force, repetition, posture, and vibration. The chapter concludes with a discussion of

the current knowledge gaps and possible directions for further research.

15.2 Skeletal Muscle Physiology

Occupationally related musculoskeletal disorders have been associated with exposure to excessive

physical loads, repetitive movements, awkward postures, and vibration.24 A number of different

tissues, including skeletal muscles, can be injured by exposure to these various factors.24 To understand

how exposure to these factors 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 part of the chapter is to provide a basic description of skeletal

muscle physiology and cellular biology.

15.2.1 Muscle Physiology and Anatomy

myofiber is surrounded by a collagenous basement membrane (basal lamina) in addition to a cellular

membrane called the sarcolemma. Myofibers are similar to other cells in the body, but they have a

couple of unique features. First, myofibers contain a modified endoplasmic reticulum called a sarcoplas-

mic reticulum (SR). The SR functions as a protein processing and distribution organelle, and it regulates

the levels of free intracellular calcium (Ca2þ) within the myofiber. Second, most of the intracellular space

within the myofiber is comprised of the contractile elements or myofibrils (80% of a muscle’s volume)

(Figure 15.1b). Each myofibril is comprised of 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 (Figure 15.1c). These globular heads have binding sites that

can interact with and form cross-bridges with the thin filaments, and an ATPase binding site. Thin

filaments (5–8 nm diameter) are made of actin molecules that are organized in two strands twisted

together to form a helix, that are covered by thread-like tropomyosin molecules and spherical troponin

molecules (Figure 15.1d). Thin and 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.237

Each repeated segment of thin and thick fibers forms a sarcomere.237 The sarcomere is defined as the

area between the Z-disk. Each sarcomere is comprised of dark areas (A bands) that contain the thick

filaments, and light areas (I bands) that contain the ends of the thin filaments that do not overlap with

the thick filaments. At each end of the sarcomere is a three-dimensional structure referred to as a Z-band

or Z-disk (Figure 15.1e). Muscle contractions are produced when cross-bridges are formed between

overlapping thin and thick fibers in the sarcomere, making the sarcomere the smallest contractile

unit in the myofiber.
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Individual skeletal muscles are comprised of bundles of muscle cells or myofibers (Figure 15.1a). Each



15.2.2 Cellular Processes Initiating Muscle Contractions

To initiate a contraction, myofibers must receive stimulation from motor neurons located in the

ventral horn of the spinal cord. Motor neurons are considered the final common pathway where skeletal

muscle activity can be governed only by input from these neurons. When activated, an action potential is

propagated down the nerve axon and terminates on the neuromuscular junction (NMJ). The NMJ is a

space where the action potential cannot cross from the nerve axon to the muscle fibers it innervates.

Thus, a chemical messenger is used to transmit the signal from the nerve axon to the muscle fibers.

As the signal is transmitted down the nerve axon, voltage-gated channels open to release Ca2þ into

FIGURE 15.1 (a) Cross-sectional view of whole muscle and the attached tendon. (b) Enlarged view of myofibrils

within a muscle fiber. (c) View of the thick filament (Myosin). (d) View of the thin filament (Actin). (e) Cytoskeletal

components of a myofibril showing cross-bridge arrangement. a–e (Copyright Brooks/Cole — Thomson Learning.)
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the terminal button of the NMJ. This facilitates the release of the chemical messenger Acetylcholine

(ACH) that crosses the space to the motor end plate. This causes an ionic shift, which results in the

propagation of the action potential down the basement membrane of the muscle fiber and then down

the T-tubules of the muscle cell (Figure 15.2). The action potential activates the voltage-gated dihydro-

pyridine receptors in the T-tubule. This change in the T-tubules triggers the opening of Ca2þ release

channels (ryanodine receptors) on the SR. Ca2þ leaves the SR through the ryanodine receptors, enters

the cytoplasm, and binds to troponin, one of the proteins on the thin filaments.

Troponin has three polypeptide units; one binds to tropomyosin, one binds to actin, and a third one

binds to Ca2þ. Under resting conditions, tropomyosin is bound to actin and it blocks the myosin-binding

Ca2þ rises in the cytoplasm of a myofiber, it binds to troponin and tropomyosin is pulled away

from the myosin-binding site on actin, leaving it open for cross-bridge formation. Once cross-bridges

are formed, the ATPase located on the myosin head increases its activity and hydrolyzes ATP. This

causes the cross-bridge to break, and Ca2þ then dissociates from its binding site on tropomyosin.

When Ca2þ 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 15.3).

15.2.3 Force Generation and Transmission in Skeletal Muscle

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 cross-bridges that are formed and the frequency of

stimulation. A single action potential results in a single muscle contraction referred to as “twitch.” As the

stimulation frequency (Figure 15.4b) until a force plateau results (Figure 15.4c). Force is produced at

each attached cross-bridge, so the total force development is proportional to the number of attached

cross-bridges. The number of cross-bridges that can be formed depends upon the degree of overlap

FIGURE 15.2 The T-tubules and SR in relationship to the myofibrils. (Copyright Brooks/Cole — Thomson

Learning, 2001.)
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site on the actin protein, preventing the formation of cross-bridges (Figure 15.3). However, when free

frequency of stimulation increases, the resultant twitch tension (Figure 15.4a) increases with increasing

between the thin and thick filaments (Figure 15.5). When a sarcomere is overstretched or compressed,



maximal force is generated when sarcomeres are at a length that the optimal overlap

between thin and thick fibers.

FIGURE 15.3 The role of Ca2þ in activating the cross-bridges. (Copyright Brooks/Cole — Thomson Learning, 2001.)

FIGURE 15.4 Muscle twitch, twitch summation, and tetanus. (a) If a muscle fiber is restimulated after complete

relaxation, the second response is the same as the initial response. (b) If the muscle fiber is restimulated before

complete relaxation takes place, the second twitch is added to the first twitch. (c) If the muscle fiber is stimulated

rapidly such that it does not have the opportunity to relax, a maximal contraction or tetanus occurs. (Copyright

Brooks/Cole — Thomson Learning, 2001.)
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the area over which thin and thick filaments overlap is reduced, and thus there is a decrease in the

produces

number of cross-bridges that can be formed resulting in a reduction in force (Figure 15.5). Thus,



Force is generated at the cross-bridges, but it is transmitted longitudinally and radially along myofi-

brils. 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 contractile 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 filaments49,306 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.160 The Z-disk structure

is thought to be three-dimensional in nature and comprised of the proteins desmin, actin, and

a-actinin. The radial enclosure of these three proteins also extends longitudinally along the myofibrils

to provide both radial and longitudinal stability.207 These proteins are thought to be anchored to the

Z-disk via intermediate filament-associated proteins (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.205 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.205,207 Radial transmission of forces occurs

through structural proteins located inside and outside of the sarcomeric region via the intermediate

filament network, and to the sarcolemma via the transmembrane proteins.207 Capability of radial

force transmission is necessary for redundancy in case of fiber injury. Thus, force can be transmitted

FIGURE 15.5 Length–tension relationship of muscle. At point A optimal overlap of thick and thin filaments results

in maximal tension developed. This is referred to as the normal resting length in the body (lo). As the muscle

lengthens (point B), less cross-bridges are attached, which results in a decrease in tension. Further increases in

length correspond with less cross-bridge attachment and further declines in tension (Point C). The response from

point A to point C is usually referred to as the descending limb of the length–tension relationship. If shortening

occurs at less than lo, fewer filament-binding sites are exposed to filament cross-bridges, thus tension decreases

(Point D). (Copyright Brooks/Cole — Thomson Learning, 2001.)
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in any direction in relation to the axis of the muscle fibers via endosarcomeric and exosarcomeric

protein lattices.

15.2.4 Types of Muscle Contractions

There are three primary types of muscle contractions. These contraction types are distinguished by how

the muscle length changes during the contraction.13,48 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 contractions13 are defined as the muscle generating tension while getting shorter.

Concentric contractions usually generate segmental or whole body motion. Lengthening (or eccentric)

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.

During concentric muscle actions, the tension varies as a function of shortening velocity where tension

decreases as shortening velocity increases. The “force–velocity” relation is hyperbolic and also depicts

that maximum shortening velocity occurs at zero load and zero velocity occurs at maximum isometric

force.295 During isometric muscle contractions, it is well understood that force varies as a function of

muscle length. 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.68,103 This is due to the degree of

sarcomere overlap in the cross-bridge. Thus, the length–tension curve has an ascending and descending

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-binding 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 Figure 15.5).

It is 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 involving human

muscles under volitional control.238 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 volitional eccentric activity never exceeded 140% of maximal shortening

forces.148 In animal studies that employ electrical stimulation to activate the muscle of interest, forces

of 180% of maximum isometric force are typical.284 High eccentric forces in humans with spastic

paresis have been attained to levels similar to those seen in animal studies.142 In addition, if muscles

in humans are stimulated by external electrical stimulators, as in the case of spinal cord injured patients,

the external forces generated during eccentric muscle actions are nearly 200% of the forces generated

concentrically using the same electrical stimulation paradigm.275 Thus, exogenous electrical stimulation

overrides the inhibitory influences that moderate muscle output force.

Stretch-shortening cycles (SSC) are a type of muscle action that incorporates both concentric and

eccentric muscle actions. In most sports-related activities, it involves a prior stretch before shortening

to enhance the shortening phase of the movement. Activities that typically use SSCs are jumping,

walking, running, and movement in and around obstacles. In occupational-related activities, it

is mostly related to reciprocal lifting and lowering activities and repetitive lift and carry tasks. It is an

excellent model to study physiological muscle function.149 It also allows for simultaneous study of

concentric and eccentric muscle function and their synergism.
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15.2.5 Musculotendon Actuator

Muscle and tendon have typically been studied in isolation although they function synergistically.

Their integrative function has been defined as the musculotendon actuator.311 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 musculo

tendon 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 dynamics of body segments affect the force output of the actuator via the length and

velocity of the actuator.311

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 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, particularly for actuators with highly

compliant tendons.311 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.118 The muscle–tendon inter-

face (at the aponeurosis) exists in a state of dynamic equilibria, where force transients are equalized via

stretch of the tendon and muscle activation and muscle length change. The dynamic equilibria are also

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. In humans, actuator compliance appears to be

highest on the plantar flexor group and lowest on proximal groups, such as biceps and triceps.31,128,293

In summary, one must think in terms of the musculotendon when investigating in vivo muscle function

or reviewing scientific studies of in vivo function. While most studies refer specifically to muscle function,

the measurements are typically made on the musculotendon group. Thus one must be cognizant of the

influence of tendon mechanics on muscle function and the musculotendon unit.

15.3 Contraction-Induced Injury Models

15.3.1 Human Studies

In the past four decades, there has been substantial inquiry into the physiological effects of eccentric

exercise on physiological responses, such as oxygen consumption,29,140,143,145,147 muscle metabolites,32,33,208

and performance via bicycle ergometry or dynamometry28,78,115,144,146,150,151 just to name a few.

However, only in the past two decades there has been an increasing amount of interest in the area of

skeletal muscle injury. Formal inquiry in the area of muscle injury was initiated by Hough in 1902126

where it was noted that delayed onset muscle soreness resulted days after the exposure and probably

was due to microtears in the muscle tissue. It is interesting that there was not much scientific inquiry

in the area of muscle injury until the early 1980s when Friden et al.90 were one of the first to provide

evidence of muscle fiber damage after exercise. Fortunately, the study of muscle injury has rapidly

increased since then.

It has been well documented that muscle injury primarily results from lengthening contrac-

tions but not concentric or isometric contractions.53,58,253 Thus, studies of muscle damage have

employed eccentric-biased segmental exercises using either isolated muscle groups, such as the elbow
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flexors,193 – 197,221,222,231 knee flexors,173,174,294 hamstring,179 pectoralis and anterior deltoids (chest

press),245 and calf and biceps.136 Whole body movements such as downhill stepping exercise,187,189

downhill running,199 or cycling175 have also been used to create muscle injuries. The amount of acute

resistance for most human studies ranged from 10 to 180 repetitions for the segmental exercise

studies, and as little as 20 min of downhill stepping exercise187 to produce muscle soreness and evidence

of myofiber injury. Thus, even a low number of repetitions or short exposure to lengthening contractions

can result in a strain injury.

It is interesting to note that exposures that involve both whole body movements and segmental

loading result in muscle damage, loss of force, and delayed onset muscle soreness. Different types of

information can be attained from these two types of exposures. Whole body exercise typically involves

closed kinetic chain movements where the level of exercise (treadmill or cycling speed, metabolic load,

angle of inclination) is controlled but muscle forces or torques, velocity, range of motion, and

number of repetitions are not typically measured. In contrast, most segmental exercise models are

open kinetic chain movements involving isolated loading of the limbs, and are administered by either

isokinetic or isotonic dynamometry (computer-controlled strength testing equipment that operates in

either constant velocity or constant torque mode), or by isoinertial loads (using either free weight or

weight attached to an apparatus). Joint torques or forces, as well as velocity, range of motion, and

number of repetitions are measured.

Prolonged strength loss, as measured by maximal isometric force, is considered to be the best method

to quantify the degree and time course of muscle injury and recovery after exposure to damaging

lengthening contractions.289 It is also the primary means to quantify muscle function in humans

where muscle function is defined as the ability of the muscle group of interest to generate force over a

prescribed range of motion, or fixed length at a given level of muscle activation.289 Other measures,

such as biochemical markers in the blood and urine, and level of histological damage as obtained

from biopsy, are not well associated temporally with functional performance.289

Muscle injury studies with humans have been very beneficial in elucidating the type and intensity of

exercise and muscle actions that produce injury. Those studies have also been beneficial for examining

the resultant myofiber changes after injurious exposure and the recovery time after injury. The corre-

sponding levels of pain perception and muscle soreness after exposure was also consonant with the

degree of performance deficit.58 However, though many studies of muscle injury with humans have

been conducted in controlled laboratory settings, some experimental questions cannot be fully addressed

using human subjects. Confounding factors such as lifestyle, level of psychological stress, pre-existing

disease states such as diabetes and hypertension, and genetic polymorphisms are difficult to control.

In addition, key issues such as the amount of fiber strain and muscle biomechanics necessary for

injury, the amount and site of resultant muscle injury from longitudinal and cross-sectional tissue

analysis, the effect of structural protein knockouts and inflammatory mediator blockade on muscle

injury and repair, and biochemical analyses of muscle tissue, is either difficult or impossible with

human subjects.

Animal models have been developed that reduce or eliminate these confounding factors as well as

provide for control of the degree of motivation and muscle activation strategies. In depth physiological

questions about the pathways involved in muscle injury and repair, the site and extent of injury, the role

of structural proteins in muscle force transmission and injurious response, and biomechanical loading

signature necessary for injury can be more easily addressed in animal models. Animal models that

have been developed allow for more controlled study from the level of isolated muscle fibers to fully

intact muscle groups that contain intact neural and vascular supplies.

15.3.2 Animal Models of Muscle Performance and Injury

Animal models provide a good platform to study the physiological responses to injurious and noninjur-

ious muscle contractions and the biological aspects underlying muscle injury and adaptation. The

majority of animal models used to investigate skeletal muscle performance and injury have used
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rodents. The majority of studies of acute injury in animals have focused on the temporal force response

of muscle to a single exposure (1 to 1800 repetitions) of high force isometric (muscle generating force at a

fixed length), concentric contractions, or lengthening contractions.13,35,36,39,72,74,75,129,161,163 – 165

The similarities between the micro-architecture of rodent and human skeletal muscle and the ability

to precisely control the biomechanics of contractile activity in rodents through various in vitro, in situ, or

in vivo methods, as well as the ability to investigate in depth physiological questions such as injury

pathways, are major advantages using animal preparations. Each type of animal model has inherent

advantages and disadvantages for the study of muscle injury. The models that have been used to

investigate muscle pathomechanics are described here.

15.3.2.1 In Vitro Models

In vitro models use muscle that has been excised from an animal to study muscle function. The muscle

group or muscle fibers are placed in a sealed physiological bath and activated by plate electrodes attached

to an electrical stimulator. The resultant muscle tension is measured at the ends of the muscle by

ergometry using strain gage force transducers. Length changes also are produced via the attached

ergometer and invoked after maximal activation of the whole muscle or isolated muscle fibers. The

target muscles studied were mouse soleus,167,259,286,290,283 mouse extensor digitorum longus

(EDL),36,210 toad sartorius,258,260 rat soleus,171,172,284,285,309 and mouse fifth toe muscle.226

The main advantage of in vitro preparations is the ability to study a single muscle group or isolated

muscle fibers of interest without the confounding effects of adjacent or antagonist muscle groups.

In addition, exact length changes and the velocity of length changes of the total muscle and individual

sarcomeres can be accurately measured in real time. The release of muscle proteins and enzymes into the

physiological bath can also be detected that may be indicative of injury or metabolic fatigue. Measures of

performance, such as isometric twitch tension, maximal isometric force, work done during stretch or

shortening actions, and power absorbed during stretch or produced during shortening can be quantified.

Much information regarding muscle function and injury mechanics has been attained using in vitro models.

There are several shortcomings of in vitro preparations. Because the muscle has been excised from the

animal and tissue viability is time-limited, in vitro preparations are only suited for single exposures.

Thus, the effect of repetitive exposures on muscle response, adaptation, and injury cannot be studied.

In addition, the effect of changes in muscle performance on biomechanics about the joint axis cannot

be examined. Also, the effect of muscle synergists on performance about the joint axis cannot be

studied. Because human muscle testing is performed about the joint axis of interest with functioning

muscle synergists, generalizing from in vitro results to in vivo function can be difficult. Also, because

normal neural and vascular supplies have been ablated, muscle performance, response to injurious

perturbations, and changes in neural recruitment patterns can be affected. For example, an intact vascu-

lar supply is instrumental in replenishing depleted energy stores and removing toxins, and bringing in

appropriate cellular infiltrates for muscle repair and remodeling. In vitro models by nature are intrinsi-

cally ischemic due to the absence of an intact vascular supply. An intact neural supply is beneficial for

proper muscle activation and to facilitate the study of neural changes in response to injury and repair.

Other models that maintain intact neural and vascular supplies and connections with supporting

tissues can provide data that is more physiologically representative about intact muscle function.

15.3.2.2 In Situ Models

In situ models address the need for muscle injury models that have the advantages of the in vitro models

but also have normal neural and vascular supplies intact, and the ability to test whole muscles or muscle

groups. Typical in situ models involve surgical ligation of the distal tendon of the muscle or muscle group

of interest leaving the neural and vascular supplies intact. The target muscle or muscle group is stimu-

lated via the exposed nerve or by use of percutaneous electrodes. Measurement of muscle contractile

forces and control of length changes is usually via attachment of the distal tendon that was surgically

ligated to a computer-controlled servomotor and load measurement transducer. This model of
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contraction-induced injury provides a more physiologically representative preparation than the

ischemic, noninnervated in vitro model.

In situ models have been used to study injury mechanics in mice EDL muscles,35,37 – 39,65,72,75,129,177,178,313

rat EDL,176,276 – 278 rat adductor longus,268,281 rabbit tibialis anterior (TA),27,161,162,165,191,192,201,206 rabbit

soleus muscle,23 rabbit EDL,219 and rabbit triceps surae.264 The parameters used to produce injury in

those studies ranged from single stretch models that consisted of stretch outside of the typical phys-

iological range (usually greater than 130% of the resting or optimal muscle length, lo) of the

muscle27,38,39,129,191,192,201,219 upto 1800 contractions within the normal physiological range (typically

70% l to 130% lo).161,165

In situ models are well suited for acute muscle injury studies where changes in contractile forces sub-

sequent to an injurious perturbation are of interest. Exact length changes and lengthening velocity of

the muscle–tendon group can be controlled and monitored during testing. However, the invasive

nature of this model precludes it from being applicable to repetitive injury models because the target

muscle–tendon complex cannot be left exposed for more than a single session. Also, in most in situ

studies, the forces or torques are not tested about the normal joint axis where effects of synergist

muscles will have an effect on the resultant forces or torques about the joint axis. Also, the transmission

of muscle–tendon forces through the joint axis to the target output limb via the mechanical advantage of

that joint could not be studied. However, results from in situ studies have provided much information

about the causal factors in acute muscle injury and the resultant physiological responses.

15.3.3.3 In Vivo Animal Models

It was apparent from in vitro and in situ findings that it would be beneficial to investigate muscle response

and injury mechanics by testing about the normal joint axis of the target muscle and also be concerned

with the invasiveness of the procedure. By using a noninvasive procedure, the confounding effects

implicit in the required surgical procedure of in situ preparations are removed, and the temporal

response after exposure can be examined. Also, a noninvasive preparation would be ideally suited for

the study of muscle response from repeated exposures. In vivo models address these issues by facilitating

testing about the normal joint axis in a noninvasive manner, with intact neural and vascular systems,

and intact muscle–tendon systems.

Most in vivo models can be categorized as either volitional or nonvolitional models. Volitional models

are those in which the movement tasks are performed voluntarily using different types of motivational

tools. In contrast, nonvolitional models are those in which the animal typically is anesthesized and

muscle contraction is initiated and controlled by an external electrical source.

15.3.3.3.1 Nonvolitional Models

In order to fulfill a need for more control and quantitation of in vivo muscle function, Wong and Booth

in the late 1980s and early 1990s used electrical stimulation of the rat plantar flexors and a weighted

pulley bar apparatus that would provide isotonic resistance to the plantar flexors.302 – 304 This approach

controlled the number of repetitions, the activation of the muscle group, the temporal arrangement of

the repetitions, and loading of the plantar flexors about the joint axis. However, this model did not

use a servomotor to control the range of motion or velocity and acceleration of the movement, and

did not measure dynamic forces of the plantar flexors.

This approach was refined in the early 1990s to provide better control of the kinematics of the move-

ment by use of an electrical servomotor. In vivo dynamometry incorporated electrical servomotors,

load cells to measure forces, and potentiometers and tachometers to measure the kinematics of the move-

ment to comprise a total testing system63

the biomechanical loading signature in real-time via control of muscle activation levels, range of motion

of the muscle action, type of muscle action (isometric, shortening contractions, lengthening contractions,

or stretch-shortening), velocity, acceleration, number of repetitions, duty cycle, and exposure duration.63

The main difference between dynamometry and the Wong and Booth model is that the electrical
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servomotor (in the dynamometer) controls the movement kinematics and measures the resultant

muscle response during those movements. In the Wong and Booth model, the muscle forces produced

the shortening-only movement about the joint axis where the kinematics was not controlled.

The first reported in vivo rodent dynamometer was developed by Ashton-Miller for the study of

biomechanical behavior of the plantar and dorsi flexor muscles of the mouse hindlimb.12 This approach

also has been used to study rabbit dorsiflexors,26,86,163,164,206 rat dorsiflexors,62,97,116,152,154,156,157 mouse

dorsiflexors,132,168,283 and rat plantar flexors.63,296 – 299 Typical exposures ranged from 20 repetitions of

the rat plantar flexors298 to 900 repetitions in the rabbit dorsiflexors.86,163,164,206 Typical angular velocities

were based on the animal being tested: 75 deg/sec for rabbit dorsiflexors,163 upto 500 deg/sec for rat

dorsiflexors,97,152 and upto 2000 deg/sec for mouse dorsiflexors.132,168,283 Ranges of angular velocities

were selected based on the volitional capability of the muscle group and animal species in order to be

physiologically representative.

The major benefit of nonvolitional in vivo models is the ability to study muscle function and injury

mechanics about the joint axis of the target muscles. Thus, the normal muscle, tendon, and bone attach-

ments are intact as well as the neural and vascular supplies. The synergistic function of muscle agonists

and lateral transmission of adjacent muscle forces is also preserved.

One major limitation of nonvolitional models is the use of artificial electrical stimulation to invoke

muscle contractions. Unlike voluntary contractile activity, which is submaximal and characterized by

a selective recruitment of motor units, nonvolitional contractile activity is typically supramaximal

because electrical stimulation involves the activation of all motor units of the target muscle. Thus,

caution must be exercised when making inferences from comparisons between muscle responses from

supramaximal electrical stimulation and voluntary submaximal contractions.

15.3.3.3.2 Volitional Models

Volitional in vivo models represent a more physiologically representative animal model for the study of

muscle injury and adaptation. Volitional models differ from nonvolitional models in that normal muscle

recruitment is employed via normal central nervous system control, and the pace of the activity is

controlled by the animal, not the testing equipment or the investigator. One of the earliest reported

FIGURE 15.6 In vivo dynamometer with an anaesthetized rat on the heated X–Y positioning table. The left foot is

secured in the load cell fixture and the knee is secured in 908 flexion.
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models of volitional lifting was developed by Gordon in 1967 using weights attached to the back of rats

during vertical crawling and other exercises.104 – 107 This type of work was furthered by Stone et al.261,262

and Ho et al.120 in rats. Gonyea et al. extended this model to cats, also using weight lifting exercise.100 – 102

Weights also have been added to wing muscles of chickens, roosters, and other birds to produce an

overload model designed to study the skeletal muscle response to persistent overload.3,83,166,246

Animal treadmill models were developed in the early 1980s as a way to invoke voluntary repetitive

eccentric muscle actions capable of producing muscle injury.10,234 It was found that downhill treadmill

locomotion produced an eccentric bias on the soleus muscle in the plantar flexor group that resulted in

distinguishable signs of injury.10,66,202,234 Treadmill exposure has been used to study a wide variety of

physiological variables and typical exposures range from 30 to 150 min per session for a single session

in rats10,66,153,202,277 upto five sessions per week for 10 weeks duration,16,109 and upto 9 h exposure in

a single session for mice185 to study acute injury response and adaptation and reduction of injury

susceptibility after repetitive exposure. The treadmill studies are similar to those conducted in humans

although the animal exposures are typically longer in duration.

In volitional treadmill and resistance training models, the exposure biomechanic, such as muscle forces

or torques, or the number of muscle contractions (repetitions) are not controlled or quantified during

the activity. This lack of quantitation makes it difficult to relate physiological outcomes to specific

parameters of performance and loading history, which can differ widely across individual animals.

Some researchers have employed operant conditioning procedures to produce the kinds of repetitive

muscle loadings that are relevant for the study of exercise-induced physiological responses. In these

approaches, voluntary responses were motivated by various consequences, such as food

rewards,102,141,308 intracranial stimulation,94 or electric shock to the tail or feet.71,84,120,266 The species,

target muscle groups, and training protocols, however, differed widely among these models. For

example, Gonyea et al.98,101,102 trained cats to grasp and move a weighted bar with the forelimb repeat-

edly in 30-min sessions conducted 5 days per week for upto 87 weeks. Barbe et al.19 trained rats upto 8

weeks to repeatedly reach their forelimbs into a small tube to retrieve food pellets. Yarasheski et al.308

trained rats over an 8-week period to climb a wire-mesh ladder with weights secured to their tails,

and Klitgaard141 trained rats over a 36-week period to enter a vertical tube and use their hindlimbs to

lift a weighted ring. In other approaches, rats wore weighted jackets and were trained in sessions

conducted 8 to 16 weeks to rear up on their hindlimbs to avoid an electric shock71,120,266 or to receive

brain stimulation.94

Many of these approaches have been developed for the study of adaptive or regenerative processes.

For example, there is considerable evidence that under some conditions, voluntary repetitive exertions

performed over several weeks or months can lead to muscle hypertrophy as evidenced by increases in

either myofiber number or size.71,101,266,301 Under other conditions, however, similar patterns of repeti-

tive exertions have resulted in degenerative morphology98 and inflammatory responses.19 Unfortunately,

many of these approaches lacked the necessary control and quantitation of the biomechanics of the

movements to allow for thorough assessments of external and internal loadings that would be necessary

to characterize dose–response relationships. In addition, few studies have specifically examined the

effects of external loads on both internal loads and tolerances (as measured by biomechanical per-

formance and physiological force tremor) and physiological or biochemical processes. Thus, little is

known about the relation between specific parameters or changes in performance or physiological

force tremor and physiological or biochemical processes.

15.4 Injury Mechanisms

15.4.1 Acute Muscle Injury

Skeletal muscle is a unique tissue in the body since it has both passive and active properties that are

exhibited during muscle contraction. Because skeletal muscle can generate force during contraction
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for movement of the limbs and external work, as well as the absorption of work, it can produce loads on

other tissues such as tendons, joints, and nerves. There have been extensive studies to date on acute

contraction-induced muscle injury using both animal and human models. Studies of soft-tissue injury

resulting from acute strain overload have been conducted using animal and human models. Indeed, a

number of studies on contraction-induced injury have been conducted in rodents and rabbits. These

studies have used in vivo, in situ, and in vitro preparations to investigate muscle injury.

15.4.2 Eccentric Muscle Actions in Acute Myofiber Injury

Eccentric contractions are known to cause a greater amount of damage in muscles. This suggests that

high load tensions in fibers may be more important than physiologic considerations in the etiology

of the injury process.7,253,254 High mechanical forces produced during eccentric muscle actions have

been causal in the underlying etiology of muscle strain injuries.10,284,285 This was thought to be due to

high fiber stresses in the contractile apparatus due to high forces transmitted axially to the contractile

proteins. High mechanical forces produced during muscular contractions, particularly in eccentric

exercise, where forces are distributed over relatively small cross-sectional areas of muscles, cause disrup-

tion of proteins in skeletal muscle fibers and connective tissues.6,11 Eccentric contractions have been

shown to result in ultrastructural damage immediately after exposure,87 and 1–3 days after

exposure.116,178 The extent of histological damage is difficult to quantify by light or electron microscopy

immediately after injurious exposure because only single sarcomeres or small groups of scattered sarco-

meres are affected.39 Damage is accompanied by a loss of contractile force with visible interfiber

damage.11 The reduction in contractile force is temporary (lasting days) and is accompanied by

muscle soreness.8 The isometric force deficit, a functional measure defined as the difference in isometric

force before and after an eccentric contraction protocol, has been shown to be the best indicator of the

magnitude of contraction-induced injury.75,190,289

Most work in eccentric contraction-induced injury has been done on small mammals in situ. To

determine which parameters were responsible for muscle injury, some of the early studies focused on

comparing muscles that were passively stretched through a range of motion to muscles that were actively

stretched through the same range of motion. Muscles that were exposed to 30 min of passive stretches

(TA and EDL) showed no loss in force; however, force loss was evident in the group that underwent

30 min of lengthening contractions of the same muscle group.73,74 The role of passive stiffness was

investigated in rat TA in situ, and stiffness increased after eccentric and isometric protocols; however,

there was no correlation between injury and increased passive stiffness.155 McCully and Faulkner177

used mouse EDL muscles and found that the force decrement due to eccentric contractions did not

recover and thus was due to mechanical insult to the tissue. Those results were corroborated by

Lieber and Fridén161 using New Zealand white rabbit TA muscle in situ and by Van Der Meulen,276,277

using rat TA muscle in situ. Initial muscle length in conjunction with work input was also determined

to be a factor in eccentric contraction-induced injury based on in situ single stretches to 170% Lo

(“Lo” denotes the length of a particular muscle where it generates the highest force).129 In contrast,

Warren et al.,284 observed no difference in force deficit due to initial length although Lo was less than

100%. Thus, results from in situ studies indicated that eccentric contraction-induced injury results

from high mechanical forces in conjunction with the muscle being at long fiber lengths on the descending

limb of the length–tension relationship.

The results of studies conducted using in vivo models of humans and animals have been consistent

with in vitro and in situ results. Armstrong10 and Ogilvie202 used rodent treadmill testing to investigate

eccentric contraction-induced injury. The purpose of these studies was to investigate the relationship

between eccentrically biased treadmill exercise and skeletal muscle injury. The response of the concentri-

cally contracting TA was compared to the eccentrically contracting soleus muscle. The control group

(no exercise) and the concentrically contracting TA muscle showed no signs of injury but the eccentrically

contracting soleus muscle did result in fiber injury. Newham186 used human subjects and stimulated

elbow flexors superimposed over maximum voluntary eccentric contractions to assure that muscle
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contractions were maximal. The results of their study showed that the loss of force was due to changes in

contractile elements, not the level of muscle activation. This was the first study to suggest that the

force decrement resulting from eccentric muscle actions is not the result of less muscle activation, but

instead may have a mechanical etiology. Thus, the force deficit seen after eccentric contraction-

induced injury in both humans and animals is due to damage of the contractile proteins and supporting

structures, not central nervous system activation level.

Once eccentric contractions were identified as causing muscle injury, it was important to investigate

how the injurious response could be modified by mechanical exposure factors (e.g., force, strain,

strain rate, number of repetitions, and velocity). The primary factors that have been studied have

some generalizability to occupational physical exposures.

15.4.3 Factors Affecting Acute Muscle Injury

15.4.3.1 The Effect of Muscle Force on Myofiber Injury

The in situ results of eccentric contraction-induced injury have been supported in general by in vitro

animal models. Warren285 used isolated rat soleus muscles to investigate mechanical factors associated

with the initiation of eccentric contraction-induced muscle injury. The results indicated that a reduction

in contractile force was most related to high forces during lengthening. This finding was also supported

by other work.110,178,253 In Warren’s model, the primary criterion used to quantify injury was a reduction

in twitch tension (Pt), which has previously been shown in muscles injured by eccentric contractions.

The eccentric contraction group was compared against muscles performing isometrically using the

same stimulation protocol. This study clearly demonstrated that eccentric contraction-induced muscle

injury has a mechanical etiology. The predominant factor was mechanical force during lengthening

with failure occurring above 113% Po (“Po” denotes maximum isometric force of the target muscle).

In a follow-up study by Warren,284 the focus was to investigate whether injury is the result of high

tensile force after one contraction or the result of multiple contractions. The protocol consisted of

0.25 Lo excursions with a velocity of 1.5 lo/sec at a force of 180% Po. Muscles performing more than

eight eccentric contractions resulted in injury since marked force decrements were observed after the

eighth contraction. This suggests that it requires more than one repetition to result in myofiber injury

within the physiological range.

15.4.3.2 The Effect of Muscle Length Changes on Myofiber Injury

To determine if muscle strain was important in susceptibility to injury, Zerba and Faulkner314 studied

mouse EDL muscles in situ. Isometric force was checked immediately post-test and 3 days after the pro-

tocol. Only muscles stretched to 75% Lf (length of the muscle fiber) at Lf/sec produced injury 3 days later.

Muscles stretched at lower velocities and fiber strain did not exhibit any signs of injury. They hypothesized

that strain and strain rate were synergistic in the etiology of muscle injury. Lieber and Fridén162,165 also

investigated whether muscle damage was a function of muscle force or muscle strain. Rabbit TA muscle

was used in situ via securing the distal tendon to a servomotor. The TA muscle was selected due to a

308 pennation angle and negligible angular rotation during stretch. Final results indicated that muscle

strain (change in length of the muscle) produced the most profound changes in muscle performance

(via a force decrement) and that muscle strain was more responsible than force during lengthening in pro-

ducing contraction-induced injury. Warren et al.284 found no observed difference in force deficit when

stretches were initiated from either 85% L or 90% Lo. In contrast, Hunter and Faulkner,129 MacPherson

et al.,172 and Brooks and Faulkner39 found that 30% strain was necessary to produce a force deficit after

a single stretch and larger force deficits resulted when stretches were initiated from a longer initial

length, or terminated at a longer final length. This finding was also supported in multiple repetition

models.110,305 Thus, it appears from both single- and multiple repetition models that muscle length

during stretch has an impact on the resultant force deficit and myofiber injury. However, the effect of

muscle length repetitive exposures of eccentric muscle actions has not been investigated to date.
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15.4.3.3 The Effect of Repetitions on Muscle Injury

There is clear evidence that the number of eccentric or SSC repetitions has an effect on the amount of

resultant muscle injury and force deficit.97,116 Models that have induced single stretches in muscle

within the physiological range have not resulted in muscle damage or a pronounced force deficit.39,129

In other studies, it required more than one stretch within the physiological range to produce muscle

injury.97,110,284,297,298 Repeated stretches that varied from 225 to 900 at a final length of 110% Lo have

resulted in myofiber damage and a resultant force deficit.35,163,177,178,313 Thus, the amount of loading

does have a graded effect on both changes in muscle performance and the extent of myofiber

injury.97,116 However, the effect of repetitions on repetitive exposures of either eccentric muscle

actions or SSC has not been studied to date.

15.4.3.4 The Effect of Other Mechanical Factors on Muscle Injury

Dynamic muscle forces and length changes that are measured during eccentric muscle actions can be dis-

sected into components of the dynamic signature. Components such as peak force,110,178 average force,39

work during the stretch,129 and fiber length110,129 have been found to affect the magnitude of contraction-

induced injury. The force deficit resultant from an injurious exposure has been predicted by: (i) work done

during the stretch when initiated from optimal length,39,172 (ii) initial length and work during the stretch

when not initiated at optimal length,129 or by (iii) peak force and initial length.110 Within a given level of

force output, eccentric muscle actions performed at longer ranges of motion or fiber length have resulted in

larger isometric force deficits in both humans188 and animals110,129,305 than stretches performed at a shorter

range of motion. However, in these studies, the change in work (calculated by integration of the force–

muscle displacement curve) during repeated stretches was not reported.39,110,305 Work during the eccentric

phase or stretch (negative work) has been shown to be well correlated with the isometric force deficit

after a single eccentric contraction.129,172 However, the length perturbation in these studies was beyond

the normal physiological range of the target muscle. However, muscles stretched within the normal

physiological range have required more than one repetition to produce injury.284,297,298 Studies of

repetitive eccentric muscle actions in the physiological range may have more external validity than

single stretch models that have been studied outside of the normal physiological range.

15.4.3.5 The Effect of Exposure Duration and Lengthening Velocity

To determine if exposure duration and lengthening velocity affected muscle injury, McCully and

Faulkner178 used EDL muscles of mice. Although measured for 15 min exercise duration, there was

no change in Po due to muscle fatigue after the initial 5 min. A velocity of 1 Lf/sec produced a deficit

in Po after 3 days while the 0.2 Lf/sec and 0.5 Lf/sec lengthening velocities did not. A drop in Po was

mostly associated with stretch velocity. It was theorized that loss of peak force after fatigue prevents

further muscle damage. Muscle injury increased with eccentric exercise duration for upto 5 min

(no further force decrements were observed with subsequent eccentric muscle actions), higher velocities

shortened the duration time for injury, and muscle force was a critical component in producing injury.

Warren et al.’s284 in vitro results in rats also indicated that higher lengthening velocities produced larger

force decrements. The velocity component in muscle injury was investigated by Scifres and Martin235

using a Kin-Com dynamometer to test human subjects for eccentric leg extension performance. One

leg was tested at 308/sec while the other leg was tested at 1208/sec. Delayed onset muscle soreness

(DOMS) was more pronounced at the higher velocity, which indicated that higher velocity may

produce additional muscle fiber injury. To further examine the effect of velocity on contraction-

induced injury, Lynch and Faulkner169 used single permeabilized fibers from mice EDL muscles.

The severity of contraction-induced injury was not affected by the velocity of stretch. Controversy still

exists as to the role of lengthening velocity in acute injury to skeletal muscle fibers. Furthermore, the

role of lengthening velocity in chronic contraction-induced injury has not been investigated thus far.

The effect of exposure duration (length of exposure) on repetitive injury has not been investigated to

date, however it may be an important factor in repetitive injury causation.
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15.4.3.6 The Effect of Loading History on Injury Susceptibility

The understanding of the injury pathophysiology is important in preventing contraction-induced

injury. The predisposing factors, which mitigate injury are also important. Anecdotal observations of

physical activities that result in a high incidence of injury has led to the hypothesis that if physical activi-

ties are repeated with adequate recovery time, muscles will eventually become “trained” and no injury

will occur. Conversely, disuse could increase contraction-induced injury susceptibility286 (Cutlip et al.,

unpublished observations). Human muscle performance studies assessed the relationship between

muscle strength, soreness, and the release of intracellular proteins into the serum. Komi and

Buskirk150 used a training protocol of isometric, shortening, and eccentric muscle actions of the

elbow flexors for 4 days/week for 7 weeks. Muscle soreness peaked after the first week and then

disappeared. Maximum force during shortening and eccentric muscle actions increased throughout

the 7-week test period. Newham et al.186 also studied the effect of eccentric muscle actions of the

elbow flexors performed on three occasions separated by 2 weeks. Muscle soreness was reduced after

the second and third sessions, but was still present. Plasma levels of creatine kinase (a muscle-associated

enzyme) were also greatly elevated after the first session, but were not elevated after the second and third

sessions. Recovery of the maximum force was more rapid and complete after each subsequent session. A

similar study indicated that a pre-training session of 24 eccentric contractions of the elbow flexors

reduced muscle soreness and force deficit due to a 70 eccentric contraction protocol administered 2

weeks later.60 Serum creatine kinase that showed an increase after the first session, diminished after the

later session, which indicates a temporal relationship between creatine kinase levels and muscle soreness.

Results of studies employing small rodents (mice and rats) have been consistent with human studies.

In one study, 198 eccentric contractions of the dorsi flexors were administered to anesthetized rodents

in vivo once every 7 days for 6 weeks using a dynamometer.76 The initial exposure to the protocol

produced a 60% force deficit, which returned to 80% of the pretest value at 7 days. By the sixth week,

no decline in force was observed. Muscles demonstrated an adaptive response, with increased whole

muscle mass. Results from human and animal studies indicate that muscles can be trained to perform

maximal eccentric muscle actions without injury; however, training must be continuous. The result

of these studies raises an important issue in the study of muscle injury. Instituting training sessions

containing eccentric contractions produces short-term force deficits and resultant myofiber disruption

and inflammation, which later ceases and the muscle returns to normal function. The transient effects

(temporary soreness and inflammation) are reduced with subsequent sessions. The preceding results

pose an important issue about how the desirable effects of training can be distinguished from patholo-

gical changes that occur due to repetitive motion? Also, what characteristics of the dynamic inputs

(force, strain, strain rate, number of repetitions) produce adaptive versus pathological responses in a

chronic model?

15.4.3.7 The Effect of Age

Age can be an important factor in injury susceptibility and recovery. Zerba et al.313 tested the hypothesis

that muscles of old mice were more susceptible to injury than muscles of young and adult mice by

attaching the distal tendon of the EDL muscle to a servomotor. The left leg was exposed to stretch

while the right leg served as control. Results indicated a 27% deficit in Po, and that old mice (43%

deficit) were more susceptible to injury than young and adult mice. In vitro results of mice EDL

muscles conducted by Faulkner et al.72 indicated that old mice are more susceptible to injury and

intrinsic differences in single permeabilized fibers account for the difference. Subsequent in situ and in

vitro work by Brooks and Faulkner37 and Faulkner et al.72 supports earlier results that initial eccentric

contraction-induced injury increases in old age. Single stretches of whole muscle and single permeabi-

lized fibers (which rules out effects of excitation–contraction coupling, or membrane and extracellular

effects) represented an effective method of focusing on factors that contribute to contraction-induced

injury. Because their in vitro findings supported their in situ work, it suggested that failure has a

mechanical etiology (due to work input) and increased injury susceptibility with age may be due to
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decreased protein synthesis, and thus an increased population of weak sarcomeres. In contrast, Willems

and Stauber did not find a difference in isometric force deficit after 30 eccentric stretches in old (39%)

and young rats (35%).297 While muscle weights were similar in the young (4 months) and old (24

months) groups, peak force was lower in the old group during the eccentric stretches. Thus, injury

studies using rodents should be cognizant of age as a possible contributing or confounding factor in

the response to contraction-induced injury. The effect of age on the adaptive or pathological response

to a chronic administration of high force eccentric muscle actions has not been studied thus far. The

age of the animals selected for study is an important factor in acute injury and may affect the response

to repetitive exposure.

15.4.3.8 Recovery Kinetics

Recovery kinetics also is important in the evolution of the injury process. The primary determinant of the

time course required for recovery is the magnitude of the secondary injury that results after the initial

mechanically induced injury. The secondary injury cascade includes an inflammatory response, free

radical damage, phagocyte infiltration, and eventual phagocytosis of the cytoplasm in areas of

damaged fibers.169 Depending on the magnitude of the initial contraction-induced injury, full recovery

of normal structure and function requires from 7 to 30 days.35,75,126,127,177,178,276 Faulkner et al.75 inves-

tigated the recovery kinetics (sampled from 1 h post-test to 30 days post-test) after an acute exposure to

eccentric contractions while leaving the distal tendon intact. The extent of injury to the EDL and TA

muscles of mice was determined from 1 h to 30 days after passive shortening and lengthening, and

eccentric and concentric contractions. No injury was produced in the control or passively lengthened

and shortened groups. The active eccentric protocol produced a 50% decrease in Po, which did not

recover by 3 days; however, total recovery was evident at 30 days thus indicating that recovery from

eccentric contractions is a prolonged process.75,178 These findings were also supported in both

rats157,276 and rabbits191 in situ, and mice,130,132,168,288 rabbits,86,163 rats (Cutlip, unpublished obser-

vations), and humans58 in vivo. The results of these studies clearly showed that the recovery process is

not due to metabolic fatigue, but fiber injury that requires days or weeks to recover functional perform-

ance and repair fiber lesions.

15.4.3.9 The Effect of Sex on Injury Susceptibility

There have been reports of sex differences in both human and animal models of exercise-induced muscle

damage.57,58 Creatine kinase activity in rats4,5,18 and humans70,247,263 after muscle injury have been

reported with differing results. Differences in the inflammatory response after muscle injury have also

been reported in both humans263 and rats252 with females exhibiting less cellular infiltrates into the

damaged area of the target muscle. Komulainen et al. reported that there was less myofiber damage

via changes in structural proteins in female than male rats after exposure to downhill treadmill exer-

cise.153 In contrast, Stupka et al. reported that muscle damage was similar in males and females after

exposure to injurious eccentric exercise.263 It has been shown that males have higher baseline plasma

levels of muscle proteins, such as creatine kinase, myoglobin, and skeletal troponin-I, but when expressed

with respect to baseline levels, the increase after injurious exercise was not different between men and

women.247 Sex-related hormones such as estradiol may be responsible for reducing the inflammatory

response after injurious exposure. Work done in female rodents and male rodents supplemented with

estradiol showed a reduced amount of leukocyte invasion, less focal inflammation, and resultant

myofiber necrosis.252,271 Indeed, estradiol may have a protective effect that reduces the amount of mem-

brane damage resulting from eccentric damage.270 Several studies have also reported no difference in

force loss after injury between males and females in rats298 and humans34,220,233 or in the time required

for recovery. However, females did have a greater loss of range of motion after injury than males.220 The

results from animal studies indicate that females showed a blunted inflammatory response as compared

to their male counterparts, but in humans this does not seem to be the case. Results from human studies

tend to show a delayed recovery in females, particularly with the use of oral contraceptives.230
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15.4.3.10 SSC-Induced Injury

A viable method to study eccentric and concentric muscle performance simultaneously in the context

of muscle injury is via SSCs. SSCs (reciprocal eccentric/shortening contractions) have been studied in

the context of human locomotion and athletic performance14 and have been shown to produce

muscle injury due to the eccentric component of the cycle.97,125 Natural muscle function involves

SSCs and this model provides a sound physiological foundation in which to study muscle mechanics

and injury.149 Both the change in concentric and eccentric muscle function before and after an injury

protocol (that includes eccentric contractions), and the change in concentric and eccentric muscle func-

tion during the injury protocol can be investigated using SSCs. Recently, the relationship between

changes in negative and positive work and the isometric force deficit after an injurious exposure has

been investigated and the study showed a positive correlation between the change in negative work

and the isometric force deficit resultant from injury.62 Also, changes in real-time muscle function

during SSCs (Figure 15.7) are also positively correlated with isometric force deficit and the degree of

myofiber injury after an injurious exposure.97 Specifically, the decay in peak eccentric forces and the

decay in force enhancement during each stretch during an injury protocol were positively correlated

with isometric force deficit and the degree of fiber injury. This study also demonstrated that changes

in real-time eccentric force production during SSCs are indicative of resultant performance decrement

tions did not result in myofiber injury (Figure 15.9). Increasing the number of repetitions of SSCs

15.4.3.11 Chronic Injury

It is well understood that acute exposure to unaccustomed eccentric muscle actions can result in injury,

but an initial exposure can be beneficial to reduce injury resulting from a subsequent exposure.58,60 This

protective effect from an initial exposure has been shown to reduce the effects of a subsequent exposure

1 week upto 6 months from the initial exposure (with no intervening exercise).59,179 Thus, there is a

FIGURE 15.7 Fifteen sets of injurious SSCs performed on active dorsiflexor muscles at 1-min intervals. The curves

are the force response (N) of the dorsi flexor muscles during sets 1, 3, 5, 7, and 15. The SSCs were conducted at a range

of motion of 70–120–708 in a reciprocal fashion at 500 deg/sec.
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results in an increase in the degree of myofiber injury (Figure 15.10).



pronounced reduction in soreness, loss of strength, and release of enzymes, such as creatine kinase

after the second exposure than the initial exposure.17,58,60 Also, a second exposure of eccentric con-

tractions does not appear to delay the recovery from the first exposure. Typically, recovery from eccentric

contraction-induced injury takes at least 10 days for recovery of performance and remodeling of

muscle fiber disruption.96 If the second session is administered within 6 days after the first exposure,

the recovery time was unaffected.194 Thus, the normal recovery process is not affected by at least

one intervening injurious exposure. Clearly there is an adaptation that takes place after one exposure

to injurious eccentric contractions that ameliorates the injurious response to subsequent exposures.

The mechanism by which this takes place is not clearly understood at this time. Exposure to a mild

session of eccentric contractions still provides a protective effect to further sessions of more intense

eccentric exposure.40,60

Some authors postulate that the adaptive mechanism could be at the level of the central nervous

system where recruitment patterns could be adapting to recruit in a different fashion such that motor

unit recruitment would be appropriately synchronized to reduce asymmetric stresses in the muscle

fibers.126,194 However, the repeated bout effect has also been found in electrically stimulated animal

models, which would argue against the hypothesis that neural factors provide the adaptive effect.179

Thus, the mechanism for adaptation must be in the muscle fibers themselves. There could be weak sar-

comeres as a result of deconditioning that are more susceptible to stresses generated during eccentric

contractions. The notion that stress-susceptible fibers exist was first postulated by Armstrong et al.8 If

fragile fibers were compromised after an initial session of eccentric muscle actions, the target muscle

should lose muscle volume as a result of the loss of those fragile fibers. This hypothesis was supported

by findings in human elbow flexors where there was a loss of muscle volume (approximately 10%) 14

days after an injurious exposure to eccentric muscle actions. In contrast, after a second session performed

8 weeks later, there was no loss of muscle volume. The authors concluded that the fragile fibers were

lost after the first session and are repaired over time. As repaired fibers replace the fragile fibers, the

muscle becomes more resistant to eccentric contraction-induced damage.85 However, if muscle is not

used, fragile fibers may again develop that can be injured at some juncture. There is also evidence

that one session of injurious eccentric contractions can ameliorate the resultant damage from the

FIGURE 15.8 Time course of change in isometric force resultant from exposure to SSCs (oscillatory group) and

isometric contractions (isometric control) over a 10-day period.
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second session, even if the sessions are spaced 6 months apart.198 This indicates that in normal subjects,

the protective effect can last for some months, but the protective effect predictably dissipates with time.

Another explanation for this protective effect is the notion that muscles can add sarcomeres after

an initial injurious exposure as a means to reduce the number that are at their extreme length, thus redu-

cing injury.58 The addition of sarcomeres after an injurious session of eccentric-biased exercise has been

shown in both human292 and animal170 studies. Apparently, concentric muscle training reduces the

number of sarcomeres and does not provide the level of protection in repeated sessions that eccentric

training does.292

Few studies have investigated muscle response to the chronic administration of eccentric, concentric,

and isometric muscle actions. The limited number of studies which have been conducted did not control

the dynamics of movement, quantify the forces during the movement, or quantify the changes in

performance longitudinally throughout the protocol. Investigation of in vivo muscle functional,

FIGURE 15.9 Cross-sections of TA muscle (H&E stain, 40� objective). After exposure to SSCs: (a) 6 h, (c) 72 h,

and (e) 240 h. After isometric contractions: (b), 6 h, (d) 72 h, and (f) 240 h.
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histological, and biochemical responses to a chronic administration of muscle actions will further

elucidate the factors, which predispose or mitigate contraction-induced injury. It will also further the

understanding of the functional changes that result, characterize the inflammatory and repair kinetics

longitudinally, and determine whether biochemical markers are representative of muscle performance

or injury.

In summary, the study of different factors and their effect on muscle injury indicates that increasing

force, task duration, number of repetitions, and range of motion exacerbate muscle injury. Older

animals also have an increased susceptibility to injury. Training, particularly if involves eccentric

muscle actions, can provide a protective effect from contraction-induced muscle injury. These findings

should be of use to those attempting to ameliorate occupational muscle injury incidence.

15.5 Cellular Biology of Muscle Damage

Our understanding of the cellular and molecular mechanisms involved in mediating muscle damage

and repair after strain, or low force, repetitive motion inducedinjuries is rapidly increasing.20,58

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 as a result of acute muscle strain and repetitive motion are different. Strain injuries are

associated with structural damage to myofibers, blood vessels and nerves, and cause edema and inflam-

mation.90,255 Repetitive motion damage can be associated with muscle ischemia, pain, and mitochondrial

dysfunction.137,243 Details regarding the cellular responses to repetitive use and strain injuries are

discussed here.

FIGURE 15.10 Histology of control muscle with no injury (a) and exposure to SSCs of 30 repetitions

(b), 70 repetitions (c), and 150 repetitions (d).
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15.5.1 Strain Injuries and Skeletal Muscle

Strain injuries are the result of three basic processes: (1) Initially, excessive forces coupled with lengthen-

ing result in structural damage to muscle cells (myofibers), including tearing of the cell membrane

(i.e., the sarcolemma). (2) Structural damage to the sarcolemma results in an increase in intracellular

Ca2þ 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 chemokines) are released by local tissues and infiltrating immune cells. Cytokines and

chemokines 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.

15.5.2 Physical Damage to Tissue

Strain injuries are caused by exposure of muscle and other soft tissues, including vasculature, nerves, and

tendons to excessive strain or lengthening.86,89,165 Studies performed in both humans,88,90,91,187,190 and

animals10,161,257 have demonstrated that exposure to lengthening contractions results in physical damage

to muscle tissue that can include shearing of myofibers, the loss of intermediate filaments and mitochon-

dria, damage to the extracellular membrane, and disruptions in Z-line alignment (i.e., Z-line streaming).

Immunostaining for structural proteins that maintain the integrity of the myofiber, such as desmin,

titin, and fibronectin, have demonstrated that there are disruptions of the exo- and endosarcomeric

membranes,86,163,164 and of the extracellular matrix163,257 in strain-injured muscle tissue. In lengthening

contraction-induced injuries, damage within the muscle is most often seen at the myotendinous junction

and at specific sarcomeres.95,114,192,201 In fact, it has been hypothesized that there is a population of sar-

comeres that are weaker, and tear more easily under lengthening conditions.86,183,265 The stretch-induced

damage to the extracellular matrix, sarcomeres, and critical cell organelles is associated with reduced

isometric muscle force,62,96,286,289 but not with pain. It has been hypothesized that these initial structural

changes initiate a chain of events that may maintain an injury-induced force deficit, result in inflam-

mation and pain, and stimulate pathways important for regulating muscle repair and regeneration.

15.5.3 Intracellular Ca21 and Muscle Damage

Studies examining the effects of lengthening contractions on myofibers have demonstrated that there

is an influx of Ca2þ into muscle cells131,287,290 and mitochondria66,267 in muscle exposed to damaging

contractions. Calcium influx into myofibers can be increased in two ways. First, extreme stretch and

strain can open the stretch-sensitive Ca2þ channels in the cell membrane. However, treating animals

with a calcium channel blocker (i.e., verapamil) prior to injury only partially reduces the calcium

influx into the cell,9 and therefore, Ca2þ must be entering via an additional pathway. Injury-induced

tears and damage to the sarcolemma can also allow Ca2þ to leak into the cell from the extracellular

fluid.290 In in vitro studies, membrane damage, and enzyme efflux can be prevented in muscle exposed

to contractions by removing Ca2þ from the extracellular buffer.135 Treating animals with Ca2þ chelators

(molecules that preferentially bind Ca2þ and prevent it from entering the cell) during and after treadmill

running also reduces tissue damage and the influx of Ca2þ in myofibers (66). Thus, this early influx of

Ca2þ appears to play a critical role in mediating contraction-induced injuries to muscle tissue.

Increases in free Ca2þ within myofibers can result in the degradation of myofiber proteins and lipids,

and result in the degeneration of damaged myofibers.42 As mentioned earlier, intracellular Ca2þ homeo-

stasis within myofibers is maintained by the SR. As intracellular Ca2þ levels rise, the SR normally

increases the rate of Ca2þ uptake to keep free intracellular concentrations fairly stable. However, it has

been demonstrated that the SR is less capable of sequestering additional Ca2þ after muscle has been

exposed to lengthening contractions.42 This reduction in Ca2þ up- take by the SR is associated with a

reduction in muscle force282 and may contribute to the rise in free intracellular Ca2þ after injury-

inducing contractions.42 Thus, the damage-induced loss of Ca2þ homeostasis in injured myofibers
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may mediate the acute reduction in isometric force, and it may initiate other cellular mechanisms

that exacerbate myofiber damage.

Increases in intracellular Ca2þ can also alter myofiber structure and integrity by modifying proteins

and lipids in damaged cells.163,304 For example, calpain proteases, which are activated by increases in

intracellular Ca2þ, are elevated in muscle after exercise.21 Calpain can cleave signaling, cytoskeletal,

and myofibrillar proteins.228,229 This cleavage may act to target proteins for degradation by other

proteases including ubiquitin.228 In vitro studies have demonstrated that activated calpain degrades

desmin and stimulates the release of a-actinin, thereby inducing Z-line streaming.22 Calpain-mediated

modifications of proteins can also stimulate the activity of a number of intracellular signaling proteins

important for mediating cellular responses to damage. For example, the signaling molecule, protein

kinase C (PKC), is activated by calpain cleavage.228 This active form of PKC can affect myofiber function

by modifying proteins that are already present in the cell or by acting upon transcriptional pathways

to regulate gene expression.232 Calpain may also act as a chemotactic signal to enhance neutrophil

infiltration into the damaged tissue.22

A number of other intracellular signaling systems are also activated by increased intracellular Ca2þ

levels in myofibers. For example, intracellular Ca2þ liberates phospholipase A2 (PLA2) from the

extracellular membrane. PLA2 acts to increase arachidonic acid production and the synthesis of

prostaglandins, which can stimulate inflammation and cause pain.204,244,279,280

Other signaling systems that may be indirectly activated in response to contraction-induced injury

and increases in intracellular Ca2þ include the extracellular receptor kinase 1-2 (ERK1-2), p38

mitogen activating protein kinase,51 and c-JUN NH2-terminal kinase pathways.47,117,200 These pathways

are stimulated in response to growth factors, cellular stress, and injury. Activation of these pathways

regulates transcriptional and translational activity in many cell types including muscles. Although the

increase in intracellular Ca2þ and associated proteolysis and lipolysis have been traditionally thought

to exacerbate muscle injury, Ca2þ-induced activation of cell signaling pathways and proteolysis might

also activate cell systems necessary for initiating cellular repair and regeneration.

15.5.4 Muscle Inflammation

The physical disruptions of muscle fibers along with increases in intracellular Ca2þ are the initial effects

of muscle injury. However, force deficits, muscle swelling, and soreness occur 1 to 7 days after the initial

injury, and are associated with muscle inflammation.10,89,97,163 Neutrophils, the first immune cells to

enter damaged tissue, actually infiltrate muscle within 2 h of the initial injury.79,269 We are only beginning

to understand the complex roles that various immune cell types play in the damage and repair processes.

However, it has been demonstrated that neutrophils phagocytize degenerating fibers and debris produced

by injury. In addition, neutrophils can participate in the production and release of free radicals from

damaged tissue, which can exacerbate the damage.25 Neutrophils can also produce proteases and a

number of cytokines, including tumor necrosis factor-a (TNF-a;67) and IL1-b.272 These cytokines

might increase muscle catabolism and degradation and act to attract monocytes to the site of the

injury.2,113,182

Monocytes/macrophages, the other inflammatory cells commonly seen in injured muscle, can be

found between 12 h and 14 days after the initial muscle injury.224,251 In rats, macrophages expressing

specific cell-surface molecules, including ED1 and ED2, have been identified in damaged muscle

tissues.156,157,251 ED1 expressing macrophages infiltrate damaged and necrotic tissues and remove

debris. These macrophages also express pro-inflammatory cytokines including TNF-a.64,310 Besides

increasing muscle catabolism and promoting protease activity, TNF-a also activates the transcription

factor, nuclear factor kB (NF-kB), to stimulate transcription of genes encoding for proteins that are

part of the ubiquitin proteolytic pathway.112,180 TNF-a may also stimulate the transcription of other

pro-inflammatory cytokines including IL-1b and IL-6 and the chemokine monocyte chemoattractant

protein (MCP-115,307). The increased production of cytokines and chemokines by inflammatory cells
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in damaged tissues enhance local pathways mediating tissue inflammation and may act to exacerbate

damage during the first 5 days after muscle injury.

15.5.5 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 drugs (NSAIDs). For example, rabbits, which were

exposed to a session of repeated eccentric contractions and treated with the NSAID flurbiprofen, showed

improved functional recovery during the first week after injury as compared to controls.181 However, 4

weeks after the injury, the NSAID-treated animals demonstrated reduced force generation. The authors

hypothesized that treatment with NSAIDs may have interfered with or delayed the recovery process in

these animals.181 In humans with muscle damage caused by downhill walking, treatment with over

the counter doses of acetaminophen or ibuprophen results in a decrease in pain, but these anti-inflam-

matory agents also decrease protein synthesis, which may be needed for muscle repair.209,273,274 These

findings suggest that inhibition of the inflammatory response interferes with normal recovery of

muscle after a strain-induced injury.

Inflammatory cells, particularly macrophages, may stimulate myofiber regeneration through a number

of different mechanisms. ED2 expressing macrophages, also referred to as resident macrophages, are

thought to play a role in muscle repair and myofiber regeneration.43,156,157,251 These macrophages

may stimulate growth and repair by releasing a number of factors that could stimulate the division,

migration, and differentiation of muscle precursor cells. These factors include, fibroblast growth

factor-2 (FGF-277,236), insulin-like growth factor-1 (IGF-11,119,216) and hepatocyte growth factor

(HGF236,312). In addition, ED2-expressing macrophages may also release the anti-inflammatory cyto-

kines IL-644,93 and IL-15.45,214,215 Thus, although inflammation causes pain and appears to exacerbate

myofiber damage, the inflammatory process also appears to be necessary for complete repair of tissues

and recovery of muscle function.213

15.5.6 Muscle Injuries Associated with Low-Force Repetitive Tasks

Low-force repetitive tasks involve movements that require little force generation by a muscle. Instead, the

muscle action may need to be maintained over long periods of time, or repeated over and over again

during a work cycle.241,243 Injuries caused by these types of activities are not usually associated with

inflammation or large areas of myofiber degeneration, but instead are characterized by muscle pain

and/or rapid fatiguability of the muscle.133,138,159,239,240 Low-force repetitive task injuries are prevalent

in people working with computers. With the increase in computer use, both at home and in the work-

place, understanding the mechanisms underlying this type of damage is crucial.

Injury due to overuse has been studied in people with trapezius myalgia. This disorder is often seen

in workers whose job requires them to maintain stable upper body postures for extended periods of

time, such as computer and clerical work.133,138 Trapezius mylagia is associated with the appearance

of ragged type I muscle fibers and with a decrease in muscle blood flow to the injured region. This

ragged appearance of myofibers is an indicator of mitochondrial dysfunction in the cell.137,158,159

The dysfunction and pain associated with trapezius myalgia and with other overuse injuries have

been linked to changes in Ca2þ regulation in the damaged area, changes in the pH of the intra- and

extracellular fluids, and changes in the local concentrations of specific ions involved in mediating

muscle activity.134,203,239 These biochemical alterations may have profound effects on myofiber metab-

olism and on the activity of sensory pathways carrying pain information.243 Although recent studies

have identified some of the factors that play a role in inducing injuries that are due to overuse,

more research needs to be done to determine how these various physiological changes act together

to result in pain and injury.
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15.5.7 Long-Term Changes in Muscle in Response to Injuries

Most muscle injuries are acute, and recovery is complete within a couple weeks of the initial injury.

However, long-term exposure to repetitive motion, load bearing or awkward postures in the workplace

has been associated with an increased risk of developing more chronic musculoskeletal disorders.24

These more chronic disorders include tendonitis, fibromyalgia, myositis, osteoarthritis, and synovi-

tis.19,41,111,211 Recent studies have focused on the biological mechanisms by which overuse, or acute

strain injuries, may act to chronically affect muscle function and pain.

Understanding the biological underpinnings responsible for generating chronic disorders has been

difficult because a number of factors, including age, general health, genetic predisposition, stress level,

and length of exposure to a strenuous job, influence the development of these conditions.24,111 Thus,

what we know about the mechanisms responsible for generating chronic musculoskeletal disorders

comes from studying people with chronic disorders (such as workers with trapezius myalgia), and by

examining the effects of a few limited animal models of chronic damage or genetic models of chronic

inflammation and muscular atrophy. Because the mechanisms involved in mediating trapezius

mylagia were discussed previously, this discussion will focus on animal models used to study the etiology

of chronic disorders.

Most animal models of chronic injury have used repeated injections of a toxin52,225 or muscle overload

of a single limb caused by paralyzing or binding the opposite limb, or by removing some muscle, and

thereby forcing the remaining muscle to assume the additional load.257 These models result in myofiber

degeneration and the infiltration of macrophages.255 In addition, there is an expansion of the extra-

cellular matrix, along with an increase in collagen expression and fibrosis in muscle92,256 and tendon46

tissues, which leads to scarring. Muscle fibrosis results in decreased muscle strength and flexibility and

is often associated with pain.25,184,256,300 Thus, determining which mechanisms are responsible for

increasing fibrosis, and interfering with these mechanisms may reduce the effects of chronic overload

on muscle tissues.

Models of muscular dystrophy, such as dystrophin-deficient mdx mice, have also been used to try to

determine how chronic damage may affect muscle tissue and function. Mdx mice, which are a model for

Duchene’s muscular dystrophy, are lacking the dystrophin protein. Dystrophin, along with dystroglycan,

links the extracellular matrix to the cytoskeleton of the myofiber.121,122 The absence of dystrophin

compromises the strength of the sarcolemma, making it more susceptible to breakage.217,218 Once the

sarcolemma is damaged, Ca2þ can enter the cell.99,123,124 This rise in intracellular Ca2þ activates the

same proteases and lipases that are activated after muscle injury. Because there is persistent myofiber

damage and necrosis occurring in mdx mice and people with Duchene’s muscular dystrophy, there is

also persistent inflammation.108,249,250 In fact, it has been hypothesized that this inflammation exacer-

bates the muscular atrophy and loss of function. This is supported by the fact that treating Duchenne’s

patients with immunosuppressive drugs improves muscle strength.139 Studies of mdx mice also demon-

strate that these animals display a chronic inflammatory response, with the gene expression of many pro-

inflammatory factors being chronically increased as compared to control animals.212 The increased

expression of these inflammatory factors is associated with fibrosis, muscle atrophy, and eventually

necrosis.

The studies performed using these various animal models indicate that muscle overuse, or long-term

inflammation, may result in chronic muscle damage. However, it is still unclear which occupational

exposures, if any, result in long-term muscle inflammation. Future studies examining the cellular

effects of repetitive loading on muscle tissue will help determine which mechanisms may underlie the

development of chronic musculoskeletal disorders.

15.5.8 Biomarkers of Injury

One of the goals of occupational research is to find biomarkers that can be used to determine if a person

is at risk for developing a muscle injury or for diagnostic purposes. The approaches that have been used
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to assess contraction-induced damage have been reviewed previously.289 In humans, these approaches

include examining force production, histology, blood levels of muscle-associated proteins, and reports

of pain.

Force production has commonly been used to assess muscle function because reductions in force are

often correlated with injury. Changes in force are immediate, and maintained for a number of days

following the exposure that caused the injury.10,61,87,96,291 Although muscle damage is often associated

with a force deficit, force measurements alone should not be used to diagnose injury because muscle

fatigue can also result in reductions in force.80 – 82

Overuse disorders can also be associated with losses in force, however a better marker for these dis-

orders is muscle fatigue.30,133 Although injured muscle does demonstrate signs of fatigue,80,299 fatigue

is also seen prior to the generation of injury, and it is believed that fatigue and the cellular changes

associated with this physiological state, may be in part responsible for generating overuse disorders.243

Thus, depending on when measurements are taken, fatigue can be used as a biomarker for predicting

the development of a disorder, or for diagnosing a disorder.

Increases in the circulating concentrations of certain muscle-associated proteins, including creatine

kinase, lactate dehydrogenase, and myoglobin are often associated with strain-induced muscle inju-

ries.54,195,223,227,248 Increases in these circulating proteins do not correlate well with injury-induced force

deficits during the first 24 h of injury,56,60,186 and thus, the concentrations of these proteins do not serve

as good markers for the early diagnosis of muscle injury. In addition, certain proteins, such as creatine

kinase, fluctuate in response to muscle activity, and not solely in response to muscle injury.55,187,289

Histological examination of muscle biopsies can be used to diagnose muscle injury. As mentioned pre-

viously, infiltration of immune cells, disruptions of the sarcolemma, and necrosis can be seen in muscles

with strain-induced injuries.90,163,255 However, these changes are not usually apparent until 24–48 h after

the injury,90 and thus, they cannot be used to identify injuries early during the process. With overuse

disorders, ragged red fibers are found by histological examination of biopsy tissue.159 These ragged

red fibers appear to be strongly immunopositive for cytochrome C oxidase (an enzyme involved in mito-

chondrial function), or immunonegative for this marker.158 Thus, the presence of ragged red fibers, and

their cytochrome C oxidase phenotype, can be used as a marker of muscle disorders.

Pain or muscle soreness is one of the most common symptoms used to determine if there is muscle

damage. However, with strain-induced injuries, muscle soreness is not apparent until 24–48 h after

the injury occurred,55,90 and it does not correlate well with injury-induced force deficits.50,69,136 There-

fore, pain is not a good marker to use for early diagnoses of strain injuries. Pain is also common in

overuse disorders and is associated with muscle fatigue,159,240 the presence of ragged red fibers,158,159

and reductions in blood flow.158 Pain has also been correlated with biochemical changes associated

with fatigue.30,240,242 Because fatigue often precedes actual damage, pain and muscle fatigue may serve

as biomarkers for predicting muscle damage.

Based on our current knowledge the diagnoses of muscle strains can most quickly be done by checking

for force deficits. Reports of muscle soreness, or the presence of myofiber proteins in the blood can be

used to confirm that the force deficit is due to an injury. Depending on the timing of events, reports

of pain and measurements of muscle fatigue can also be used to indicate that injury may occur, or to

diagnose an injury. Although most biomarkers are currently used for diagnosis, research focusing on

pain, fatigue, and their association with biomarkers may provide a means for determining when an indi-

vidual is at risk for developing a muscle strain or disorder.

15.6 Recommendations for Future Work

15.6.1 The Need for More Refined In Vivo Models

The most refined in vivo models to date have used dynamometry and electrical stimulation to study the

target muscle of interest. However, these models have generally been used to study acute muscle injury.
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In vivo dynamometry is well suited for the study of chronic muscle injury and adaptation and studies of

this kind would be beneficial in elucidating the physiological response to repetitive biomechanical

loading. Biomechanical loading parameters, such as number of repetitions per day, the velocity and

acceleration of the movement, the range of motion of the movement, muscle force or torque during

each movement, and the rest interval between sets, should be controlled during experiments. Controlling

and quantifying the biomechanical loading profile is essential for rigorous study of muscle injury and

adaptation for both acute and chronic exposure studies. Also, it is important to have the ability to

vary the biomechanical inputs to study the effects of different inputs, and how the level of those

inputs, such as more or less repetitions, higher or lower velocities or acceleration, and so on, affects

the physiological response after a single exposure and/or multiple exposures.

In addition to controlling the biomechanical inputs, it is also important in volitional models to not

only provide an apparatus to facilitate controlled movement, but to appropriately instrument the appar-

atus to monitor movement dynamics in real time. This will allow for quantitation of the biomechanical

loading profile within each exposure session for the study of both acute and chronic muscle response.

This approach is similar to in vivo dynamometry in that the biomechanical loading signature is recorded

during each exposure, but different from in vivo dynamometry in that the movement profile is not

controlled by an external source like a servomotor, but controlled by the animal.

In vivo models, whether volitional or nonvolitional, can provide a wealth of information about the

effects of biomechanical loading inputs on acute and chronic physiological responses. Refinement of

these models to control and monitor the biomechanical loading signature has been done in nonvolitional

models and is currently being accomplished in volitional models.

15.6.2 The Need for Tissue Mechanobiology Studies

There is a clear need for tissue mechanobiology studies to determine the failure or injury mechanics of

soft tissues and ultimately the repair kinetics after acute or chronic injury. From a muscle perspective,

dose–response models would be important to develop in both an acute and chronic framework.

In the acute framework, the effect of number of repetitions, rest between sets of exposures, range of

motion, movement kinematics such as velocity, acceleration, and jerk, and force on the amount of

soft-tissue injury should be fully investigated. The changes in soft tissue at the cellular level commensu-

rate with injury should also be investigated. Defining damage at the tissue level is important to develop a

consensus about what is soft-tissue injury. The time course of these changes after an acute exposure and

the mechanisms of repair should also be fully characterized. Factors such as level of conditioning,

age, and gender, and other relevant comorbid factors on injury susceptibility and rate of repair are

also important considerations.

In the chronic framework, the threshold for injury under sustained or repeated loading should be

determined. This should be based on the foundation developed by acute injury studies regarding the

effect of different biomechanical parameters and any intrinsic interplay. Additional parameters such as

exposure duration (number of days, weeks, or months) and the duty cycle (rest period between

exposures) should also be considered. Using this framework, the time frame for injury to develop, the

sustainment of injury, and any repair that can take place during repeated exposures should be

studied. Functional measurements as well as noninvasive biological measurements should be made to

monitor the status of the animal. Patterns of rest and reuse after injury are also important to consider.

15.6.3 Summary

There has been much work in the area of exercise-induced muscle injury over the past 30 years. The

relation between factors such as force, range of motion, number of repetitions, exposure duration,

velocity, age, gender, and training on muscle injury have been studied and have a clear occupational

relevance. Also, the cellular mechanisms responsible for the injury and repair processes have been well

studied to date. The relation between muscle function, myofiber damage, pain, and molecular indicators
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of injury have also been studied. Clearly, more work needs to be done in this area, particularly regarding

the physiological response to long-term repetitive loading. The findings to date indicate that eccentric

muscle actions result in muscle damage and recovery from this injury can require upto 1 month.

Increasing the biomechanical exposure such as force, number of repetitions, and range of motion can

exacerbate the magnitude of injury response. Increased age can also increase injury susceptibility.

The encouraging news is that training can reduce the injurious response and adaptation can take

place, particularly if the appropriate rest intervals are included. There are biomarkers currently being

studied that may indicate the evidence of myofiber injury that have the appropriate level of sensitivity

and specificity needed for occupational monitoring. The area of soft-tissue pathomechanics can

provide a wealth of information that will be of value to ergonomists and occupational health

professionals in the quest to reduce the incidence of occupational musculoskeletal disorders.
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