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Summary

Many empirically developed physical therapy techniques as well as alternative manual therapies (e.g.,
Rolfing, myofascial release) are aimed at treating fascia and other “unspecialized” connective tissues;
however, compared with muscles, joints, and the nervous system, very little research has been devoted
to the role of fascia in chronic musculoskeletal pain. One possible reason for this discrepancy is the
lack of an integrative pathophysiological model linking connective tissue to known musculoskeletal pain
mechanisms (1). This chapter examines the potential role of fascia in musculoskeletal pain, especially
regarding how connective tissue remodeling may interact with other factors such as fear of movement,
muscle activity patterns and central nervous system plasticity.
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1. DYNAMIC FIBROBLASTS AND PLASTIC CONNECTIVE TISSUE

A hallmark of connective tissue is its mutability, plasticity, or remodeling in response
to varying levels of mechanical stress (2). Connective tissue can become more or less
stiff due to changes in its composition and architecture. The viscoelastic properties of
connective tissue (e.g., stiffness, damping) are determined by its architecture, molecular
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composition (mainly collagen, elastin and glycosaminoglycans) and water, all of which
are mutually interdependent (3–5). Water content, for example, is dependent on both
the concentration of negatively charged glycosaminoglycans (GAGs) that bind large
amounts of water and on the organization, strength, and stiffness of the collagen fiber
network, which resists tissue swelling (3).

Fibroblasts secrete the main structural components of connective tissue (collagen,
GAGs, and elastin) and therefore play a key role in determining the composition of
the matrix. Fibroblasts also are able to perceive and respond to mechanical forces
because they are linked to the extracellular matrix at specialized membrane complexes
called focal adhesions or focal contacts (6). These protein complexes essentially
form a mechanical link between the cell’s internal cytoskeleton and the extracel-
lular matrix (7). Mechanical stimuli applied to whole tissue, such as stretching, cause
direct, local mechanical deformation of the cytoskeleton. When connective tissue is
stretched, fibroblasts respond within minutes by expanding, flattening and actively
reorganizing their cytoskeleton (8) (Figure 1). This active cellular response has been
shown to involve specific intracellular signaling (Rho and Rac) as well as lamel-
lipodia formation, actin redistribution and actomyosin contractility (9,10). Mechanical
deformation of cultured fibroblasts has been shown to directly influence the synthesis
of key matrix components via cytoskeletal mechanotransduction mechanisms (11). In
other words, the amount of matrix protein secreted by fibroblasts is influenced by

Fig. 1. Response of mouse subcutaneous tissue fibroblasts to tissue stretch ex vivo. A,B: Mouse
subcutaneous tissue was incubated under stretch for 30 minutes immediately following excision,
then fixed and stained with phalloidin, a specific stain for polymerized actin (red) and SYTOX
nuclear stain (green). C,D: Control tissue incubated 30 minutes without stretch Fibroblast cell bodies
became larger and flatter in the plane of the tissue in response to tissue stretch Scale bars, 40 μm.
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Fig. 2. Diagrammatic representation of relationships among tissue movement, cellular mechanotrans-
duction, matrix remodeling, and tissue biomechanical properties.

the fibroblasts’ mechanical environment. Changes in extracellular matrix composition
due to mechanotransduction-mediated cellular effects, therefore, can have an important
influence on the connective tissue’s viscoelastic properties (Figure 2). Because changes
in the tissue’s viscoelastic properties (e.g., stiffness, damping) affect the degree of
cellular deformation occurring when subsequent external forces are applied to the
tissue (7,12), fibroblasts actively influence the mechanical forces that act upon them
over time. In vivo, an ongoing remodeling of connective tissue underlies physiological
responses to changing levels of activity and movement patterns (e.g., immobilization,
beginning a new exercise or occupation), as well as tissue repair following injury (13).

Fibroblasts can also respond to chronic mechanical stimulation and injury by synthe-
sizing increased amounts of alpha actin over several days and developing a more
robust contractile apparatus, thus differentiating into smooth muscle-like cells known
as myofibroblasts (14). It also was recently shown that stimulation of connective tissue
with specific pharmacological agonists could induce a measurable tissue contraction.
(15) Fibroblasts, therefore, are dynamic cells that are likely to play a complex active
role in determining connective tissue tension via cytoskeletal reorganization, active
contraction/relaxation, and modification of matrix viscoelastic properties.

2. FIBROSIS: THE DARK SIDE OF CONNECTIVE TISSUE PLASTICITY

While connective tissue remodeling is essential for both normal and functional
adaptation to changes in activity levels and response to injury, it can alternatively be
harmful if it causes excessive collagen and matrix deposition. Decreased stress due
to immobilization or hypomobility can cause connective tissue atrophy, architectural
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disorganization, fibrosis, adhesions, and contractures (16–20). Chronic degenerative
changes can be accompanied by either increased tissue water (decreased collagen
network integrity causing decreased resistance to swelling pressure), or decreased tissue
water due to decreased GAG content (21–23). Immobilization-induced atrophy tends to
cause decreased collagen, GAG, and water content (24,25), while fibrosis tends to result
in collagen bundle accumulation and disorganization, increased interfibrillar contacts
and restricted gliding of fibers relative to each other (5,16,24,26–29). Collagen cross-
links have been shown to increase in number and strength with increasing duration of
immobilization (30). Factors determining whether connective tissue remodeling will
be appropriate or pathological include the amount of mechanical stress, the adequacy
of tissue perfusion and oxygenation, and the presence of inflammation and cytokines
such as TGFß-1 that promote fibrosis (31,32). Regardless of its precipitating cause,
connective tissue fibrosis is detrimental, as it leads to increased tissue stiffness and
movement impairment.

3. CONNECTIVE TISSUE/MUSCLE INTERACTIONS

In muscle, plasticity of perimuscular and intramuscular connective tissue plays an
important role in how muscle responds to mechanical stress. It has been shown,
for example, that during the early phase of immobilization, loss of muscle length is
primarily due to shortening of muscle-associated connective tissue, which is only later
followed by actual shortening of muscle fibers (33). The poorly understood phenomena
of myofascial trigger points, taut muscle bands, and muscle spasm may also contribute
to connective tissue remodeling and fibrosis. Although there is some controversy as to
the definition and nature of these entities, and whether or not they are related to each
other (34–36), decreased tissue pH and increased levels of inflammatory cytokines
were recently reported in painful myofascial trigger points (37). Thus, the presence
of painful muscle contraction or tender foci within muscle and/or perimuscular fascia
may add to the factors promoting hypomobility and tissue fibrosis.

4. LINK BETWEEN PAIN, FEAR, AND MOVEMENT

Most episodes of acute musculoskeletal pain resolve with resumption of normal
activities. In some cases, however, pain becomes recurrent or chronic. A number of
studies (38–40) suggest that psychological factors such as emotional distress and pain-
related behavior may play a key role in the development of recurrence and/or chronicity.
A key component of pain-related behavior is fear of pain with consequent decrease in
physical activity (41). While rest may be initially important in the face of acute injury,
it is increasingly recognized that timely resumption of physical activity is critical
to successful rehabilitation (42). However, after an episode of acute musculoskeletal
pain, patients often remain sedentary because of fear that movement will cause pain.
Such behavior is particularly detrimental, since decreased recreational activity leads to
deconditioning, which further impacts emotional well-being (43,44).

In addition, a growing body of evidence supports the notion that both pain and
fear affect not only how much, but also the manner in which, patients with pain
actually move. In chronic low back pain, for example, abnormal trunk muscle activity
during postural perturbation, impaired control of trunk and hip movement during quiet
standing, and abnormal postural compensation for respiration all have been documented
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(45–47). Several models have been proposed to explain such abnormal movement
patterns, including the “pain-spasm-pain” model (reflex sustained co-contraction of
agonists and antagonist muscles) (48) and “pain adaptation” (slowing and decreased
range of motion due to selective increased activation of antagonists) (49). Recent
experiments suggest that, in normal individuals, fear of pain by itself can cause altered
muscle activation patterns (50). Thus, patients with chronic musculoskeletal pain appear
to have a constellation of motion-limiting muscle activation patterns that may be
initiated or aggravated by emotional factors. In chronic musculoskeletal pain, decreased
tissue movement is a potential key factor in the development of connective tissue
fibrosis and the perpetuation of chronic pain.

5. RELATIONSHIP BETWEEN CONNECTIVE TISSUE PLASTICITY
AND NEUROPLASTICITY

Connective tissue is richly innervated with mechano-sensory and nociceptive neurons
(51). Modulation of nociceptor activity has been shown to occur in response to
changes in the innervated tissue. Tissue levels of protons, inflammatory mediators
(prostaglandins, bradykinin), nerve growth factors (NGFs) and hormones (adrenaline)
(52–54) all have been shown to influence sensory input to the nervous system.
Conversely, nociceptor activation has been shown to modify the innervated tissue;
release of Substance P from sensory C-fibers in the skin can enhance the production
of histamine and cytokines from mast cells, monocytes and endothelial cells (55,56).
Increased TGF�-1 production, stimulated by tissue injury and histamine release, is a
powerful driver of fibroblast collagen synthesis and tissue fibrosis (31,57,58). Thus,
activation of nociceptors, and the subsequent cascade of local tissue response eventually
leading to neurogenic inflammation and cytokine release (see Chapter 2), can by itself
contribute to the development or worsening of fibrosis and inflammation, causing even
more tissue stiffness and movement impairment.

6. CENTRAL NERVOUS SYSTEM SENSITIZATION

Ongoing pain is associated with widespread neuroplastic changes at multiple levels
within the nervous system (59–61), including primary afferent neurons (54), spinal
cord dorsal horn (62,63), brainstem, (64), thalamus, limbic system and cortex. Recent
neuroimaging data (see Chapter 4) have uncovered distinct “brain networks” involved
in acute versus chronic pain, with chronic pain specifically involving regions related
to cognition and emotions (65). At the level of the somatosensory cortex, functional
reorganization of somatosensory areas has been documented in chronic pain (66).
Indeed, current models increasingly view chronic pain as a multilevel response of
the neuroaxis called the “pain neuromatrix” that includes both sensory and motor
components (67–69).

7. PATHOPHYSIOLOGICAL MODEL LINKING BEHAVIOR,
CONNECTIVE TISSUE, AND NEUROPLASTICITY

In the hypothetical model shown in Figure 3, progression to chronic pain first
involves changes in the amount and pattern of body movements, leading to connective
tissue remodeling and locally increased tissue stiffness. Peripheral and central nervous
system sensitization will then contribute to tissue inflammation with enhanced afferent,
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nociceptive drive to the CNS followed by increased emotional distress, pain-related
fear, and decreased movement. In patients with musculoskeletal pain, local connective
tissue fibrosis may occur due to one or several of the following factors: (1) decreased
activity, (2) changes in muscle activation patterns causing muscle co-contraction,
muscle spasm, or myofascial trigger points, and (3) neurally mediated inflammation.
Connective tissue remodeling may play an important role in the pathophysiology of
musculoskeletal pain because (1) plasticity in response to changing mechanical loads
is one of connective tissue’s fundamental properties, and (2) pathological remodeling
(fibrosis) due to changes in tissue movement is well documented in other types of
connective tissues (e.g., ligaments, joint capsules).

In both the connective tissue and nervous system, plasticity responses are charac-
terized by changes over time and the potential for reversibility. The hypothetical
mechanism shown in Figure 3 is compatible with the complex natural history of muscu-
loskeletal pain, including temporal variability (i.e., waxing and waning of symptoms
and disability) and potential for “feed-forward” acute exacerbation of symptoms (i.e.,
acute flare-ups). An acute flare-up of pain may be triggered by any situation causing
locally increased inflammatory cytokines, decreased tissue pH or oxygen content.
In fibrosed connective tissue and muscle, blood and lymphatic flow may be chron-
ically compromised by the disorganized tissue architecture and thus vulnerable to
unusual muscle activity (e.g., beginning a new work activity or sport), or to conditions
causing further decrease in perfusion such as prolonged sitting. Once local activation of
nociceptors is initiated, peripheral and central nervous system sensitization mechanisms
amplify both the tissue inflammation (via release of inflammatory neurotransmitters
such as substance P) and the perceived pain. This leads to emotional distress, fear
of movement, and, when persistent, deconditioning and its adverse long-term conse-
quences; therefore, each exacerbation of pain potentially leads to greater movement
restriction and fibrosis, setting the patient up for more painful episodes.

Fig. 3. Pathophysiological model for chronic musculoskeletal pain incorporating connective tissue
remodeling, neuroplasticity, and emotional and motor behavior.
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8. EFFECT OF TREATMENTS AND PLACEBOS

In addition to its role in the pathological consequences of immobility and injury,
the dynamic and potentially reversible nature of connective tissue plasticity may be
key to the beneficial effects of widely used physical therapy techniques, as well as
several treatmentsconsideredwithin therealmofcomplementaryandalternativemedicine
(CAM). Many of these therapies involve the external application of mechanical forces
(e.g., massage, chiropractic manipulation, acupuncture), changes in specific movement
patterns (e.g., movement therapies, tai chi, yoga) or more general changes in activity
levels (e.g., increased recreational and therapeutic exercise) (Figure 4). Connective
tissue remodeling also may be important in the therapeutic effect of pharmacological
treatments commonly used for musculoskeletal pain via direct effects on tissues (anti-
inflammatories), reduction of muscle spasm (muscle relaxants), and/or pain-induced
fear of movement (analgesics, anxiolytics). The effect of placebos in musculoskeletal
pain may also involve decreased fear of pain with consequent increased physical
activity and the subsequent beneficial connective tissue remodeling effects. Improving
our understanding of the physiological basis of these therapeutic techniques is key to
developing more effective treatment strategies with minimal adverse effects. While
manual or movement-based treatments have the advantage of not causing drug-induced
side effects (e.g., gastritis, sedation), these treatments can potentially worsen pain if
applied forces actually cause inflammation due to excessive tissue stretching or pressure.

A paradoxical aspect of connective tissue remodeling is that it potentially underlies
both beneficial and harmful effects of mechanical forces, including those used thera-
peutically. Application of direct tissue stretch to ligaments and joint capsules needs
to be gauged carefully to avoid causing excessive tissue inflammation (13). Indeed,
understanding how much force (or movement) is beneficial, and how much can be

Fig. 4. Potential effects of therapeutic interventions on proposed musculoskeletal pain mechanism.
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harmful is one of the greatest challenges of these clinical modalities and at this stage
of understanding is often relegated into the realm of the art of medicine rather that
to science. This scientific model suggests that behavior modification and movement
reeducation may be most effective in the early stages of musculoskeletal pain before
extensive tissue fibrosis has occurred and that combining these approaches with
carefully applied direct tissue stretch may be necessary in cases of long-standing
hypomobility with pronounced fibrosis and stiffness. Understanding the underlying
pathophysiology will help optimize the selection of the best treatment or treatment
combination. Some techniques such as yoga may act on multiple levels, causing direct
tissue stretching as well as movement reeducation and relaxation.

In summary, plasticity of fascia and interstitial connective tissue may play an
important role in both normal adaptive responses to changes in activity level, as well
as maladaptive responses to pain and hypomobility. Treatments involving behavioral
modification, movement reeducation, and direct mechanical stimulation of connective
tissue all can potentially reverse connective tissue fibrosis, leading to increased
mobility. The hypothetical model presented in this chapter is aimed at stimulating
further research and encouraging integrative approaches to treatment.
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