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Introduction

The purpose of this chapter is to integeate the basic science
of injury, repair, and recovery with acute and chronic
cumulative rauma disorders. The local cellular responses
to repetitive torces are clearly outlined. Rescarch tindings
based on animal models can explain the rise in the work
place incidence of repetitive strain - injuries. Ergonomic
adaptations and therapeutic interventions are discussed tor
the carly stages of local tssue injury. However, peripherali-
zation of the injury is not uncommon with continued

excessive repetitive torces. The central consequences of

overuse are highlighted based on laboratory and clinical
science rescarch. A clinical model of tfocal hand dyvstonia is
used as example to support the hypothesis of aberrant
central learning with chronic, excessive overuse of a limb.
The chaprer concludes by presenting evidence to support
the effectiveness of complex learning based intervention
strategies to remediate problems of chronic repetitive strain
Injurics.

Epidemiology and Management
of Work-Related Musculoskeletal
Disorders of the Hand and Wrist

The Problem

Work-related musculoskeletal disorders ¢(MSDsicor work
related repetitive stress toveruse s injuries, have accounted
tor a significant proportion of work injuries and workers”
compensation clums in Western mdustnalized  nations
since the Jate 1980« The extent to which work s a
causal factor in the development of such disorders s
still the subject of much controversy. However, recent
epidemiological studies have greatlv improved methods
of distinguishing between the contributions of workplace
and nonworkplace  risk  f

tactors in the  development

706

and severitv of work-related MSDs. The evidence is
clear that both workplace and nonworkplace factors can
cause or exacerbate work-related MSDs, and the key to
controlling the impact ot such disorders in the workplace
Is prevention.

Although there s still much o learn about the underly-
ing, pathophvsiology ot these disorders, epidemiological
rescarch has provided information about the scope of the
problem and likely causal factors that can be studied in
the laboratory and among, clinical populations. This section
reviews the recent epidemiological  literature  on - work-
related MSDs of the hand and wrist, with an emphasis on
the most prevalent peripheral nerve and musculotendinous
disorders.

Definition of Work-Related Musculoskeletal
Disorders and Trends in U.S. Industry

Definition of Work-Related Musculoskeletal
Disorders

The U.S. Department of Labor detines work-related MSDs
as injuries or disorders of the muscles, nerves, tendons,
joints, cartilage. and spinal dises associated with exposure
to risk factors in the workplace. Work related MSDs include
sprains, strains, tears: back pain, hurt back; soreness, pain,
hurt texcept the back v carpal tunnel syndrome; hernia; or
musculoskeletal svstemn or connective tissue discases and
disorders,when the event or exposure leading to the injury
or tlness v bodilv reaction/bending, climbing, crawling,
Work-

related MSDs do not include disorders caused by slips,

: : : o 1
rc.lchlng, nwvistig,  overencruon, or orepetiion.

tips, falls, motor vehicle acctdents or similar accidents;
nor do they include Ravnaud’s phenomenon, tarsal tunnel
svndrome, or hermated spinal dises. These cases are consid-
cred  separately from musculoskeletal disorders in the
RBurcan of Labor Statistics Survey of Occupational Injuries

\
and 1nesses.
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development of work-related MSDs than men, although
this is highly industry dependent.®®!1% Advanced age may
increase the impact of other risk factors on the severity of
MSDs, 7 and obesity has been shown to predict the onset
of MSDs, 1112

Work-related MSDs, therefore, have multifactorial causes,
and the interaction berween physical and nonphysical and
workplace and nonworkplace risk factors is complex. This
complexity contributes to the persistent controversy sur-
rounding governmental regulation of these disorders. Con-
sequently, private industry in the United States addresses
these disorders on a voluntary basis, using industry-specific
guidelines provided by the Occupational Satety and Health
Administration tOSHA) (www.osha.gov).

Clinical Point

When treating patients with work-related MSDs, health care
providers must bear in mind the complexity of causal factors and
attempt to identify and address all of them in a comprehensive,
holistic approach that emphasizes patient education.

U.S. Department of Labor Survey of Health Statistics
According to the most recent Burcau of Labor Statistics
survey, work-related MSDs accounted for 435,180 (33%)
lost workday imjurics and illnesses in ULS. industry in
2003." Repetitive motion (c.g., grasping tools, scanning,
groceries, and typing) was one of the most common
events or exposures leading to work-related MSDs, and it
accounted for the longest absences tfrom work by exposure
tvpe (median of 22 lost days). The three occupational
groups with the most work-related MSDs were (1) nursing
aides, orderlies, and attendants (33,710 cases), (21 laborers
and material movers (33,090 cases), and (3) truck drivers
(20,580 cases). The first two groups involve jobs requiring
heavy and repetitive lifting, whereas truck driving requires
prolonged sitting with exposure to whole body vibration.

Work-related MSDs continue to cause substantial worker
discomfort, disability, and loss of productivity. Among the
remaining top 15 occupations reporting work-related
MSDs were stock clerks and order fillers (repetitive moderate
lifting and grasping;, construction laborers (lifting  and
use of hand tools, some with vibration i, and cashiers (repeti-
tive light to moderate litting and grasping). The service
industries (¢.g., health care) accounted for 7 1% ot all MSDs,
and  goods-producing  industries  (¢.g., manufacturing
accounted for the remaining 29%. Carpal tunnel syndrome
was among the major disabling injuries and illnesses in
2003, and it had the highest median of lost workdays (32),
Injuries to the wrist had a median of 17 lost workdays. These
patterns of lost-workday injuries and illnesses show the
impact of upper limb MSDs in the U.S. worktorce.

e b

ers

Scopé of Workplace Musculoskeletal Disord
in U.S. industry

* QOne in three lost-workday injuries and ilinesses is a work-related
musculoskeletal disorder

» Work-related MSDs caused by repetitive motion had a median of
22 lost workdays

* Carpal tunnel syndrome has the highest number of lost workdays,
a median of 32 days

* Wrist injuries have a median of 17 lost workdays

Epidemiological Evidence of Work-Related
Repetitive Overuse Injuries of the Hand and Wrist

Two comprehensive reviews of the literature concerning
work-related MSDs have been completed since 1997
A review undertaken by the National Institute for Occupa-
tional Safety and Health (NIOSH ) included more than 600
epidemiological studies, dating, trom the 1970s to the mid-
1990s, concerning work-related MSDs of the neck, upper
extremity, and low back.® In this review, the framework
for evaluating epidemiological evidence for a causal rela-
tionship between workplace risk factors and work-related
MSDs included an evaluation of strength of association
within studies, consistency across reviewed studies, tempo-
rality berween exposure and work-related MSD outcome,
evidence of an exposure-response relationship, and coher-
ence of evidence. Based on this framework, evidence for a
relationship between workplace risk factors and the devel-
opment of work-related MSDs was classitied into one of
tour categories: strong  evidence ot work-relatedness,
work-relatedness, insutficient  evidence of
work-relatedness, and evidence of no cttect of work factors,

The National Rescarch Council (NRC) and the Institute
of Mecdicine conducted a second, more exclusive review
of the work related MSD literarure.® The NRC review
included studies from the late 1970s to the Jate 1990s that
cxamined tssue pathophysiology: mechanical, organiza-

evidence  of

tional, and psychosocial risk factors; and clinical interven-
tions for work-related MSDs of the upper extremity and
low back. For epidemiological studies ot the upper extrem-
iy, the panel reviewed 42 studies of physical risk factors
and 28 studies of psvchosocial risk factors. These studies
were selected from a larger candidate list of studies based
on sclection enteria that would allow the reporting or cal-
culation ot relative risk or attributable fraction, two epi-
demiological quantities used to estimate the eftect of an
exposure on the development of a health outcome.

For the purpose of this discussion, the findings of these
two major reviews concerning the epidemiology of the
most prevalent work-related hand and  wrist  disorders
are summarized; those disorders are carpal tunnel syn-
drome and disorders of musculotendinous tissucs,
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modes of nerve injury are not exclusive to overuse injuries;
these includc transcction (cutting), crushing mechanisms,
immunological causes (creating a chronic autoimmune
response in the nerve), chronic constriction injury, and vas-
cular discase. Each of these types of injuries can be a com-
pounding factor in a patient with overuse injuries.

Clinical, Histological, and Biochemical Signs

of Nerve Injury

Clinical signs of nerve damage include acute pain, chronic
pain, loss of sensation and discrimination, declines in nerve
conduction velocity, and motor dysfunction. Examples of
motor dysfunction include weakness, atrophy, or paralysis
of a muscle. Abnormal sensations, such as hyperalgesia
(i.e., hypersensitivity) and mechanical allodynia (i.c., non-
noxious pain), may also develop.

Clinical Signs of Nerve Damage

* Acute pain

* Chronic pain state

* Loss of sensation and discrimination

* Reduced nerve conduction velacity

* Motor dysfunction {(weakness, atrophy, or paralysis)

Mechanical disruption of axons and myelin leads to his-
tological signs of nerve damage, such as myelin degrada-
tion, Schwann’s cell necrosis, and axon degencration.
Macrophage infiltration also occurs as a result of disruption
of the blood-nerve barrier or injury-induced chemotaxis, or
both. The macrophages then add to the loss of Schwann’s
cells and axons by phagocytosing even partly injured cells
in an cffort to debride the injury site and stimulate repair.
Each of these histological changes contributes to the
decline in nerve conduction by disrupting the flow of
current that would occur after loss of the Schwann cell’s
myelin sheath or by interfering with axoplasmic flow that
would occur after disruption of the axons. Nerve compres-
sion, ¢dema, and chronic inflammation also lead to the
development of fibrotic tissue in extraneural and intra-
7RB0919395 which further contributes to
nerve compression if the fibrosed area lies within a con-
strained space, such as the carpal tunnel.

neural tissues,

Biochemical signs of peripheral nerve damage include
increased production and release of a variety of mediators
of pain, inflammation, and vasodilation by Schwann’s cells,
infiltrating, macrophages and mast cells, and the nerve
terminal itselt. For example, IL-1, TNF-z, and 1L.-6 are
increased after nerve injury and contribute to turther
inflammation by recruiting macrophages intrancurally.
These same cytokines also enhance pain by sensitizing noci-
ceptors through the activation of the neuron or by lowering
the threshold for firing in the larger nerve trunk or sur-
rounding rissues. Increased intraneural levels of cytokines

also contribute to hyperalgesia and mechanical allody-
nia.”®1% Schwann’s cells also produce bradykinin, which
results in vasodilation, and the nerve terminals produce
substance P (SP), vasoactive intestinal peptide (VIP), and
calcitonin gene-reactive protein (CGRP), which contribute
to immune cell infiltration of intrancural tissues and further
sensitization of the nociceptors ®1 1103

Peripheral Nerve Trauma Associated

with Repetitive Tasks

In work-related MSDs, the primary causes of peripheral
nerve trauma are overstretching, increased intracarpal pres-
sure with compression of nerves during tlexion or extension
or fingertip loading, and overstretching of neuronal tissues
092104008 piserimentally induced nerve
compression has been used to determine the pathophysio-
logical eftects of compression on nerve tissues (Table 22-3).

during excursion.

Such experiments tound clear signs of demyelination in a rab-
bit tibial nerve by 3 weeks after a 2-hour increase of pressure
to 200 and 400 mm Hg.'?® In a rat model, demyelination
and Schwann’s cell death were present in the sclatic nerve
by 7 davs after an acute increase of pressure to 30 mm Hg, i

Animal models of chronic nerve constricion injury
using cutt banding or suture ligatures have shown that
chronic compression leads to an upregulation of inflamma-
tory cvtokines intrancurally, intrancural and extrancural
fibrosis (i.c., mcreases i collagen matrix in and around
the nerve), Schwann’s cell death, and axonal demvelination

. 8093949699108
and degradation. 0

These pathological nerve
changes lead to loss of clectrophysiological function (i.c.,
3 Mechanical allodynia
and hyperalgesia (discussed later) also were associated with
chronic nerve constriction,”®??!%"

The authors’ laboratory has investigated the pathophy-
siology of repetitive motion injurics of the upper limb caused
by voluntary high repetition tasks with or without
force 0 71H7884IZILIOVTH Tl quthors have developed an
innovative rat modcl of volunrary repetitive and forceful
reaching to answer fundamental questions about the effects

- Ml
decreased nerve conduction).

of such rasks on musculoskeletal tissues. A force training
apparatus was designed in which rats can perform at a range
of reach rates and force levels. The apparatus was used to
determine the short-term eftects (up to 12 weeks) on senso-
rimotor behavior and the pathophysiological outcomes of
forelimb tissues that occurred with (1) a voluntary low force
task (less than 15% of maximum grip strength) performed at
low frequency reach rates (low repetitions, low force [LRLF],
2 reaches/min) and high frequency reach rates (high repeu-
tions, low torce |HRLF]; 8 reaches/min), and (2) a high
force task (60% of maximum grip strength) performed at
low reach rates (low repetitions, high force [LRHF]) or high
reach rates (high repetitions, high force [HRHF]).

Using this model, the authors examined the median
nerve for decreased nerve conduction velocity (NCV), a
common test used in humans to identify nerve injury. By
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Table 22-3

’fhbn‘

Animal Models of Overuse Injuries and Chronic Nerve Constriction Injury in which Peripheral Nerve Tissues Were Exairied

Authors

Model

Tissue and Functional Changes

Chronic Nerve Constriction Injury Animal Models (CCI)

Mackinnon ¢t al.?®

Mackinnon and Dellon”®

Rat model

Silastic tubing-induced chronic
compression of median nerves for
1 to 12 months

Nerve compression, nerve demyelination and
degeneration; hypervascularity

Intrancural fibrosis; regencrating unmyelinated fibers;
| NCV

Mackinnon et al.”?
Mackinnon and Dellon®?

Primate model

Silastic tubing-induced chronic
compression of median nerves for
4 ro 12 months

| Neural tissue in fascicles, demyelination, and | number
of myelinated fibers
Intrancurat fibrosis

]
Okamoro et al.'”

Rat model
Sutures loosely placed around sciatic
nerve for 3 to 45 days

1 1L-1f and 1L-6 (at 7 days), TNF-u (at 14 days), and
IL-10 (progressive | to 45 days)

1 Thermal hyvperalgesia and mechanical allodynia days
7 to 14; recovery by 45 days

Schifers et al.”®

Rat model

Sutures loosely placed around sciatic
nerve for 18 days

Intrancural application of TNF

Ibuprofen and celecoxib therapy

CCl-induced mechanical allodvnia and thermal
hyperalgesia, a result attenuated by early ibuprofen and
celecoxib treatment

Mechanical allodynia induced by TNF alone, a result
atrenuated by ibuprofen treatment

W
Wagner and Myers'™

Rar model

Sutures loosely placed around sciatic
nerve for 3 to 9 days

1L-10 therapy (endoneurial
application)

CCl-induced thermal hyperalgesia, macrophage influx,
and TNF-x expression atcenuated by IL-10 therapy

WMSD Animal Model

Al-Sharti et al. 37
Barr et al.'!?

Rat model

Voluntary LRLF reaching and
grasping task

I reach/30 min, 45 mg force
2 hr/day, 3 davs/week for 12 weeks

Transient | TNF-2 in week 12

No motor changes

Al-Shatti et al.”’
Barbe et al.!'!1!
Barr ct al.!''2113
Clark et al.”™®

Rat model

Voluntary HRLF reaching and
grasping task

1 reach /15 min, 45 mg force
2 hr/day, 3 days/week tor 8 to
12 weeks

Bilateral 1 in macrophages in median nerves

Transient | 1L-1x, 1L-1f8, TNF-«, and IL-6 in median
nerves in weeks 3 to 5; 1 1L-10 in nerve and muscles in
week 5

1 Intrancural fibrosis in weeks 10 to 12

| NCV of median nerve

| Reach rate and task duration; maladaptive movement
patterns (raking) began in week 4, bilateral paw
withdrawal response threshold to tactile stimulation,
| bilateral grip strength

Clark ct al.”!

Rat model
Voluntary HRHF reaching and
grasping task
1 reach/15 min, 180 g torce,
2 hr/day, 3 davs/week for 12 weeks

Bilateral 1 in macrophages in median nerves

[ Intrancural fibrosis in weeks 10 to 12

| NCV of median nerve > HRLF

| Reach rate and task duration > HRLF
Maladaptive movement patterns began in week 4
Hypersensitivity initially, then loss of sensation

HRLF, High repetition, low force; HRHE, high repetition, high force; IL-1, interleukin-1, a proinflammatory cytokine; IL-6, both a
proinflammatory and an anti-inflammatory cyvtokine; 7L-10, anti-inflammatory cvrokine; LRLE, low repetition, low force; NCV, nerve conduction
velocity; TNF-, umor necrosis factor x; WMSD, work-related musculoskeleral disorder.
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¥ 9.]123 2
tennis elbow.''”"'?? Using the rat model, the authors

found increased levels of SP in flexor forelimb tendons
by 3 weeks in the HRHF rats, with additional increases
by 12 weeks.'**

Although, direct correlations need to be made, these
human and animal findings suggest that increased neuronal
innervation, as wcll as increased release of neurochemicals
from activated nociceptor terminals into peripheral tendon
tissues, is linked to painful tendinopathies. Therefore cen-
tral or peripheral neuroplasticity (or both) may be an
underlying cause of some of the motor changes observed
in patients with painful tendinopathies.

Evidence of Musculotendinous Injury
and Inflammation in the Development
of Overuse Injuries

Musculotendinous injuries caused by repetitive and/or
forceful tasks are due to repeated overstretching, compres-
sion, friction, and ischemia.”??2126128 Thece insults lead
to mechanical injury of membranes and intracellular struc-
tures." 127128 The authors hypothesize that these injuries
first lead to acute inflammatory responses. It injury and
acute inflammation occur repeatedly (as might be the case
with a moderate to high demand repetitive task in which
the injury cycle overshoots healing), then chronic inflam-
mation, fibrosis, and perhaps even tissue breakdown (disor-
ganization and degeneration) result.

Human Findings
Human studies examining tendons and tendosynovial biop-
sies from patients with chronic tendinopathies (e.g., epicon-
dylitis, epicondylalgia, tendinosis, and CTS) have found
evidence of increased levels of neurochemicals, angiogenesis,
inflammatory mediators, fiber and matrix disorganization,
and fibrosis (Table 22-4)8¢-89:119.121,122,127:130 1, ohy)d
be noted that not all the studies in Table 22-4 found each
of these tissuc changes. Because only a limited amount of tis-
suc can be collected during a biopsy, the number of ques-
tions that can be pursued is limited in a human study. Even
50, these studies show that repetitive tasks often lead to
fibrotic and degenerative tendon changes and thar these
changes often arc accompanied by localized increases in neu-
rochemicals and their receprors, as well as pain. Further-
more, a study by Hirata et al.*” showed that the levels of
metalloproteinases (MMPs), which are enzymes involved in
collagen degradation, correlated with pain severity and thar
tendon synovial fibrosis increased over time in these patients.
Studies also have been performed on muscle tissue biop-
sied from patients with long-term chronic overuse syn-
dromes (see Table 22-4). These studies showed evidence
of muscle ussue changes, including myopathic changes
such as inflammation, muscle fiber necrosis, and cell meta-
bolic changes consistent with injury, denervation, and /or
ischemic loss of muscle fibers,!2%!31134

Serum markers of injury also have been found in patients
with overuse injuries. Freeland et al.'*” detected increased
serum malondialdehyde, an indicator of cell stress, in
patients with CTS. Kuiper et al."* found higher levels of
biomarkers of collagen degradation and synthesis in a
group of student nurses with high numbers of patient
handling tasks. Recently, Kuiper ct al.1#¢
for biomarkers of collagen synthesis and degradation in
construction workers involved in heavy manual materials
handling. The serum results were compared to those from
sedentary workers. Although the levels of collagen synthesis
and degradation products were both increased in the work-
ers involved in heavy manual tasks, the overall ratio of the
synthesis product to degradation product remained the
same as in the sedentary control workers. These results sug-
gested that the tissues had undergone adaptive responses
that protected them trom unresolved degradation.

A recent pilot study by Carp et al.'® detected proin-
flammatory cvtokines in the serum of patients treated in
an outpatient phyvsical therapy clinie tor diagnoses related

examined scrum

to severe overuse injuries. The patients were classified into
three groups according to symptom severity, as measured
by the Upper Body Musculoskeletal Assessment  tool
(UBMA):'"*mild (UBMA score 51-75; n = 9), moderate
(UBMA score 76-100; n = 9), and severe (UBMA score
>100; n = 9). A control group was used for comparison;
it consisted of unaffected individuals with a UBMA score
below 50 (n = 9). The scrum results showed significant
increases in all prointflammartory cvtokines in patients with
severe overuse injurics, as well as increases in IL-6 in
patiecnts with moderate and mild  overuse injuries.'**
Because inclusion in this pilot study required a duration
of symptoms no longer than 12 weceks, these findings sup-
port the presence of an carly inflammatory process in the
development of overuse injurics,

One of the challenges involved in studying workers is
the difficulty determining the causality between tissue and
behavioral responses. Presumably, the initiating injury stim-
ulus is long since past, and the condition of the tissues has
been substantially altered from the preinjury state. Whether
task-induced injury is followed by inflammation is a point
of controversy in the literature, because tissues removed
from patients at the time of surgery are collected long after
the inflammatory response has resolved. Therefore it is
impossible to conclude whether biochemical changes, for
example, cause or follow the physiological mechanisms that
led to the patient’s current clinical presentation.

Animal Studies

A number of animal studics have related exercise loading
of tendons to carly inflammatory changes (Table 22-5).
A study by Nakama ct al.'* found evidence of tendon
injury after cyclical loading of the flexor digitorum pro-
fundus muscle for 13 weceks at a repetition rate of 2 hours
per day, 3 davs per weck. They observed microscopic
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Table 22-5
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Animal Models of Overuse Injuries in which Serum or Musculotendinous Tissues Were Examined

Authors

Model

Tissue and Functional Changes

Studies Examining Tendons

Archambault Rabbit model of Achilles tendinosis Hypereellularity and [ inflammatory cells in tendons;
et al. 1! Controlled kicking I"INE-x, 11-1
20 and 75 rep/min, 1 to 2 hr/day, 3 days/week for | | mRNA of matrix components (e.g., T collagen)
6 to 8 weeks
Archambault Rabbit model of Achilles tendinosis No evidence of inflaimmation
ot al 12 Controlled kicking I mRNA expression of collagen type III and MMPs
75 rep/min, loading of 1.2 Hz, 20 N
2 hr/day, 3 days/week for 11 weeks
Backman Rabbit model of Achilles tendinosis Tendon necrosis, tendon matrix reorganization
et al. Controlled kicking 1 Vascularity, | inflammatory cells and edema in
150 rep/min, 2 hr/session paratendon
3 davs/week for 5 to 6 weeks Paratendon fibrosis
Carpenter Rat model Hypercellularity, T tendon cross sectional area
et al '*? Treadmill running loading of supraspinatus tendon | Collagen disorganization, rounded tenocytes
Soslowsky with and without external compression via Achilles | | Maximum biomechanical stress
et al.!* tendon allograft Tissue changes 17 with exposure (compression or time)

17 m/min on a decline
1 hr/day, 5§ sessions/week, up to 16 weeks

Messner et al.'*®

Rat model

Eccentric loading of Achilles tendon

30 cvcles/min

1 hr/day, 3 sessions//week for 7 1o 11 weeks

Fibrillation of epitendon

T Vascularity of epitendon; T SP and CGRP in
epitendon and paratendon

Limping gait

3
Nakama ct al.'*

Rabbit model of medial epicondylitis

Cyclical loading of flexor digitorum profundus
muscles; tendon examined; 2 hr/day, 3 days/week,
tfor 80 hours total

T Microtear area, | tear densities, and 1 tear size at
medial epicondyle attachment site in loaded limbs
Regional differences: Outer enthesis > inner enthesis

254
i

Topp and By

Primate model
Repetitive, forceful hand squecezing in owl monkeys
15 squeezes/min, 300 trials /day for 2 to 5 months

Tendon hypercellularity and disorganized collagen in
digital flexor tendons of one of three monkeys,
attributed to anatomical anomaly

No signs of active inflammation in hand tendons

Studies Examining Muscles

Stauber
et al. 127,128

Rat mode!

Forced lengthening of soleus muscle

Slow (10 mm /sec) or fast (25 mm/sec) strain rates
3 sessions/week for 4 to 6 weeks

Hypertrophy, | muscle mass, T mvofiber area
(adaptation) after slow stretch; T muscle mass,
| mvofiber arca after fast stretch

Splitting of myofibers and 1 type A fibers
(regencration) after fast streech; collagen struts after
slow strerch; clear fibrosis afier fast strerch

Stauber et al.*!

Rat model

Forced lengthening teccentric contractions) of soleus
muscle

50 strains /day, 5 sessions/week for 6 weeks
Followed by 3 months of cessation ot chronic
hyperactivity

Hypervascularity

| Muscle mass, | myohbers area

| Noncontractile tissue, | collagen content
Incomplete recovery of tissue changes after
3 months

Studies Examining Muscles, Tendons, and/or Serum

Barr et al.'!?
Fedorczyk
et al.'?®

Rat model
Voluntary LRLF reaching and grasping task
I reach/30 min, 45 mg force

l 2 hr/day, 3 days/week for 12 weeks

No [ 80, NMDArl, or CGRP in epitendon,
paratendon, or forelimb muscles
No increase in serum 1L-1x (only serum examined)
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Table 22-5
Animal Models of Overuse Injuries in which Serum or Musculotendinous Tissues Were Examined—Cont'd
Authors Model Tissue and Functional Changes
Barbe et al.'!! ; Rat model Forearm flexor tendon microfraying
Barr et al.’'>!'"'* | Voluntary HRLF reaching and grasping task Widespread 1 in macrophages in all muscles, tendons

Barr and Barbe™ | 1 reach/15 min, 45 mg force

2 hr/day, 3 days/week for 8 to 12 weeks

and CT’s examined in weeks 3 to 6; {COX-2 and
IL-18 in cells of muscles, tendons

Paratendon fibrosis in weeks 8 to 12

1 hsp72 in distal forelimb and palm by week 3

T Serum IL-1a

Fedorczyk Rat model 1 SP, NMDArl, and CGRP in epitendon and
et al.!?> Voluntary HRHF reaching and grasping task paratendon of forelimb muscles
1 reach/15 min, 180 g force, 2 hr/day, 3 days/week
for 12 wecks
Jarvinen et al.*'? | Rat model Recovery of 1 tenascin € in myotendinous junction

5 days/week for 7 weeks

Casting for 3 weeks followed by progressively
increasing low and high intensity treadmill running,

and tendon in dose-dependent manner with
treadmill running after casting
No de novo synthesis of tenascin C in muscle

CGRP, Calcironin gene-related peptide; COX-2, eyclo-oxygenase 25 CT, loose areolar and synovial connective tissuc; I1-1, interleukin-1; HRLF,
high repetition, low torce; HRHF, high repetition, high force; hsp72, inducible form of heat shock protein 70/72; LRLF, low repetition, low force;
MMDPs, matrix metalloproteinases; mR NA, messenger ribonucleic acid; NMDArI, N-methyl-p-aspartase receptor- 1, a glutamate receptor; Rep,

repetitions; TNF, tumor necrosis factor; SP, substance P,

microtears in the tendons at their epicondylar attachment
to the humerus. Backman et al.'*” reported on the use of
a controlled kicking model in the rabbit that induced Achil-
les tendonitis. Inflammatory processes, such as increased
vascularity and increased inflammatory cells, were observed
in the paratenon, and evidence of necrosis, reorganization,
and fibrosis were observed in the tendon by 5 wecks of
repetitive kicking.

Archambault et al."*"'*? also found evidence of an
inflammatory response and fibrotic responses in the parate-
non using this model. They observed increases in proin-
flammatory cytokines (IL-1 and TNF-a) and increased
messenger ribonucleic acid (mRNA) levels of matrix mole-
cules (e.g., collagen type 1) by 6 to 8 weeks of task perfor-
mance. When the kicking protocol was prolonged to
11 weeks, the inflammatory response apparently resolved
and remodeling responses occurred (e.g., increased mRNA
for collagen type III) in the tendon and paratenon.

Carpenter et al.'*? and Soslowsky et al.'** developed a rat
model of running-induced rotator cuff tendinopathy. Similar
to the studies by Backman et al. and Archambault et al., they
found evidence ofinflammation and fibrosis (hypercellularity
and tendon thickening) after 4 wecks of running. These tis-
sue changes persisted through 16 wecks. They also found
that biomechanical tissue tolerance decreased in the tendons
of experimental animals compared to controls.

Chronic, repetitive contraction of muscles often leads to
maladaptive fibrotic repair. Studies by Stauber et al.,'27:128
using a rat model of muscle force-lengthening (eccentric

contraction), indicated that repeated muscle strains at fast
velocities result in myopathic changes, including muscle
fiber splitting, infiltration of macrophages, and fibrosis.
These changes are in direct contrast to the compensatory,
adaptive responses that occur with repeated slow strains of
muscles. Increasing the exposure and duration of repeated
forced-lengthening leads to significant decreases in muscle
mass and myofiber area and increases in noncontractile
tissues (see Table 22-5). In another study, Stauber et al ®!
found that recovery from pathophysiological fibrotic
changes is slow, even with complete cessation of the
repeated strains for 3 months; this highlights the impor-
tance of prevention in the management of such disorders.
In the authors’ model of upper extremity overuse injuries
in the rat, evidence of musculotendinous damage was found
in the forearm flexors of the reach limbs of the rats training
under a high rate of repetition with low force (HRLF).!*
Immunohistochemical analyses showed that this tendon dis-
ruption was accompanied by an increase in activated exudate
macrophages by 6 weeks of task performance. Increases in
macrophages in loose connective tissues and at sites of mus-
cle and ligament attachments to bone also were found in
these HRLF animals. The increase in the numbers of macro-
phages rose significantly above those of control animals as
early as 3 weeks and peaked at 5 to 6 weeks. Serum levels of
IL-1« in these animals increased significantly above control
levels in week 8.''1112 [L-1a did not change significantly
with task performance in a low repetition, negligible force
(LRNF) group (2 to 4 reaches/min at 15% of maximum grip
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strength).''? The authors hypothesized that the net cytokine
production in the LRNF group allowed for maintenance of
homeostasis through the resolution of an acute inflamma-
tory responsc. The level of repeated incidents of mechanical
injury to the tissues in the HRNF group, on the other hand,
led to a net production of 1L-1x, indicative ot a chronic and
svstemic inflammatory response to the repetitive task.

Behavioral Changes That Coincide with Tissue
Inflammation in Severe Overuse Injuries

The authors have reported on behavioral indicators in the
rat model that offer insight into the behavioral conse-
quences of injury and inflammation. The reach rate (RRg
reaches,/miny is an indicator of the animals” ability to main-
rain task pace. The reach movement pattern is an indicator of
the quality of reaching. The HRLF group showed a signifi-
cant decline in RR in week 6, which coincided with the peak
inflammatory response, and a return toward bascline in week
8.1 The LRLE group did not exhibitany change in RR
over 12 weeks.''? However, the HRHF group underwent a
significant decline in RR in weeks 3 to 6 and a significant
decrease in sensation, grip strength, and NCV in week
12.°7 All HRLF animals developed progressively degraded
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reach movement patterns by 7 weeks of task pcrformancc,
whereas only 60% to 70% ot LRLF animals showed reach
movement pattern degradation.'''-t12

Messner et al.'*® reported behavioral changes that develop
in their rat model of eccentric loading of the Achilles tendon,
Using a repertitive task of 30 ¢veles /min for 1 hour per day,
3 davs per week, for 7 to 11 weeks total, they observed
the development of a permanent limping gait that was asso-
ciated with fibrillation ot the epitendon (the outer sheath of
the tendon), as well as angiogenic changes and increased
expression ot neurochemicals in this same tendon region.

These behavioral changes are summarized in Table 22-5,
along with the tissue changes observed in the particular
study. The findings indicate that functional declines may
accompany tissue injury and inflammation. Figure 22-6
shows a timeline that postulates the onset of behavioral
changes in relation to the pathological tissue responses.

Role of Proinflammatory Cytokines
in “Sickness Behavior”

The psychoneuroimmunological effects of proinflammatory
cvtokines, specitically 1L-1/, TNF-x, and IL-6, have been
studied extensively in animal models over the past decade
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Steps i the mtlammanon mediated development of work related muscaloskeletal disorders. The vernical

rigragged boundaries indicate uncertamty as to the speativ e frame for transinions beiseen progressive

steps. The timeline at the bottom o the tigure relates these ntlimmatory events to abservations of

behavioral indicators in a rat model At the very bottom of the ligure, the phvsical sign cbehavior

degradation) that reflects underlving pathophvaology s indicated . The three possible exposare-dependent

outcomes 1 this schematic are indicated as tollows, €13 acute inthammation tollowed by resolution and
restoration of normal tissue, as i the LRLE group; (21 acute inflammanon followed by fibrotic repair, as
in the HRLF group; and i 3 acute mtlammation followed by chronic sestenne inflammation, with or
withour fibrotic repair, and imtiation of a vicious evele of turther mpury and intlammation, as in the HRHE
group. LRLF, Low, repetition, low torce, HRLF, High repetition, low torce; JIRHF, High repetition,
high force. (Moditied trom Barr AE, Barbe MF: Inflammarion reduces physiological tissue tolerance in the
development of work-related musculoskeletal disorders, [ Elecevomvonr Kesesiol 14:82, 2004 )
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Proposed mechamism for the role of systemie distribution of evtokines in widespread symproms of

work-related musculoskeletal disorders. A unilateral, repentive activity induces a localized inflammatory

resporne: 1 the injury stimulus ceases, the acute inflammatory response resolves and healing oceurs.,

If the mqury stmulus persists, areulating evtokines affect tissues not directly involved in task performance

te.g.induang intlaimmation, resorption, degeneration, and malaise depending on the level of evtokines and
the tissue type 1, or they have global physiological effects. Initiation of the systemic response sensitizes tissues,

both local and distant trom the mjury stmulus, and causes further upregulation of proinflammatory

mediators. Henee the ovele of widespread and chronie effects is propagated. g, Increase: Mep, macrophage.
it Moditied from Barr AE, Barbe MF, Clark BD: Systemuc inflammatory mediators contribute to widespread
ctteets in work-related musculoskeletal disorders, Exere Sports Ser Rer 32:141, 2004

injured tissues and immune cells sull present in the tissues. As
shown in Figure 22-7, circulating cvtokines can stimulate sev-

eral global responses, including widespread stimulation of

macrophages and cell proliteration, local and distant tissue
sensitization, and sickness behavior. The presence of chronie
pain and other symptoms of central neuroplastiaity stimulate
a variety of sensorimotor behavioral consequences idiscussed
in detail in the next secrion ).

Central Consequences and Treatment
Implications of Chronic Repetitive
Overuse Injuries of the Upper Limb:
Focal Hand Dystonia

The Problem

Stresstul, repetitive use of the upper imb i work or sports
can lead o acute pain and loss of tunction. As the first part
of the chaprer showed, the evidence for mircrotrauma is
convincing. Rest, anti-mtlammatory: medications, a change
in biomechanics, and good ergonomics usually are ettective
treatment modalities. Untortunately, some repetitive strain
injuries become chronic, and degencerative changes are found

i tendons and muscles, scarring restricts soft tissue and joint
mobility, compression of peripheral nerves causes strain and
limits excursion and, in some cases, involuntary co-contractions
of tlexors and extensors lead to painless, uncontrollable, end
range twisting movements that interfere with the perfor-
mance of target tasks. This movement dvstunction is referred
to as eccupational hand cramps, musician’s cramps, keyboor-
dev’s cramps, golfer’s vip, and focal hand dvstonin. Research
studies report evidence ot degradation of the somatosensory
representation of the hand 10 animals and patients with
dvstonic hand movements and the need tor learning-based
traiming to reorganize the bram,

In this section of the chapter, the authors summarize the
principles ot neuroplasticity and the origin, diagnosis, and
treatment of focal hand  dyvstonia: they also review the
rescarch evidence  supporting aberrant learning as an
approach to the remediation of this condition.

Our hands allow us to pertorm delicate, complex, individu-
ated, tine motor movements, ' ' These skillful movements
are associated with large, orderly, somatotopic, highly differ-
entiated representations of the hand in the thalamus, basal
ganglia, and cortex (Figure 22-8).' ' Integrative func
tional representations of well-learned rasks {e.g., plaving an
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sensory and motor systems.'**?%2 The computational model
could explain why symptoms (1) develop in otherwise healthy
individuals who perform highly attended, repetitive move-
ments; (2) evolve variably in time; (3) appear only during the
performance of a target-specific task; (4) (i.e., dystonic move-
ments) persist ¢ven when the task is no longer performed
repetitively; (5) decrease but are not be remediated with
dopamine-depleting drugs or botulinum toxin; and (6) are
associated with abnormalitics in somatosensory, sensorimo-
tor, and motor representations of the dystonic limb.

Based on the integration of the sensorimotor learning
hypothesis with the computational model, appropriate treat-
ment must reduce the imbalance in the loop gain by redif-
ferentiating cortical and subcortical representations. If the
dystonia is severe, the cycle may need to be broken temporarily
with botulinum toxin injections before effective retraining can
be implemented without eliciting the abnormal movements.
The behavioral retraining must be based on the principles of
neuroplasticity. Pathological connections must be uncoupled,
and selective movements must be practiced to engage specific
and relevant sensory neurons and increase coordinated move-
ment components.

Clinical Assessment and Diagnosis

The diagnosis of FHd is made by a careful history. Past or
recent trauma must both be considered risk factors,?*! 2% par-
ticularly if (1) the trauma history reveals a strong temporal-
anatomical relationship to the onsct of FHd; (2) the trauma
was severe enough to cause persistent local symptoms and lead
to late medical attention; (3) the anatomical site of the original
injury was the same site as the initial manifestation of the
movement disorder; (4) the movement disorder developed
within days or months, (up to a year) after injury; and
(5) the patient had pre-existing contractures and limitations
of passive movement in the area of the involved limb.”'

FHd has also been reported in patients with a history of
high stress, a recent change in levels of stress, periods of
intensive repetitive hand use, job instability, application
of a new technique, a change in equipment, increased time
on task to improve quality of performance, and quantity of
work produced or intensity of time in sports perfor-
mance.?®* Most frequently, the initial complaint is pain
from inflammation and swelling as a consequence of tissue
microtrauma,”® 3810811204 Becqige individuals frequently
continue to perform the repetitive work, some can develop
chronic pain, degencrative conditions (e.g., tendinosis ),

Figure 22-10

Difterences in somatosensory evoked responses in a tlutist

without focal hand dystonia (A) and a flutist with focal hand 8 ::
dystonia (B). The somatosensory evoked potential for the § 0
flutist with focal hand dystonia demonstrates a short latency % _100
and a large amplitude compared o the flutist without focal L ol
hand dystonia. (From Byl NN, McKenzie A, Nagarajan 8S:

Ditferences in somatosensory hand organization in a healthy A
flutist and a flutist with focal hand dystonia: a case reporr,

J Hand Ther 13:302-309, 2000.)

fatigue, incoordination, or involuntary movements (some-
times severe cramping) when performing a familiar task.2%®
Personality characteristics such as perfectionism, anxiety, stress,
phobias, and emotional instability may also be abstracted from
the history of those who develop a focal hand dystonia,>*7-2%*

On the musculoskeletal examination, the patient may
complain of weakness, but unless clear signs of peripheral
nerve compression are present (¢.g., thoracic outlet, cubital
tunnel, carpal tunnel), the muscles usually are strong.
However, the patient may have a strength imbalance, with
the extrinsic muscles unusually strong compared to the
intrinsic muscles. Poor posture (i.c., forward head and
shoulders) 1s common, and end range limitations may be
seen in finger spread, forearm rotation, or shoulder external
rotation.”®” The neurological examination should be nor-
mal (c.g., normal tendon reflexes, good coordination, sta-
ble gait, normal light touch). However, some individuals
note physiological tremors, uncontrollable excitability, and
possibly even some dullness or sense of numbness in the
pads of the fingers when they are placed on the target
surface. These patients may also pertorm poorly on tasks
demanding cortical sensory discrimination (¢.g., Stereognosis
or graphesthesia). ™

During the examination, it is critical that the chinician look
for abnormal movements when the patient performs the rar-
get task; this is the most objective validation of FHd. Patients
should be videotaped while pertorming the target task, and
movements should be scored for both qualiny and severity of
aberrant movement. The Arm Dystonia Scale can be used
for these ratings.?”?7? Some clinicians may be able to use
computer technology or clectromyography to document
abnormalitics of fiming and force objectively, 2227 It js
important to examine both the involved and uninvolved
limbs 20:202.203,.239.240,249.252 256,274-276

Although not commonly ordered in the clinical
serting, research studies use electrophysiological mapping,
functional magnetic resonance imaging, transmagnetic
stimulation, electroencephalography, and magnetoen-
cephalography (Figures 22-10 and 22-11) to document
differences in neural firing patterns, blood flow patterns
with task performance, and representational topography
(¢.g., representational size, location, digit spread, and
order).?®? Biofeedback also can be used, or involuntary
co-contractions of agonists and antagonists, prolonged
firing, and inability to maintain consistent firing of the
dystonic muscles against resistance can be measured.

Musician with FHD
Left heml. : R digit 2

Musician without FHD
Lstt hami. : R digit 2
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Table 22-6
Learning-Based Sensorimotor Retraining
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Improve Sensory Discrimination

Improve Sensory Representation

1. Focus on sensory processing when manipulating
objects

2. Use sensory (not motor) information to shape and
guide movements

3. Emphasize learning activities

4. Challenge the regularion, quality, and quantity of
sensory information:
o At the nitation of movement
© During pertormance of all voluntary fine motor tasks

1.

SR

Improve accuracy of separation between sensory stimuli on digits to
increase difterentiation

Increase cortical separation of digits

Restore digit sequence and order

Reduce receptive field size on digits

Confine receptive ficlds to one digit, segment, and surface

Receptive Flelds Sorted by
Digit 1

Receptive Fields Sorted by
Digit 2

Receptive Fields Sorted by
Digit 3
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Receptive Fields Sorted by
Digit 4
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Receptive Fields Sorted by Digit 5
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(Experiment II); (3) to evaluate the effectiveness of
learning-based sensorimotor training in remediating FHD
(Experiment III); and (4) to relate change in clinical func-
tion to change in cortical structure after a learning-based
sensorimotor retraining program (Experiments IV and V).

All the subjects who participated in the studies (healthy
controls and those with hand dystonia) worked in an
occupation that demanded repetitive use of the hands.
The subjects in the cxperimental groups had a history
of chronic repetitive strain injury and were recruited
primarily from the Peter Ostwald Health Program for
Performing Artists and the Physical Therapy Faculty
Practice at the University of California, San Francisco.
Males and females 20 to 60 years of age who lived in
the San Francisco Bay area (or were willing to come to
the arca for trearment) were cligible. All subjects were
reterred by a neurologist, hand surgeon, or occupational
medicine or primary care physician.

Each subject had been clinically diagnosed with FHd at
least 6 months before participating in the study. Each
demonstrated (1) observable involuntary twisting move-
ments of the digits and wrist when performing the target
or similar tasks: (2) normal reflexes; and (3) no evidence
of objective peripheral neuropathy or central nervous sys-
tem pathology. The subjects had not received an injected
or svstemic drug to control the dystonia for more than
6 months before admission to the study. Ten subjects with
FHd and 15 controls were recruited for Experiment I
17 subjects with FHd and 17 controls were recruited for
Experiment II; 12 subjects with FHd and 30 controls
were recruited for Experiment IIT; one case study was
used for Experiment IV; and three case studies were used
for Experiment V.

Subjects with FHd were classified as having simple or
dystonic dystonia. Simple dystonia was defined as dystonia
limited ro one target task; dystonic dystonia was defined as
dystonia that occurred with tasks similar to the target rask
or surface contact of the hand. Severity was established
according to the Tubiana Dystonia Scale for Musicians
(0, unable to do the target task; 1, able to do limited
aspects of the task or perform the task for very short per-
iods; 2, able to do the task with modification of technique;
3, able to do the task but not efficiently or with normal
quality).”®’

For Experiment I, the subjects with FHd were classitied
into one of two severity categorics, mild or severe, Those
with simple dystonia demonstrated at a single task {rated
0 or 1) were classitied as mild dvstonia, whereas those with
dystonia when performing multiple tasks were rated 2 or 3
and classified with severe dvstonia.

Control subjects were contacted from a previous data
base of healthy subjects. These subjects were age and gen-
der matched to serve as historic reference controls for cach
of the experimental studies. In Experiment I, 15 reference
controls were included; 17 controls were included in

Experiment II. In Experiment III, 30 rcﬁ:rene’émo]
subjects were included.
A broad battery of standardized clinical test.s wg;
administered to the experimental and control groups. The
test procedures and the reliability of testing have beey
described in previous studies and are summarized in
Tible 229 2SI 0IPRLISI0NL 202 Somatosensory testing
was performed by trained rescarch assistants according to
standard protocols. Specitic subtests were summed into
seven dependent variables: (1) physical musculoskeletal per-
formance (sclected range of motion, strength, neural ten-
sion);  (2)  sensory  discrimination  (graphesthesia,
localization, kinesthesia, stercognosis); (3) fine motor eff-
ciency (Purdue Test time), fine motor skill (line tracing
accuracy and time), and digital reaction time (averaged
across the five digits for cach hand); (4) motor control at
the target task; (5) posture and balance; (6) functional
independence; and (7) pain. The subtests allowed for
comprehensive measurement of clinical performance.®”
Magnetoencephalography was used to define the neuro-
physiological responses to sensory stimuli. Each test was
performed by a trained staft member in the laboratory
and interpreted by trained in  bioima-
ging.**2%%% The test-retest values for the magnetic source
image (MSI) testing established in this laboratory are high
(>0.9).17% A 37-channel biomagnetometer {Magnes 11,
4D Neuroimaging, 1.5 {T, San Diego, CA) placed in a
magnetically shiclded room with two circular sensors
(14.4 cm) was used to create a Magnetic Source Image of
the hand. Two hundred fifty air puffs were delivered within
1 cm? sacs, for 30 milliseconds (msec), at 17 to 20 pounds
per square inch (psi), with a pscudorandom interstimulus
interval of 450 to 500 msec. The stimulus was a superthres-
held force designed to indent the skin 400 um. Each digit
on cach hand was stimulated on the distal pad, the middle
segment, and the proximal segment. In addition, a similar
stimulus was delivered to each side of the upper lip.
Normal cutancous somatosensory evoked field (SEF)
responses are characterized by a peak amplitude at a latency
between 30 and 70 msec, subject to a signal to noise ratio
greater than 4, goodness of fit (model/data) greater than
095 with a volume less than
3000 mm?* 32 3% The dependent variables recorded for each
SEF response included latency (in milliseconds), root mean
square (rms) amplicude across sensor channels (£T), ratio of
amplitude to latency, location of the digits on the x, yand 2
axes (in centimeters ), spread between digits, order of the digits
on the z axis, and volume of the hand representation (4/3 11
times the radius of the spread on the x, vand z axes).
Experiments I and II: Correlation of Clinical
Performance and Neural Structure. In Experiment I,
10 subjects were admitted to the study (19 to 60 years of
age, primarily musicians). Fifteen subjects served as refer-
ence controls. Most of the controls were graduate students
whose lives involved intensive computer use and writing,

professionals

mimimal  confidence



Table 22-9

Summary of Clinical Testing Procedures

Dependent
Measurement Tool Variable Scoring System Directions Reliability Equipment
Graphesthesia (modified | Sensory 2 = Correct Tip of a paper clip was used to draw designs on Inter-rater = 0.95 Paper clip and
subtest of Sensory performance 1 = Parually subject’s fingers while eyes were closed (EC). Test-retest: r = 0.91 design sheet
Integration Praxis Test correct Subject recreated design with pen with eyes open (Ayres®'!)
[SIPT]) 0= Incorrect (EO).
% error calculated | Two designs per finger pad.
Kinesthesia (subtest of | Sensory Average error Subject’s hand was moved to target and back to start | Inter-rater = 0.95 Target sheet
SIPT) performance (distance from position; subject attempted to relocate digit, EC. | Test-retest: r = 0.90 and ruler
farget) in mm Five trials per hand. (Ayres,®!! Byl et al.27%)
Byl-Cheney-Boczai Test | Sensory 2 = Correct Subject’s finger was drawn across the shape twice, | Inter-rater/intrarater = Twenty designs
(BCB) for stereognosis | performance 1 = Partially EC. 0.995 (ICC) and test sheet
correct Subject attempted to pick correct shape. Correlation of r = .60 b/w | of designs
0 = Incorrect Ten trials for second and fourth finger pads. BCB (Byl et al.*'? and
% error calculated Purdue Test Lafayette
[nstruments)
Digital reaction time Fine motor Time in msec, Subject turned stopwatch on/off as quickly as Intrascssion reliability ranges | Stopwatch
performance average of all trials | possible. from 0.975-0.99
Three trials per finger. (Bohannon®'?)
Purdue Test Fine motor Total time to put | Subject put 25 pegs into a board and then removed | Lafayette Instruments - Warch, peg-
performance pegs in and out them. distributer board
Manual muscle test Musculoskeletal | Kilograms of force: | Performed per procedures defined by Kendall R = 0.887 Jamar,
performance UE and LE {Kendall and McCreary®'®) with dvnamometers Multiple correlation with Microfet, and
Scores total all added to increase objectivity used for grip, key, and | manual muscle test (MMT)| Baseline
scores™ pinch grip. dynamometers
(Continued)
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In Experiment II, nine males and cight females with
FHd were admitted (23 to 55 years; mean age, 39.9 years
[+ 11.1 years]). All worked in jobs requiring repetitive
hand movements (e.g., musicians, computer users).
Eleven of the FHd subjects had simple dystonia, and six
had dystonic dystonia. Ten subjects could no longer prac-
tically perform the target task such as writing, keyboard-
ing or musical performance (severe dystonia), and seven
could perform the task for short periods with modification
of technique (mild dystonia). Fifteen reference control
subjects (eight males and seven females) were included,
ranging in age from 23 to 57 years, with a2 mean age of
37.4 years (£ 9.7 years). Two controls were musicians,
and the other subjects worked aggressively on a computer
keyboard. Most of the control subjects were graduate
students, faculty, or friends of students or faculty who
had a history of repetitive hand use (c.g., intensive note
taking and computer use).

In both experiments I and II, subjects with FHd per-
formed significantly worse than healthy controls when
using either the affected or unaffected side on musculoskel-
etal tasks, balance activities, postural alignment, fine motor
control, and sensory discrimination. In Experiment I1, in a
comparison of the affected limb, those with severe dystonia
demonstrated greater restrictions on musculoskeletal skills
and target-specific motor control. Although the overall sen-
sory discrimination accuracy was low for all FHd subjects,
those with severe dystonia performed faster than those with
mild dystonia. On the unaffected side, those with mild dys-
tonia demonstrated greater inaccuracy when performing
the target-specific task (see Figure 22-11).

No significant differences were seen between the mean
SEF latency or mean amplitude for FHd subjects and refer-
ence controls in either study, but the location of the digits
on the x axis (bilateral) and the y axis (affected) were signif-
icantly different (p <0.0001, respectively), and the ratio of
SEF mean amplitude to latency was higher for FHd sub-
jects compared to controls (p <0.05) (see Figure 22-11).
On the unattected side, the volume of the hand representa-
tion was significantly larger for FHd subjects compared to
controls (p <0.05).

In Experiment 11, the ratio of SEF amplitude plotted by
response latency was significantly lower in the early phase
(less than 100 msec) for the FHd subjects compared to
controls. The amplitude was similar for the control subjects
and the FHd subjects for the unaffected digits on the
affected limb and the digits on the unaffected limb.
In addition, in Experiment II subjects with FHd showed
a bimodal distribution of mean SEF amplitude plotted by
mean latency on the affected side (mean latency ranging
from 30 to 60 mscc and the mean amplitude ranging from
20 to 119T). A negative lincar trend of amplitude by
latency was scen for the digits on the unaffected side for
FHd subjects and all of the controls (as the latency
increased, the amplitude decreased).

The field evoked firing patterns for controls and those
with dystonia (mild and severe) were similar when
measured on an unaffected part, the lip. However, in
Experiment II, integrating amplitude by latency on the
affected limb, those with severe dystonia had a significantly
higher amplitude than those with mild dystonia. Those
with severe dystonia had a short latency and a high ampli-
tude, and those with mild dystonia had a long latency and
a low amplitude (see Figure 22-11). Bilaterally, the volume
of the representation of the hand for those with mild dysto-
nia was larger than the volume for subjects with severe
dystonia.

High, significant correlations (0.9029 affected and
0.8477 unaffected; p <0.001, respectively) were scen
between the severity of dvstonia and the SEF ratio of ampli-
tude to latency. On the affected side, negative correlations
were seen between the SEF ratio and dvstonia severity with
musculoskeletal performance, motor control on the target
task, and fine motor skills. FHd subjects with mild dystonia
tended to have a low SEF ratio and demonstrated higher
performance on these tasks than those with severe dystonia.
A significantly negative correlation was seen berween fine
motor skills and the SEF ratio on the affected side; those
with a high SEF ratio ot amplitude to latency demonstrated
greater inaccuracy. On the unatfected side, a significant,
moderately positive correlation was seen between the sever-
ity of dystonia and performance on the target task; subjects
with mild dystonia had lower performance scores on the
target task.

Experiment III: Effectiveness of Intervention
with Learning-Based Sensorimotor Training. The
purpose of this study was to assess the effectiveness of
learning-based sensorimotor training and recovery of task-
specific and sensory motor function in patients with
FHd.'*"2%! Twelve subjects met the same criteria summar-
ized in Experiment I and completed the clinical tests as
described in Experiment 1. The principles of treatment are
summarized in Boxes 22-1 to 22-7 and Tables 22-6 to
22-8 and discussed in the previous section describing
learning-based sensorimotor training,.

All subjects improved significantly on all parameters of
clinical performance (25% to 80%), bringing the perfor-
mance of musculoskeletal parameters, sensory discrimina-
tion, and fine motor control to the level of normal
subjects. Task-specific motor control increased to 94%. All
but two subjects returned to their previous work, but none
regained 100% control of the hand, Rather, each subject
had to be caretul with performance strategy, reducing ten-
sion and implementing careful ergonomic strategies. Some
subjects no longer played professionally, although others
returned to professional performance.

Experiments IV and V: Effectiveness of Learning-
Based Sensorimotor Training. The purpose of the case
reports used in experiments IV and V was to determine
the effect of learning-based sensorimotor training on
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neurophysiological and structural change and clinical func-
tion in patients with FHd. One subject with work-related
keyboarder’s cramp and three musicians were included in
the studies. Ten healthy, age-matched subjects served as
reference controls for magnetoencephalography, and 30
additional healthy subjects served as reference norms for
the clinical performance parameters. Two subjects lived
outside the United States, and two were from the San Fran-
cisco Bav arca. All the subjects agreed to participate in at
least 8 weeks of physical therapy. All the subjects had been
diagnosed with FHd by a neurologist approximately 1 year
before this current intervention study.

All the subjects were otherwise healthy except for com-
plaints of painless, uncontrollable curling of digits four
and five (D4-D5Y on the left hand when they played their
instrument. All the subjects described excessive curling or
extension of D5 and difficulty lifting D4. All subjects
noticed that controlling D4 and D5 was more difficult
when D3 was pressing down., All the subjects were
completely independent in personal care and houschold
management and were well integrated into the community.
These subjects followed the learning-based sensorimotor
training paradigm, in addition to going to the gym to
maintain a positive fitness routine,

All the subjects participated in measurements before
and after treatment, including magnetoencephalography
and clinical testing as described in experiments 1 and
J].70169179.202.257390 gupiect 1 participated in supervised
treatment for 12 weeks (two 6-week sessions), subject
2 participated daily for 2 wecks, and subjects 3 and 4 par-
ticipated in therapy once a week for 17 weeks. Conse-
quently, the total period of treatment and the number
of visits with a physical therapist varied across subjects
(23 visits for subject 1, 19 visits for subject 2, and 23 to
25 visits for subject 3).

At baseline, controls had a similar pattern of somato-
sensory evoked responses on the right and left sides, with
one exception: on the z axis, the spread of the digits on
the dominant hand was greater than on the nondominant
hand. In addition, on both hands the order and location
of the digits on the z axis followed a predictable pattern,
with D2-D5 progressing tfrom interior to superior. How-
ever, subjects with FHd demonstrated measurable difter-
ences. The amplitude and spread of the somatosensory
evoked responses of the digits on the x, v, and z axes were
reduced on the attected side compared to the unaftecred
side, and the digits were not sequentially organized from
inferior to superior for D1-D5 on the 3 axis on either
side. Compared to controls, the musicians with FHd had
a shorter SEF latency, the neuronal burst was higher on
the affected and unaffected sides for subjects 1 and 3,
and the amplitude was lower in the carly phase (30 to
70 msec) for subjects 2 and 3. The location of the hand
representation on the x, v, and 2z axes were different for
FHd subjects and controls, and bilaterally, the spread of

the digits on the x, y and z axes was greater for the
subjects with FHd (who were all musicians) compared to
controls.

In general, the reference controls achieved comparable
clinical performance bilaterally and across digits, except
that motor reaction time was slower for digits 4 and §,
Some of the controls had postural asymmetry and indj-
cated that their health sometimes interfered with daily
activitics (scoring 89.6% of a maximum score of 100%
for functional independence). On the other hand, at base-
line, on both the affected and unaffected sides, the sub-
jects with FHd demonstrated reduced accuracy and
slowing in sensory processing compared to controls. On
the motor performance tests, subjects 1 and 3 performed
bilaterally with reduced motor accuracy and had pro-
longed processing time. On the affected side, Task Spe-
cific Motor Control Scores were approximately 50%
lower than on the unaffected side. Subjects 2 and 3 had
limited finger spread between D3 and D4 and D4 and
D5 on the affected side (25" on the affected side com-
pared to 35° to 45° on the unattected side). Compared
to controls, the subjects with FHd were more likely to
have poor posture, positive signs of neurovascular entrap-
ment, decreased strength in the lumbricals (on both
sides), and limited shoulder internal rotation (e.g., 45°
to 55° bilaterally). All of the subjects with FHd returned
to school or work but were not working at their usual
jobs. They still reported difficulty with target-related
functional activities (scores ranging from 63% to 90% of
maximum performance compared to an average of 89.6%
for controls).

Based on repeated magnetic source imaging, mapping did
not change with retesting in controls. However, the three
subjects with FHd showed a gencral increase in the spread
of the digits and the area of representation on the cortex
on the trained side (larger than control subjects), whereas a
decrease in the area of representation was measured on the
unaffected side. On the affected side, the order of the digits
(D1-D5) approximated an inferior to superior progression
from D1 to D5, but the digits were less distinetly ordered
than in controls (Figure 22-16). The amplitude of the
evoked somatosensory potential, integrated over time, was
increased and similar to controls on the affected side (see
Figure 22-16; also Figure 22-17).

After intervention, the subjects with FHd  scored
between 80% and 90% on the target task. Motor reaction
time was similar to controls on the affected and unaffected
sides. The subjects with FHd improved 37% to 42% in
motor accuracy, performing similarly to controls; however,
they needed more time to complete each task. Accuracy
improved 25% to 50% on all sensory tests (e.g., they per-
formed similarly or better than controls). However, two
of the subjects with FHd required more time to perform
the tests compared to controls (¢.g., 66-197 seconds com-
pared to 37 seconds for controls). The subjects with FHd




















