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Introduction 

Thi.'. purpos1: of {hi� duptcr is to intcgr.ne the h,\si( s(ien(c 
of injury, rep.1ir, .111d rl'(on:ry \\'ith .1.:utl.'. .rnd (hronic 
(umul.ui,·c tr.mm.\ disorder:,. The loc,\I cellular responses 
to rqietitin: fon:o .,re dc.1rly outlined. Rese.u(h tinding!, 
b.1snl on ,\nim,\I modds (,Ill expl.1in rhc rise in the \\·ork­
pl.l(l" im:idc.:nl.'.l" of repetitive str.1in injuries. Ergonomi(
.1d.1pt.1tiom .111d tlll"r,1pcllti( intc.:rn·ntions Jrc.: dis(usscd for
tlK c.1rly st.1gc� of loc.1l tissue injury. Ho\\·(,c.:r, pcripherali-
1.ation of the injur�· is not uncommon \\·ith (ontinued
ex(cssh·e repetiti,e forces. The (entral con,equenccs of
o\'entse .1re highlighted h.1scd on l.lboraton· Jnd dinkal
scicn(c rc.:sean:h. A dinic.11 mmkl of foc.11 h.111d d�·stonia is
used as l'X,1mpk to support the hypothe�is of .iberr.rnt
central karning with ..:hronic, C\(C!,sin: 1i,-crusc of ,l limb.
The: chapter (ondudcs by presenting c.:,·idenl.'.e to support
th..: dti.:..:tiwncss of compkx karning. b.1snl intcrn:ntion
strat..:g.ic� to r..:mcdi.ne probkrm of ..:hronic repctitin· !>lr,1in
iniuries.

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

The Problem 

\Vork · rcl,Hcd mu,l.'.ulo�kdct.11 di,on.kr, ! ,\IS I), 1, or ,,·ork · 
related repetiti,·c �t rl."" 1 o,·eru,l", in1uril·,, h.1\'l" .1t",·1H111ted 
for ,\ signilic,HH proportion of ,,·ork inptri,·, .rnd ,,·orkcr,' 
i:ompcnsarion d.1ims in \ \"e,t cm ind11\l ri.1li 1nl n.11 iom 
sinl"c: the I.lie 198(h. TIH· o:tent to \\'htl"h work i, .1 
(ausal fa..:tor in thl." de,·clopmcnt of ,ud1 d,,ordcr, i, 
still the �ubjcct of nHtl"h ,·ontrm·,·r,y. I f<I\\T\"t'r, rl·,·cnt 
epidemiological stud ie:, h .n·c gn: ,\l h- i n1proH·d mc t hod, 
of distingui�hing bet\\'l:cn the (011trihutirn1, of \\·orkpl.11.'.e 
and nonworkplacc risk factor, in t h1: dt'\·clopment 
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,rnd snnit\· or' work-rd.1tl·d ,\lSlh The evidence is 
..:k ,11" t h.H both \\'orkpl ,1\°l' .1 nd IH>ll\\ orkpl,Kc factors can 
ClllSC or l"X.\(erb,'1C W1ll'k-n:\.ll\."d :,_\Sl)�. ,md the KC� to 
controlling the imp.Kt of �u.:11 di"inkrs in the \\'orkplacc 

i� prevc.:mion. 
Although there i� �till mul"h to k,1rn ,1bou1 the underly· 

ing p.uhopll\'�iolog,· of th(�c di�order:,, epidemiological 
res<:,lrl"h h,1s pro\'ided infonn.Hion ,\bout the.: scopl" of the 
probkm .ind likdy c.1us.1l factors th,H on he studied in 
the bboratory .111d .rnH>ng dinil",ll popul,nions. This section 
re,·icw� the recent cpidcmiolog.ic1I litc:raturc on work· 
rd.1ted i\1SD� of till" h.111d .ind wri�t. ,,·ith an emphasis on 

the most pn.·,·.1k11t pcriphcr.11 tll'n·e .md nrns(ulotendinous 
disord .. :r�. 

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

Definition of Work-Related Musculoskeletal 
Disorders 
·1·hl' l' .S. l kp,1n llll"lll <>I

° 

l.,,b<ir ddim·� \\'<>rk-rdated MSDs
.1, injuril·., or di�order:-. of the mmck�, nen·es, tendons,
1oinh. c.1rtil.l�,·, .111d ,pin.ii di�cs .1s,ot"i.1tcd \\"ith exposure
to ri,k l.112tor, in t lw \Yorkpl.1cc. \\'ork rcl,,tcd 1\\SDs include
,pr,1i11,, ,tr,1in�. 1e.1r,; h.11.'.k p.,in. hurt b.Kk; sorcn1:ss, pain,
hurt I e,cl·pt the h.1ck l; c.1rp.1l tunnel �yndromc; hernia; or

m11,culo�kt·kt.1I ,y�tnn or connl·cti,·e ti:o.!-.ue diseases and
di,ordn,, "·hrn t ht· n·c.:nt or ,·xpmurt· k;1din� to the injury
or illm·" ,.., hodih- rt·,1ctio11/kndi11�. dimhing, na\\"ling.
rc.1d1i11µ,, t\\'i,tin�, mnnenion. or rcp,·tition.1 Work·
r1:l.1tl·d �\SI), do not indude di,order, c.1t1sc:d br slips,
t rq,,, 1:111,, rnotor ,·d1idr .1t·t"i .. k111:, or :-.imilar ;11:ddcnts;
nor do thn 111dt1dl' R.1\·11.wd', phenomt'non, tarsal tunnel
,,·ndronll·, or h..:rni.11cd ,pin.11 di�(,. Thr,c c.1ses arr (Onsid­
t·red \l0p,1r.1td,· from m11�culmkek1.1I tbordcrs in the
B11rc.1t1 ot' L.1bor St,lti�ti,.:s SurH·y of Occupational Injuries

.md lllnc\,e�. 1 
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Work-Related Musculoskeletal Disorders 

Work-related musculoskeletal disorders (MS0s) are injuries 
or disorders of: 

• Muscles 
• Nerves 
• Tendons 
• Joints 
• Cartilage 
• Spinal discs 

Events or exposures that lead to work-related MSDs include: 
• Bodily reaction/bending 
• Climbing 
• Crawling 
• Reaching 
• Twisting 
• Overexertion 
• Repetition 

Work-related MSDs include: 
• Sprains. strains. tears 
• Back pain, hurt back 
• Soreness. pain. hurt {except the back) 
• Carpal tunnel syndrome 
• Hernia 
• Musculoskeletal system or connective tissue diseases and 

disorders 

Work-related MSDs do not include: 
• Disorders caused by slips, trips, falls, motor vehicle accidents, 

or similar accidents 
• Raynaud's phenomenon 
• Tarsal tunnel syndrome 
• Herniated spinal discs 

Risk Factors for Work-Related Musculoskeletal 
Disorders 
:\s the pre,·iously mentioned definition implies, certain risk 

fanors ;\re .1sso(iated \\'ith the de\'dopment or exacerbation 

of i\.lSDs in the \\'orkpl.1ce. These risk focrors include borh 

physic,I or biomed1.1nical and psychosocial conditions. 

In addition, (ertain \\'orkn ch;1r:Kteristics may predispose 

indi,idu.1b to beini? mon: se,·ercly afti.:(ted lw exposure to 

risk 1:1(tors in the workpl,\(e. 

Physical and Biomechanical Risk Factors. The 

ph\"!>i(.il or biomc(h.rnic.11 risk fal.'. tors that ha,·c been shown 

lo ~·onrribut<: to Ilic onset or cx.1~:erbation of work -n:l.ircd 

~1SI h indude tht· pcrform.,nt·e of high I\' n:petiti,·c ,llld/ or 

highh· fo1n·tid mot ions; the assumption of fixed postures 

tiir long. pniods , p.micul.uly if sud1 postures plal.'.e joims 

in the extremes of physiologic.11 r.mge of motion; the pres· 

cncc o l \'ibr.uion ( cg., during the operation of h,rndhdd 
power tools l: .llld ,,·orking in (old tcmper;Hurcs. 2--~ These 

risk t:Ktnr~ m ay (ontributc indi\'idually or in combination . 

-~· 
Risk Factors That Contribute to Work-Related 
Musculoskeletal Disorders 

Physical and Biomechanlcal Risk Factors 
• Repetitive movements 
• Forceful movements 
• Awkward or extreme postures 
• Vibration 
• Cold temperature 

Psychosocial Risk Factors 
• High work stress or demands 
• Low job satisfaction 
• Low decision control 
• Poor workplace social support 
• Contentious relationships with supervisors 

Individual Predisposing Risk Factors 
• Co-morbid medical conditions 
• Physical and psychosocial risk factors not related 

to the workplace 
• Obesity 
• Age 
• Female gender 

Some e,·idcnce indic.Hl"' th.H ,\ (0111 hi11.1t in n of physi(,11 risk 

fal"tor~. p.ntid1l.1rh- rcpt·titin:nc" .llld Ii 1rl"l'ful11c,s, is more 

than .1ddi tiH· in inl"n:,1\i11g. t he ri,k of pniphe r.\l ncuropathy 

.ind mus(tdotcndinous disordns n! the upper limb. ~-4 ·,; 

Psychosocial Risk Factors. Pwd,os<Ki., l risk fa,tors 

in tlK \\'orkpl.\(c ,\l!>o l"Olllributc to work-rd.1tcd MSDs. 
These fKtors ., re ,1ss<Ki,1ted ,,·ith k,·d, o! \\-orkplacc stress, 

sud, as job ~·o n tent and denumh , job (oncrol , .md social sup­

port:' Ex,,mpks of such 1:1ctors ind udc low ,n>rker 1.:ontrol 

O\'cr \\'ork tlow and org.miz.Hio n I cg., assrn1bly line.: \\'Ork); 

1.'.0ntentious rebtionships \\i th (O · ,, orkns and supen·isors; 

low dc-cision ·m.,king: ,Hlthority; time pressure; and, ex(essive 

employee pnform,mct· c,·alu.nion by m.rn.,gemcnt. 

Individual Predisposing Factors. :--:onworkplace 

t:Ktors .1lso can l"<>ntrihutl' to thl· de, dopment and cxa,er· 

b.nion of \\·ork -rcl.nnl ,\1SDs, .rnd it is \' ital chat health care 

prO\"iders explore sud1 possihilitic" " ·it h ,,orkcrs receiving 

tre.nmelll for st1 l"h disordns. Thcst' indi\'idual predisposing 

t:Ktors (,\11 indudc simil .,r pln-si(.ll .md psydwsodal risk 
factor'-, .. u,h .ls pl.,, ing ., musi.- .11 in.,trumcnt or high levels 

of siro., in rhc home. ( :cn.1in past or current medical con­

ditions .,lso m.1y be co-mmhid risk factors for ,,·ork-rclatcd 

,\ISDs:' ·" :.; E\,\lnpks i11dudc p.,st traumatil.'. injury to the 

,\lkctcd bmh p.nt ! l' .~ -, ., fr.1 ctu rc or sprain ) .md systemic 

d isc.,.,l·s th ,\l .1ftt·(t the nlll!>( uloskcktal system (e.g., rheu­

m.uoid .1rthritis .md o ther rhcum.,rologil.'.al disorders, 

di.1bctes mcllit m, .md dist\ \s<.:s .md disorders of the circula­

tory system i. \\'om1.:n .1ppe.1 r to be rnon: susceptible to the 
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--..de\'dopmcnt of work-related MSDs than men, although 

this is highly industry dependent .3·
8

·
10 Advanced age may 

increase the impact of other risk factors on the severity of 
MS Ds/·7 ·'' and obesity has been shown to predict the onset 
of MSDs. 11,1

2 

Work-rclat1:d MSDs. then:fon.:, ha\'e multifactorial causes, 
and the inta,Ktion het\\'cen physical and nonphysical and 
workpl.Kc .rnd noll\\·orkpl.,~·e risk factors is complex. This 
compkxitY contributes to t he.: pc.:rsistcnt contro\'Crsy sur­
rounding gon.:rnm1.·n1.,I rq~ul.nion of these disorders. Con­
s<:qu<:mh·. pri\',lt<.' industry in the United Sr.m:s addr<:sses 
th1.·s<: di~ord<:rs on ., n>luntan· b.1sis, using industry-specific 
guideline~ prO\·ided by the Occup.ltional Sakry and Health 
:\dministr.nion { ( )SH:\ l ( \\'\\W.o~ha.go,· ). 

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 mrn.t m.:cnt Burcau of Labor Statistics 
sur\'<:y, \\'ork -n.:bted ,\1SDs accowm:d for 435,180 ( 33%) 
lost workd.,y injuries and illness<:s in LT .S. industry in 
2003. 1 R<:petiti\'<.' morion (<:.g .• grasping tools , scanning 
groceries, and typing ) was 01.H: of the most common 
c\·c.:nts or nposun:s kading to work-rc.:lated MSDs, and it 
accountc.:d for the longest ,,hscnccs from work by exposure.: 
tYpe ( rncdian of 22 lost days). Th<: tlire<: occupation;\! 
groups \\·ith th<: most \\·ork-related MSDs \\'<:re ( 1) nursing 
aides, orderlies, and .mend an rs (33,710 cas<:" ), ( 2) labnn:rs 
and matcrial mo,·ers (33,090 use!> ), and ( 3 l truck drin-rs 
(20,580 cases). The.: first two groups in\'oh'<: jobs requiring 
hca\'y and repetitin: lifting. whc:rcas truck dri,·ing rcquiro 
prolonged sitting with cxposurc to whole bmh \'ibr.nion. 

Work-related MSDs continue to c.HJ<.l' ,ub~t.lnti.,I worker 
discomfort, disabiliry, and los., of producti,ity. :\mong the 
remaining top 15 occupations rqmrting work · rel.ned 
MSDs were stock clerk~ and order tilkr~ ( rqx ·titin: mrnkr.11e 
liti:ing and gr.l!>ping ), ~·on<,trudion laborers ( lift in~ ,llld 
use of hand toob, \omc with \'ihr,nion l , and c.1\hicr\ { n.:pni ­
tivc.: light to mmkr.ltc lifting .md gr.1sping J. The ,en iff 
industric:s (e .g. , he.11th c.m:l .,ccountnl ti,r 7 1'};, ot'.111 ,\1Slh, 
and good<,-producing indu.,tries lc:.g., m.mufadurin~u 
accounted for the rem.,ining 29'Y.,. C.1rp.,I tunnel wndrome 
was among the nujor dis,1bling injurit·~ .md illim,.,c<. in 
2003, and it had the highr<.t mnlian of lmt workd.1ys ( 32 ). 
Injuries to the wrist had a median of 17 lmt \\'orkdan. These 
patterns of lost-workday injurie~ and illnessc:s sho,,· the 
impact of upper limb MSDs in th<: U.S . \\'orkforce. 

. -~ 
Scope of Workplace Musculoskeletal Disorders 
in U.S. Industry 

.,., •... 
• One in three lost-workday injuries and illnesses is a wor1<-relatad·, 

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~ 

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 

'h\'I> compreh1.·n~in· rn ie\\'s of tht· literature concerning 
\\·ork-rel.nni MSDs h.,,·c: h<:rn compktcd since 1997 . 
.-\ re\·in, undert.,kcn by the :,..;,nional Institute for Occupa· 
tion.11 S.1kty .md Hc,lth (NIOSH I indmkd more than600 
<:pidl'miologic.,I studi<:s, dating from the 1970s to the mid­
l 99(b, concnning \,·ork- rel.uni MSDs of the neck, upper 
c:xtremin· .• md low b.ick.2 In this re\'iew, the framework 
for c\·.,luating cpid<:miologic.,I l'\·idrnce for a causal rela· 
tionship b<:t\Yeen \\'orkplact· risk factors and work-related 
J\'1SD<. included .111 <:\·aluation of strength of association 
\\'ithin studics, consistcncy ;Kross re\'icwed studies, tempo· 
rality between c:xposure and work-related MSD outcome, 
nid<:nce of ,lll nposurt· -rcsponse relationship, and coher· 
e1Ke of e"id<:1Kc. Based on this framework, evidence for a 
relationship lwrween workpl,Ke risk fa..:tors and the devel­
opment of work-related MSDs was classified into one of 
four categorit·s: strong <:\'idencc of work-relatedness, 
e\·iden..:e of work· rdatcdncss, insufficient evidence of 
,, ork -relatedne~s .• md e\·idence of no effect of work factors. 

The N.uional Rcsearrh Counci l ( N RC) and the Institute 
of Mc:dit"ine conducted ,l second , more exdusive review 
of thr \\'ork -related MSD liter,uure.'~ The NRC review 
indmkd \t udies from the lat<: 1970s to the late 1990s that 
cx;m1ined ti~~lll' p,ll hophysiology; mechanical, organiza­
tirnul, .md pwchosocial risk factors; and clinical interven­
tiom fi1r \\'ork-rel,1tcd MSDs of th<: uppl'r extremity and 
Im\ h,Kk. ror epidemiological studies of the upper cxtrcm­
it~·. the p.rncl rc,·ie\\'<.'d 42 srudie~ of physical risk factors 
.111d 28 .\ludie\ of p~,·chosoci.,I risk factors . These studies 
\\TIT :.ekllnl from ., l,ug.cr l\\lldidatc list of studies based 
on \<:kction critrri., th.11 \\'ould .1110\\' the rc:porting or cal­
rn l.1tion of rel.lli\T ri<.k or .ltlrihur.,bk fra<.:tion, two epi· 
d<.'miologic.,I qu.rntities used to cstim.1te the eftcct of an 
<.'\prn.urc on tht· ~k\'dopmc:nt of .1 hc.,lth outcome. 

ror tht· pmpos<: of this disrnssion, the.: findings of these 
t\\'O m.,jor re\'it'\\'S conc<:rning the t·pidemiology of the 
most prn·aknt work -related hand and wrist disorders 
.,re: summarized; thrn.<: disorders arc carpal tunnel syn­
drome and disorders of muscu lot<:ndinous tissues. 
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Carpal Tunnel Syndrome 
The NIOSH review reported strong evidence for a relation­
ship between i:xposure to combinations of force and repeti­
tion or force and posture and the development of carpal 
tunnel syndrome ( CTS). Evidence of a relationship between 
cumulative exposure to force, repetition, or hand/wrist 
vibration and CTS .1lso was seen. The evidence was insuffi­
cient to detcrmim: the role of awkward postures alone in 
the development of CTS. 

The NRC review included 15 studies of upper limb 
peripheral nern:- disorders. Three studies reported an in­
creased risk of CTS with exposure to high force alone _4.1.~.,4 

Four srndies reported an increased risk of sensory distur· 
bances or CTS with exposure to vibration alone .1:;. iH Four 

studies reported .rn im:reased risk of CTS with exposure 

h. h . . I -I I~ J<) 20 0 d d to ,g repctmon a one . · · · ' . nc.: srn y reporte 
decreased nerve conduction ,·elocity of thc median nerve 
with exposure to a combination of repetitive motion and 
awkward postun: _.~ 1 One study reported an increased risk 
of CTS with exposure to cold tempcrattm:s .19 rour studies 
reported an increased risk of ( TS with exposure to various 
combinations of force, repetition, , ·ibration, .ind cold 

4 I .~ 1'1111 temperatures. · · · 

Musculotendinous Disorders 
The NIOSH rl',·iew reported that strong evidence cxisted 

that combinations of force and repetition wen: associatcd 

with the de\"clopment of hand/wrist tendonitis. E'"idence 
of a relationship between exposure to force, repetition, or 

awkward postures alone and hand/wrist tendonitis also 
was seen . 

The NRC rc\"icw indudcd nine studies concerning 
musculmendinous disorders of the hand and wrist asso· 
ciated with exposure to physical risk factors . Five studies 
reported an increased risk of musculotendinous disorders 
with exposure to force alonc.4 ·

22
·
27 Two studies found 

an association between exposure to vibration alone and 
musculotendinous disorders. 1 

" ·
16 Two studies found an 

association hetwccn musculotendinous disorders and 
exposure to repetition alone20 or to a combination of 
force and repetition.4 Thirteen studies reported a positive 
association between psychosocial risk factors (e.g., job 
stress, job satisfaction , work demands) and hand and wrist 
discomti..>rt or disordcrs4·28 

·~" 

The O\'crall condusions of the NIOSH and NRC 
rc\"icws, thnefore, wen: essentially the same: e,·idence sup· 
ports associations betwcen workplace physical risk factors 
and hand .rnd \\"rist ,,·ork-rebtcd MSDs. The NRC study 
further examined the importance of psychosocial factors 
as contributors to the risk of hand .i.nd wrist MS D develop· 
mcnt. Roth the NIOSH .ind NRC re,·iews identified gaps 
in the literalllre in the hope of guiding hiture research . 
In subsequent years, i1l\"estigators began to address some 
of these issues, and a re\'iew of epidemiological studies from 
1998 to 2003 concerning CTS and hand/wrist disorders 

recently was published .40 Table 22- 1 presents a more 
recent update of the epidemiological literature concerning 
CTS and hand/wrist musculotendinous disorders. 

Epidemiological studies, many of them longitudinal 
rather than cross sectional, continue to support a causal 
relationship between prolonged exposure to highly repeti­
tive and/or forceful hand-intensive tasks, \"ibration, psy· 
chosocial stress at work, and the development of CTS or 
other MSDs related to hand/wrist activities . 11 

·
12

•
41 

"
45 

In addition , a past history of CTS or hand/wrist pain or 
discomfi:>rt increases an indiYidual's risk of developing a 
new MSO related to upper limb actiYity o r of exacerbating 
the existing activity-related MSD. 11 ·123.H4 

Hours of computer mouse and keyboard use, as well as a 
history of computer ust:, .ire .1ssociated with an increased 
pre,·alence and incidcnce of upper limb discomfort and 
MSDs; howe\"er, contro\"er'>y ,till exi'>t'> in tht: literature 
concerning the.: magnitude .md <,e,·erity of computer-related 
MSDs.-l·HII MS()., rel.1tni to upper limb .lcti,·it\" ha\"e a 

higher pre,·aknce and incitkncc in \\·om~·n,4 ;;.4x and one 
author has shown th,n moth<.:rhood <.:X,lc<.:rb,ttes this gender 
relationship by prm·iding fr,,n opportunitie, for working 
mothers to relax .md ex<.:rci,e outside o f \\"ork .49 Several 
im·estigators found an incrl'asni risk for work-rel.lted upper 
limb MSDs wi-rh incre,1sing .1gl' .rnd with ,\ bod,· m.1s'> index 
(RMI ) near the borderlinc for obesin·.11

·
1231 

H 

The studies summarizni in this ch.1pter ,rnd those sum­

marized in earlier re\"iews of the epidrn1iologiG1l literature 
support the contribution of physic,11 .rnd psychosocial risk 
factors at wor!k to the de,·clopment of upper limb MSDs. 
Studies also veri~· the multifactori,11 nature of these disor­
ders and the role of no n workplace risk factors and individ­
ual predisposing characteristics in their de,·clopment. 
Clinicians need to be aware of all the factors thJ.t may have 
a bearing on the proper treatment of patients with work­

related MSDs. 

Management of Work-Related Musculoskeletal 
Disorders 

Workplace Management 
OSHA currently is de\'cloping industry-specific and task­
specific ergonomic guidclincs for voluntary use by U.S. 
employers.50 Thus far, guidelines have been established 
for meatpacking plants/ 1 nursing homes,52 retail grocery 
stores,;.~ and poultry processing. Si All of these guidelines 

embrace.: the same basic program components, which are 
set forth in the OSHA guidelines for nursing homes: 

l . ,Wa1111_17w1mt mppon: Clearly de\"cloped program 
goals, c le.,rly identitied program responsibilities for 
participants, adeq u.ite prc)\"ision of resources, and 
mcrsight co ensure the success of the program. 

2. Employu i11110/panr:nt: Early employee reporting of 
problems; also, employees prO\·ide insight (sugges­
tions and e,·aluation) into work design issues and 



Table 22-1 
Summary of Recent Epidemiological Studies on Work-Related Carpal Tunnel Syndrome and Other Musculoskeletal Disorders of the Hand and Wrist 

Authors 
(Country) 

Alexopoulm 
ct al.41 

(Greece) 

Bovenzi 
ct al.42 

( Italy) 

Gell ct a1.·H 
(United 
Statesi 

Sample 

430 Drnri.~r~ 

159 forestrv workers 
.md 146 manual 
l.i borer con trots 

4.U Industrial and 
clerical workers with 
no history of carpal 
tunnel syndrome 

Study Design 

Crn~s sectional sun ·cr of physkal 
.md psychosocial workload and 
complaints of musniloskck tal 
symptoms 

Cross scnional, contro l group 
design ro determine prcvaknce 
of \'ibr:ttion-induced \\'hitc finger, 
CTS, .rnd sott t issue disorders 

Longitudinal study O\'Cr 5.4 years 
to de,·clop a predictive model for 
work-related CTS 

Findings 

Strenuous shoulder movements, use of 
vibrating tools, strenuous back postures, 
repetitive shoulder /hand movements, high 
perceived exertion, high need for recovery, 
and moderate perceived general health 
were associated with increased risk for 
hand/wrist complaints. 

Strenuous shoulder/hand movements were 
associated with increased risk of chronicit:y 
and absenteeism. 

Chronicity increased with age. 

Forestry workers showed increased 
prevalence of peripheral sensorineural 
disturbances, soft tissue disorders of the 
upper limbs, and CTS compared to 
controls. 

Increased vibration exposure, through the 
use of chain saws, and increased years of 
tool use among forestry workers were 
associated with peripheral neuropathics. 

Average incidence rate of CTS was I .2% per 
year. 

Multiple regression indicated that workers 
with baseline nu mbness, tingling, burning 
and/ or pain in the finge rs were 5 .2 times 
more likely to develop CTS. 

For each 0.1 msec increase in median-ulnar 
peak latency, the relative risk for 
developing CTS increased 29%. 

Risk of CTS tended to risk with increased 
BMI and high risk hand threshold limit 
val ues esrablished by the ACGIH. 

Conclusions 

Physical load among dentists places them 
at risk for MSDs. 

Psychosocial factors, such as perceived 
health status and perceived exer tion, are 
associated with more severe complaints and 
absenteeism. 

Exposure of forestry workers to a 
combination of risk factors (segmental 
\'ibration, forcefulness, and awkward 
postures) is associated with the 
ocrnrrcnce of peripheral neuropathies 
and soft tissue disorders of the upper 
limb. 

Incidence rate in this population was 
higher than in the general population. 

This study corroborated findings from 
earlier cross sc::ctional studies; the findings 
indicated that early symptoms may be 
predictors of future CTS and that these 
workers therefore are logical targets for 
preventive intervention. 
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Hamilton 111 Female college Cross sectional study to determine 
Ct al.46 students (72 prevalence of computer-related 
(United respondents) musculoskcletal complaints and 
States) their association with hours of 

use, laptop use, and job strain 

Jensen44 2576 Employees who Longitudinal study to determine 
(Denmark) use computers risk factors for musculoskeletal 

symptoms in the neck and hand/ 
wrist 

Kryger 6943 Participants Longitudinal study to determine 
ct al.45 from public and prevalence and incidence of 
(Denmark ) private workplaces forearm pain, signs of tenderness 

and nerve entrapment, and 
association with computer work, 
physical workplace factors, and 
psychosocial factors 

Larsson 6943 Participants Longitudinal study to determine 
ct al. l 34 from public and relationship between computer 
(Denmark) private workplaces work and elbow and wrist/hand 

pain, conditions, and disorders 
( only wrist/hand findings 
n.:ported in this table) 

Eighty-one percent of respondents reported 
computer-related musculoskeletal 
complaints. 

None of the factors examined were 
statistically associated with those 
complaints. 

Although not statistica1lr significant, 90% of 
respondents using a laptop complltcr 
reported musculoskdetal complaints. 

Hand/wrist symptoms were predicted by 
previous symptoms at baseline and low 
influence at work for both men and 
women and by sensorial demands for 
women only. 

Almost continual or continual computer use 
was associated with increased hand/wrist 
symptoms. 

The 1-year incidence of self-reported 
forearm pain was 1.3%. 

Increased risk of new forearm pain was 
associated with n,orc than 30 hours/week 
of mouse use and more than 15 hours/ 
week of keyboard use. 

High job demands and time pressure at 
baseline increased the risk of new forearm 
pain. 

Women had a twofold increased risk of 
developing forearm pain . 

The duration of mouse use .md the duration 
of ke~,board usc wcrc signitk.rntlr 
associated with wrist/hand pain, and 
keyboard exposure showed a threshold 
effect With 12-month wrist/h,lild p.1.in ,It 
1-ycar follow-up. 

Clinical diagnoses on physic1l examination 
were not associated with mouse or 
keyboard exposure. 

Most students reported computer-related 
musculoskelctal discomfort. 

Future studies should include more diverse 
student populations. 

Early intervention for reported hand/wrist 
symptoms can reduce persistent or 
recurrent symptoms. 

Psychosocial issues at work contribute to 
hand/wrist symptoms. 

Limiting computer use to less than 0.75 of 
the workday can help prevent hand/wrist 
symptoms. 

Intensive mouse use and keyboard use 
were the main risk factors for forearm 
pain, but the overall incidence was low; 
therefore these activities cannot be 
considered severe occupational hazards. 

Self-reported, low force exposures of 
mouse and keyboard time predicted 
wrist/hand pain but were not predictors 
of clinical conditions on physical 
examination. 

l 
t 
i 
; 
C) 

Q 
cc 
~ 
Ch 

~ ... 
in' 
(II 
C 
Cl) 

• 
0 
I 
)> 
-0 
-I 
m 

(Co11timtt·d) :0 
f\) 
f\) 

 



Table 22-1 
Summary of Recent Epidemiological Studies on Work-Related Carpal Tunnel Syndrome and Other Musculoskeletal Disorders of the Hand and Wrist-Cont'd 

Authors 
(Country) 

Schlossberg 
et Ji. 4 ~ 

(United 
States) 

Str.1zdins 
and 
B.1m ml·r 4 '

1 

(Austr.,li., l 

\\'dlm.m 
ct .ll. 3110 

( l'nitcd 
St.Hes l 

\Verner 
Cl al. 11 

t l'nited 
States J 

\Verner 
ct al. 12 

( Cnitcd 
States ) 

Sample 

206 Ekctri~-.,1 
l'ngineering .md 
..:omputcr ,(ien..:c 
gr.1du.m: !'otudl·nts ,H 
., brgc publi( 
unin·rsi1,· 

737 Publi..: scn·i..:c 
cmplon-o, l 7 3'X, 
ckric.11 l 

190 I \\·ork ·rd.Ht·d 
( TS l'.1,c~ from 
I 992 - I 997 

;;o I lndu,tri.11 .md 
..:kric,,I ,,·orkcr~ with 
,I histon· of no or 
mild l'E 1.focomfort 

501 Indu~tri.,I .111d 
ckril'al workers with 
no histon· of 
shoulder, elbow, 
wrist, or hand 
tcndonitis at baseline 

Study Design 

Cross sectional determination of 
persistent or n:curring UE and 
ncl·k p.,in .1ssoci.1ted with 
computer use 

Cross sc(tion.11 determinatio n of 
upper body nrnsniloskckt.ll 
!'oymptoms in n:I.Hion to 
workpl.l(l' .rnd nonworkpl:Kt' risk 
!:1..:wr~ 

( :rms ~C(tion.11 sun·ey of ( :Ts 
c,1),e~ ro dctcrmim· industry, 
o(cup.Hion, ,lttributed sourl'C of 
,,ork-rd.ltcd CTS. outcomes, and 
emplon-r inten·cntion pr.1ctices 

I.ongitudin,11 study m·er ;; _4 ye.us 
to tkterminc pn:dil'.tors of new 
on~ct of l ' E p.,in or discomfort 

Longitudin.11 study m-cr 5 .4 years 
to determine predictors of new 
rascs of UE tcndonitis 

Findings Conclusions 

Sixty percent of the p.uticipJnts reported Pre,·.,kn(l· of l ' E pain i~ high among 

U E or neck p.,in .11trihuted to computer students who make heavy use of 

use. computt·r~. whid1 suggests a need co 

Logistic regression showed that pain was identif}' intcn·entions to reduce symptom 

signifo.:antly associJtcd with frmalc gender, severity and pre,·c11t impairment. 

years of computer use, .md hours of 
computer use per week. 

Eighty-one percent reported some Gender diffrrcnces can be explained by 
symptoms; of these, 20% reported scn:rc additional risk factors to which women 
and l'.<>ntinuous symptoms. arc exposed outside of work (i.e., in 

Prn·akncc was higher among fcmaks. relation to domestic duties). For 
Parenthood (i .e., motherhood) exacerbated example:, women who were mothers 
the gender difkrcn(es in prevalence. reported less opportunity to relax and 

t:xercisc outside of work compared to 
men. 

Leading attrihutabk sourl'.cs wt:n: otlin: and :--:cw cast:s of work-related CTS are likely 
business machinery ( 42% J .111d h.rnd tools in high risk industries. 
(20%). Employees with CTS in high risk industries 

1\la1ugcrs .uid professional specialty workers .,re kss likely to be provided with 
were up to four times more likely to report employcr-impkmcntcd primary prevention 
employer intcr\'entions .md equipment/ 111l'Jsures (<>mparcd to lower risk workers. 
work environml'llt changes than "ere 
higher risk groups. 

Predictors of new onset or progression of Roth crgonomil'. .rnd personal health 
UE pain/dis(omfort ,,we ,\ BMI over 28, factor~ contributed to l' E pJin and 
age mw 40 years, mild pain/ discomfort .it di~romli>rt. 
baseline, romhination of h,md repetition Pren:ntion <;tratcgic~ should address all 
and force in the borderline or high ri~k \011 ru:~ of ri~k . 
hand threshold limi1 ,·.,lucs .1~ C\t,1bli~hcd 
by th1.: ACGIH. 

Prtdictors of nc,,· (Jscs of l 1E tcndoniti~ Both crgonomir and personal health 

( shoulder, clbm,·, ,nist .. rnd hand l were J facto r~ contributed to UE tendonitis. 

BMI O\'er 30, age o,·cr 40 years, neck or Prevention strategies should address all 

shoulder disromfon at baseline, a history sources of risk. 

of CTS, discomfort rating at basdinc, and 
an increased average shoulder posture 
rating. 

A<:<7'/H .. Anu:riC:.'.H1 ( :onf:(rc.·ss of c;ovc;,_•rnn1cnt";il lnc.fustrial H)r.gicn ists; RMI. body n,;,.ss index ; (:TS .. io.'.':.lC-p ;tJ tu n nc:I :i;ync.ft',>rnc~ MSD. musc;u!oskclct al disorder; UE. upper cxtrcmicy. 
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solutions and share responsibility for program devel­
opment and implementation. 

3. Problem identification: Systematic procedures using 
various soun:es of information, such as OSHA injury 
and illness logs, data from workers' compensation 
daims, and surveillance and workplace analysis. 

4. Solution iwplcmcntation: Typically involves changes 
to eliminate or reduce workplace hazards or prob­
lematic work practices, or both. 

5. Injm7 mana.11emcnt: Emphasizes early detection and 
intervention . 

6. 1'i·ai11i1v1 of c111ployecs and managers: Training in the 

risks and dctection of MSDs and the procedures 
required to respond to an MSD incident. 

7. Rc,_qula1· pnywnm evaluation: Determination of quan­
tifiable mc.isurcs, such as number and scveritv of 
MSlk"2 • 

The success of such workplace MSD management pro­
grams relics on clear communication between workers, 

managers, and hcilrh care prm·iders. Such communication 
requires an atmosphere of cooperation and mutual trust 

among all stakd10ldcrs. One benefit of establishing such a 
progr,im i.\ th.1r it oti-cn allcvian:s the impact of psychosocial 

risk factors b\' pro\'iding employees with an opportunity to 
contribute directly as members of a cohesive MSD manage­

ment rc.1m. 

Essential Components of a Workplace Management 
Program for Musculoskeletal Disorders 

• Management support 
• Employee involvement 
• Problem identification 
• Solution implementation 
• Injury management 
• Training of employees and managers 
• Regular program evaluation 

Clinical Management 
The biopsychosocial modd of clinical management has 

been dcarly demonstrated to be the most succcssfo\ 

approach to the management of acti\'ity-rdatcd MSDs. 
In this model , the interactions of physical impairments, per­

son.ii psyd10logical factors, and psychosocial factors arc 
recog;nizl..'d and targctl..'d for treatment in a holistic 

;lpproach to care ."" Biopsychosocial management programs 
have.: sc\'eral ad\',llltages: 

I . Tht·v emphasize the importance of using a multidisci · 
plin.iry health care team to address the multiple 

c.1w,.1l factors of an acti\'ity-rdated MSD. 
2. They illustrate the need for de.tr communication 

.md coopcration between health care pro\'iders, 

injured workers, and , ·arious stakeholders in the 
workplace. 

3. They show that clear communication is greatly 
enhanced by trained case managers who O\'ersec all 
aspects of health care and workplace management. 

4. They demonstrate that effective health care interven­
tions for acciviry-rclaced MSDs do not necessarily 

result in a cure; rather, they lead to long-term worker­
and workplace -focused management through cffrc­
tive problem solving by the entire MSD management 

team. 
It is beyond the srnpc of this chapter to describe in 

derail .rnch MSD dinical management programs; however, 
several recent cxampks in the literatme can guide the 

reader. 
5
'' "

8 

Essential Components of a Clinical Management 
Program for Musculoskeletal Disorders 

• Holistic approach to care with focus on physical impairments and 
personal and workplace psychosocial factors 

• Multidisciplinary health care team 
• Communication and cooperation between health care providers, 

injured workers, and the workplace 
• Trained case managers 
• Long-term worker- and workplace-focused management 

Summary 

Acti\'ity-rc\,ncd ~ 1S J)-. .iccou m ti ir one in three lost­

worktime in juries .rnd illrn:s),C), in L1 .S. industry. Rcpetiti,·e 

motion tasks (e.g., graspin~ coob. scanning groceries, and 
typing) were among the most frequent c,·ents or exposures 

leading to work-related 1\:\SDs in 2003; they also accounted 

for the longest abs1.:nl.'es from work b\' exposure type 

( median of 22 lost days ). These disorders have a major 

impact on workers' comprns.nion costs, absenteeism, and 

loss of producti,·ity. 
Strong epidemiological C\'idence indicates that risk fac ­

tors for the de\'clop1m:nt ot' \\'Ork-related MSDs of the 

upper limb inclmk the pnformance of hand -intensive tasks 
in a manner that is hig.hly repctiti\'c or forceful (or both) in 

awkward or sustained posrnrcs, with or without vibration 

and cold tcmpl·rawres. 
Psychosoci.,I stress ,,lso incrc;\scs the risk of work-related 

MSDs of the upper limb. lndi,·idual predisposing factors 

that contribute to the risk of upper limb, work-related 
MSDs include p.,st or present co-morbid medical condi­

tions, knulc g.cmkr, obesity, ,md ,td\'anced age. 

Tht· net·t·ssar~· component.~ of an dlcctive workplace 
management pro~r.,m for tv\SDs arc ( l ) management 

support, ( 2) cmployl'C in\'01'·c1m·nt, ( 3 ) problem identifica­
tion, (4 ) .mlurio11 impkmcnration, ( 5) injury m anagement, 

( 6) training. of employees ;md managers; and (7) regular 

program c\'aluation. Effccti\'e clinical management of 
\\'Ork -rdarcd MSDs should folio\\' a biopsychosocial model 
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chat emphasizes communication among the affected 
worker, workplace personnel, and the health care provider. 

Much has ycr to be learned about the underlying patho­
physiology of work-related MSDs. The sections that follow 
discuss some recent findings in both animal models and 
clinical populations that h:i,-e enhanced our understanding 
of the rel.nionship bcrwecn repctitive morion and tissue 
p;uhophysiology and mm·cmcnt dysfunction, :is \\'Cll :is :i 
nm·cl tn:atmcnt .1pproach b;1sed on thes<: findings. 

Pathophyslology of Activity-Related 
Neural and Musculotendinous Disorders 
The Problem 

i\lusculoskdetal disorders related to m·eruse have bccn asso­
ciated \\'ith a number of changcs in neural, muscular, tendi ­
nous, and bony tissues. Thc following stctions re\'ic\\· the 
proccsscs of intlamm.1tion and \\·mmd healing and factors 
that .1fft·ct thost' prm:esses. Then, current eYidence for neu ­
ral, nn1scul.u, and tendinous pathophysiological changes in 
the JC\·clopment of OYeruse injuries is presented, as \\'di as 
possible medunisms for those changes. A conceptual model 
for changes in tissue tolerance, with continued tissue load­
ing, th.a aftl.'ct inflammation and healing also is presented . 

Review of Wound Healing and Its Relationship 
to Overuse Injuries 

Wound healing is the process by which tissues attempt to 
restore normal tissue architecture and function after injury 
in an effort to rtstore homeostasis. A compkx series of 
mokcular, Yascular, and cellular responscs arc initiated thc 
moment a tissue is injured. Wound healing in\'(>l\'('.S four 
distinct phases, \\'hich den!lop in an orderly but m·erlap­
ping manner: hemost,1sis, acute inflammation, prolikra­
cion/fibroplasia, and remodeling/maturation. ;,9 ·

60 

Unfortunately, many factors afkct wound healing . for 
example, if the injury or initiating stimulw, is rcpt·titi,·c or 
chronic, the tissues ha,·e little d1Jnce to complett· 1 he heal ­
ing process, and either chronic inflammation or fibrosis crn 
result. In these cases, chronic or regular release of a ,·.uicty 
of intlammator\' or fibrogenic hiod1emic.1l mcdi.1tor'> c.in 
perpctuate the intlamm;1tory response or c.1usc nct·ssi,·c 
proliferation and 1Ibropl.1sia. Some of thcsc same n11:di,1tors 
arc cytotoxic at high IC\·cb. The patient's m·crall he.11th :ilso 
must be considered in \\'otllld healing. M.m,· mcr.1bolic dis­
orders, such as diabetes, can directly .1fti:ct t ht· suc(c:-,s of 
wound healing, and these disorders thi.:refore must be con­
sidered co-morbidities whn1 a treat mcnt plan is dcsignnl.<> 

Acute Inflammatory Response 
Hemosrasis (clotting) and acute inflammation is the tissue's 
initial response to acute injury or inkction. The hemostasis 
response causes the wound to be closed by dotting, which 

occurs through platelet activ:ition. The acute inflammatory 
response is characterized by infiltration of immune cells and 
fluid; it typically lasts 24 to 48 hours and usually is complete 
in 2 weeks. It is d1aracteri1.cd hy the cardinal signs of inflam­
mation , which ,\re redness t rnhor \, swelling (tumor), heat 
( cal or), and p.1in ( dolor l. Tht· tirst t hn:-e signs are due to the 
vasrnbr re;Ktions of\·.1sodil.nion .md increased permcability.61 

Acute Inflammation 

• Vascular reaction 
• Cellular reaction (infiltration of platelets, neutrophils, 

macrophages, and/or lymphocytes) 

Vascular Reaction. :\n initial transient arteriolar con­
striction is follo\\-cd by ,·asodibtion, increased endothelial 
i.:cll permeability, exudation of fluid, and transmigration of 
blood cdls into tissues. \'asodilation giYes rise to the classic 
signs of redness and heat, whereas exudation and cell infil­
trltion lead to tissue edcnu and swelling. The pain (dolor) 
associ,lted with inflammation usually is due to increased 
pressure on ner\'eS caused by edema. Biochemical media­
tors, such as histamine, prostaglandin, bradykinin, seroto· 
nin, and cytokincs (including tumor necrosis factor-1 
[TNf-1] and interleukin-I IIL-1 ]), play crucial roles in 
the process of Yasodilation .<>1 The "ascular reaction is sum· 
marizcd in Figure 22-1. 

Cellular Reaction. The migration of cells into the 
interstitial space is .1 process calkd chemotaxis. The type of 
cells that infiltrate depends on the type of stimulus (i.e., 
injury, intcrtious, or allergic ) and the specific molecules 
and inflammatory mediators released by the injured cells 
and tissucs. Critical players in this reaction are platelets 
and leukocytes ( including ncutrophils, monocytes/macro­
phages, .md lymphocytes; sec figure 22-1 ). The recruit­
ment of lcukocytts invol\'cs specific interactions with 
cndothdi.11 cells th:lt promote the processes of rolling, acti­
\',ltion, .un.:~t, .1dhcsion, and migration. 

Platdct~ arc .rnuclcar, cytopbsmic fragments derived 
f' k <•2 1·1 rom mq?,a ·an·oc~·rcs. 1ey are more numtrous than lcu· 
koc~-res ( discussed later ) and the first repair components to 

I i . ' <, ~ 1·1 . . fu . .1ppc.1r "'1t·n .1 wount ts cre.ltet1. · 1c1r primary nctton 
i\ to initi.1t<: thr n>.1gul.1tion c.1sc;uk and form the fibrin 
plug that ltlb the tissue gJp, ;1 process called hemostmis. 
111.udets .1lso n.:kase a varit·ty of growth factors and cyto­
kint:~ upon cont.lei with collagen and other extracellular 
m.1trix components. They release platelet-derived growth 
factor ( Pl)(;f ), "'hich initiatt·s the healing cascade by being 
chcmotactic to neutrophils and monocytes and by inducing 
the prolifc:r;1tion of tibrohlasts.''·~ 

Platelets release many other proteins, including trans­
forming growth factor beta (TGf-/1) and prointlammatory 
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Sequence of cl'cnts in .icutc intl.immation in rnponse to a mcchanic.11 injury ~timulus. 1\kd1.1nic.1I in jun· c.rn 
damag1: \'asc.:ular, m:ur.11, ,md mmculosk.dctal tissun ,rnd le.id to the mobilization oflcukoo·te~. m:ucrophib 

and mac.:rophagcs by circ.:ul.itory distribution ,rnd/or by chemot.1xi~ indm:c:d by the pn:s<.:ncc of coll.1gc:n 
fragment~ and tibronn:rin ,tt rhc injurr sire. El·en ll'hrn thc 1·ascul.1turt· is spared mechanil·aJ injury, the 
r<:lease of inflammatory mediators from tissue mast cells and in jured cells c.1Us<:s 1·asodilation .md lcukoc,·te 
mobiliz;1tio11. Ideally, .1c.:utl' intbmmarion n:soll'cs and injured ci.~suc heals either completc:ly or with the: 
formation of a fibrous scar. With a persi~tcnt injury stimulus or severe tissu<.: dbruption, the: infbmmatory 
response itself may c,\usc fai1rthcr injury and inflammation , thereby setting up a ,·icious cydc with ~ub~equc111 
incomplr.:t<.: healing .ind/or chronic.: inflammation. 'J'NF"'t. , Tumor necrosis factor alpha; IL ·l , interkukin I . 
(Modifi..:d from ltur AE, Barbe MF: Inflammation reduces phl'siological tissue tolerance in the 

development of work -related musrnloskclctal disorders, J Elcctrmnyogr Ki11csiol I 4 :79. 2004 . J 

cytokines, such as IL-1, IL-6, and tumor necrosis 
factor alpha (TNF-(X ). These proteins are involved in 
re-epithelialization and tissue healing through their ability 
to induce collagen and fibronectin production by fibro· 
blasts.64

•
6 s However, they are also key mediators of 

inflammation . 
Neutrophils arc the first leukocytes to be chemotactically 

drawn to the wound site. Neutrophils arc mature white 
blood cells of the granulocyte series (i.e., they contain 
cytoplasmic granules), and they constitute 54% co 56% of 
h:ukocytcs.oa They typically appear within 1 hour after 
the wound occurs and peak berween 24 and 48 hours 

ft · · 66 67 N h'I . fil . . . d . h a er an tnJury. · eutrop 1 111 1 trat,on 1s associate wit 

secondary tissue damage in overloaded musdcs because 
neutrophils release lyric enzymes and produce superoxidc 
fi d. f 6 7 Ml Tl t· d ' I h' h . . rec ra 1c;1 s. · 1cse rec ra Ka s, w 11.: arc ant1m1ao· 
bial, break down injured cells and tissues by disrupting 
cell membranes, denaturing proteins, and disrupting cell 
chromosomc:s.09 Neutrophils also produce protcinases 
for dcbridement and proinflammatory cytokines ( e.g., 
TNf-:x),'''' which perpetuates the intlammarory response 
by attracting macrophages and other immune cells. Finally, 
ncutrophils arc short-lived, a characteristic attributable to a 
process of genetically programmed cdl death known as 
apoptosis. 

In contrast to neutrophils, macrophages arc a heteroge· 
neous group of long-li\'ed cells with a myriad of functions. 
Macrophages derive from circulating monocytic leukocytes 
(monocytcs), which convert into ameboid, phagocytic cells 
known as macrophages as they invade injured cells and tis· 
sues. These cells arc voraciously phagocytic and can live 
for months or years migrating into and out of tissues. They 
break down necrosed muscle, dead m:utrophils, and cell 
debris through the release of proteolytic enzymes ( e.g., col­
lagenasc, dastase, and plasminogen acti\'ator). Also, during 
phagocytosis they release numerous potentially cytotoxic 
compounds, including reactive oxygen species and nitric 
oxide, which can contribute directly to further tissue 
injur/0 (i.e., secondary tissue injury). Furthermore, acti­
rntcd macrophag<.:s secrete additional PDGF and proin­
t1ammatory cytokin<.:s, and the latter are key mediators of 

inflammation . 59 
·
71 

Macrophag<.:s, particularly the ED2 su bset (i.e., resident 
macrophages), also perform wound healing functions 
through their secretion of growth factors (e .g., TGF·/J), 
which stimulate the proliteration of many cell types, leading 
to tissue repair and healing. In addition, macrophages 
secrete anti -inflammatory cytok.ines (e.g., IL-10 ), which 
downregulate the production of proinflammatory media­
tors. 72 ·n Macrophages also secrete angiogenic-promoting 
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factors, which initiate migration of endothelial cells and the 

growth of new capillaries into the wound sitc.
74 

Lymphocytes are a third line of leukocytes. They arc 

agranular and an: di\'ided into two main su bsets, T cells 
( thymus dcrin:d ) and B cells (plasma or memory cells that 

arc not thymus dependent). T cells typically arrive S days 
.1ftcr injury .rnd peak by d .1y 7.(,';. They arc long-li\'cd cells 

{months to yc.1rs l tlut typic1II\' arc not seen during acute 
intbmmation; rathn, they arc more prominent in chronic 

conditiorn.. -;; T lrn1phocytes mediate the lkbycd immune 
rl·sponsc ! ~·ell mediated ) b,· regubting B-1\'rnplHK\'tl' 

I . . . (> .l I .rnd m.Kr<>phage p iagol·yt1c tunct1ons. n contrast, 

B lymphm.:\'to; .ire short-lin·d ,md do not play a rok 

in ccll-ml·di.n cd immunity. Instead , they transform into 

.rntibody-producing plasma or memory B cells, and 
thrcll1gh the rek.1~e of \' ,lrious c,·rokines (e.g., interferon 

g.unm.1 I U-:-;· J, 11.-2, .rnd T<.ir-/J), they enhance macro­

phage ti.1nction.";; Lymphocytes arc not required for the 

initi.nion of ,,·mrnd 111:aling. but they arc essential for nor­

mal rep.1ir bec.mse they Sl'netc lymphokincs , including 
T<.ir -/f. T:--:F -:x. and tibroblasr-acti\'ating factor ( fAF), 

all of ,,·hid1 induce the prolifrration of fibroblasts. 

Hmn:,-cr, high concentrations of these lymphokines, 
p.1rticul.uly T:--: r · :x, ,UT c,·totm:ic to ti bro blasts and other 

11 "; -c, I . . t· . 1 cc s. · ,, .ong.-term cont111u.1t1on o an acute mt amma-

tory response ( i.e., chronic inflammation ) can lead to 

cytotoxicity or fibrosis, and the latter is associated \\'ith 
nccssi,·c <..timulation of fibroblast proliferation and 

. -,, --
collagen production.~ · · 

Repair Phase of Wound Healing Versus Chronic 
Inflammation and Fibrosis 

Healing and Repair. Th<: procc~s of,, ound healing is 

an <:fforr to restore normal tissue function and architecture 

after in1ury. Essentially, three prim.uy outcomes arc possible 
with tissue injur~·: ( l } complete rc!>olution with total resto· 

ration of normal tis~uc structure; ( 2 ) rquir ,,·ith sc.ir for ­

mation of Yarying dcgrc.:cs, dcpc.:nding on the ln·cl of 

injury; and ( 3 ) chronic intl.unm.nion . Cmuplrtc 1·ntomtim1 
is th<: regeneration or recreation of the tissue to a state in 

\\'hich it may e\'cn be in .1 better form or condition th,rn 

before the.: injury. Repair i<.. the proce~~ of mending ti<..<..uc.: 

after decay or dan1.1ge. The mcntkd .ue.1 m.1y not he com ­
plete but may comi!>t of .1 collag.c.:nous <..c.u th.a till~ the 
damaged ti\sue region. Suh\t.111ti.1l ti<.,<..m· injury n1.1y .11<..o 

ocrnr in tis~u<.:!> " ·ith little.: up.Kit,· for rq?,cncration i e .g., 

skeletal muscle .md nl-r,·c J or .,ti:cr prolonged nkm.1. Tlw 
edematous ti<..<..ue , injury <..itc.:, or ti ..,<..uc.: g.1p thrn ti lb \\'ith 

exudate, immune cells, and tibrobl.1 ... t<.. hdi,rc comTrting 
to fibrotic connc.:ctiH· tissue ,"0

·
78 xo which i~ l.1tcr re· 

modeled, albeit slo\\'ly.81 In the c.1sc of tendons, a tibrotic 

I 1·11 I . " 0 7'> H . h I scar a so 1 ~ r 1c.: tissue gap. · o\\'l·,·c.:r, ,,·it tenl ons, 

although remodeling of the ~c.ir ;1re.1 occurs, the tendon 
never returns to normal structural or biomcchanical 

properties, even after long periods of rcco\'ery. 7'> 

Repair Phase 
• Infiltration of immune cells to clear debris 
• Fibroplasia (increased fibroblast proliferation and matrix 

production) 
• Angiogenesis (increased migration and proliferation of endothelial 

cells) 
o Increase in capillary beds in wound site 

• Re-epithelialization of skin or mucous membrane 
• Scar formation 

Remodeling Phase 
• Remodeling and maturation of tissue toward normal, prelnjury 

structure 
o Collagen conversion: Type Ill (first to be deposited) to type I 
o Realignment of fibroblasts in wound 

··'----
The rep.1ir ph.1sc begins once the ,,·ound site has been 

cleared of debris, a process th.n occurs during the acute 

inflammatory ph.1se of \\'Ound healing. The repair phase 

consists of a prolifcration/flbropl.1sia phase and a remodel­
ing/maturation phase ( figure 22 · 2) _<,o The proliferative 

phast is characttrized by the migration into the injury site 

of tibrohlasts , which prolikr,nc ro fill in the wound site. 

This phase is :ilso called th<: /Jranulntion tissue formation 
phase, bcc.mse microsi.:opically the \\'ound site appears to 
be tilled \\'ith many small immune cells and proliferating 

fibroblasts. The pri1mry function of fibroblasts is to pro· 

duce Ill'\\' intracellular and extracellular matrix, such as col­

lagen type I I I. 
The remodeling/maturation phase of repair and healing 

is charactc.:ril'.ed hy collagen con\'ersion, wound contraction, 

.ind scar form.nion. "" Collagen type II I gradually converts 
to collagen type I, the collagen becomes cross-linked, 

.111d fihrobb~ts realign along the .,xis of force through the 
• =,<) <,O LI . I . } d t1~~ue . · · ntortunatc y, some tissues, sue 1 as ten ons, 

r.1rdy recmcr fully to their original structure and strength. 

Chronic Inflammation and Fibrosis. Instead of 

re~oh ing, an acute inflammatory response may be prolonged 
chronic.illy. Chronic inflammation (sometimes referred to as 

chronicitY J c.rn hl· con~idcrc.:d an interruption of the normal 

healing progn.:<..sion .111d can I.1st for months or years. It is 
.1ssm·i.11nl ,,·ith ccrtJill conditiom th.it prolong the inflam-

111.11ory re<..pon<..c bl:c,n1se of chronic exposure to the initi· 

.11ing \timulus or hcc.1use of a smoldering subacute 

intl.11rnn.11ion or inkction. Chronic inflammation is charac­

terized by thl· prolonged pn:sence of large numbers of 
macrophages in .rnd around tissue<.., which contribute to 

secondary tissue dam.igc through their prolonged phago­

cytic acti\'ity and release of cytotoxic free radicals. Chronic 

production of inflammatory mediators, such as cyrokines, 
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Agure 22-2 : . 
Wound healing response in tendons. (From 
Lin 1W, Cardenas L, Soslowsky LJ: 
Biomechanic.~ of tendon injury and repair, 
J Biomech 37:866, 2004. ) 

1----------------------- Uninjured tissue 

J: 
UJ I­
:::! c., 
cnz zw 
UJ a: 
I- t; 

Hemostasis/ 
inflammation 

DAYS 

by the macrophages and by cells that arc either injured, 
irritated , or apoptotic can perpetuate the inflammatory cycle, 
because these molecules arc (hemmactic for additional 
immune cells . Cytokincs arc also fibrogcnic mediators, as 
are rnnrn:cti\'c tissue growth factor (CTGF) and TGF-/J. 
Overproduction or chronic production of fibrogcnic media­
tors can lead to cx(essivc a(ti\'ation of fibroblasts and exces­
sive matrix deposition in and around the wound site, a 
process called fibrosis. Studies now support the hypothesis 
that chronic inflammation generally precedes fibrosis. 82

•
113 

These same inflammatory and fibrogcnic mediators can 
enter the bloodstream, circulate, and stimulate systemic 
inflammatory effects, widespread secondary tissue damage, 

d 'd i fib . . h I I . 40 77 84 an w1 csprcat ros1s Ill ca t 1y tissues. · · 

--
Chronic Inflammation 

• Perpetuation of inflammatory response 
o Continued presence and activity of macrophages in wound site 
o Continued production of inflammatory mediators by cells in 

wound site 
• Fibrosis 
• Either or both of these two components may become widespread 

or systemic 

Factors That Affect Wound Healing 
Many diverse factors aftcct wound healing, induding isd1c­
mia, scar formation, malnutrition, intcction, and stress. Cir­
culating cytokines ( discussed previously) can induce bone 
formation, degradation of cartilage and other connc(tin: 

Injured tissue 

Proliferation/ 
fibroplasia 

WEEKS 

Remodeling/ 
maturation 

MONTHS + YEARS TIME 

tissues, and recruitment of leukocytes into widespn:ad tis­
sues areas. Im·,lding 11<:ucrophils .md m.1nophages kad to 

secondary cissuc dam.lg<: through phagocytosis, free radical 
damage, and tissue and protein cn.,bolism. These cells 
ofrcn im·ade nm only the injury ~ite but .,bo nearby healthy 
tissue and degrade th.n tissue .,s " ·di. The o\'aall health of 
the tissues and of the indi\'idual arc also key factors in the 
end success of wound healing." 

Other factors in the success of \\·ound healing arc ncuro­
gcnic in origin ,\l)d arise from a famil\' of bio(hcmical med­
iators known as ncit1·opt'ptidcs. Ncuropc.:ptides are secreted 
by autonomic efferent, nociccpti\'l' afferent fibers and peri­
vascular terminals of noradrcncrgic and cholincrgic fibers. 
They have been shown to play ,, role in all phases of the 
hi:aling response . Table 22-2 summarizes the primary 
effects of sc\'cral of these neuropcptides during wound 
healing. 

Table 22-2 
Neuropeptides Involved in Wound Healing 

Neuropeptide Role in Wound Healing 

Substance P Uprcgulates endothelial cell receptors that 
promote ku kocytc adhesion and 
migr;'ltion; dmnotactic for neutrophils 

I JOI ,JO.~ .,nd m;Krop ,ages 
Cate..:holamincs lmp;1ir T-lymphocytc production and 

I ·1 I . . . 65 ncutrop 11 p 1agocyt1c acuv1ty 
Clucocortirnids Impair T-lymphocyte production and 

ncutrophil phagocytic activity65 
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Changes in Tissue Tolerance with Continued 
Tissue Loading 
The authors' work and that of others lends credence to the 
theory that overexertion is an init iating and a propagat ing 
injury stimulus in work-related MSDs and overuse injuries. 
The authors have spernlated that the mechanisms kading 
to tissue repair an: pre\'ented by the continued cyck of tissue 
trauma in repetiti,·e motion injury.84

·
85 Although cumula­

tin: loading of \'iscoclastic tissU1:s in the short term may 
increase the likelihood tlut applied loads will result in tissue 
injury, it is nonethekss an m ·ercxertion event that initiates a 
cyclical and perhaps persistent inflammatory response. 
Phagocytic cell intiltr,ltion, an increase in the number of 
free radicals, and induction of inflammatory cytokines by 
persistent injury and inflammation can lead to tissue degen­
eration, such as tissue necrosis, pathological tissue reorgani­
zation, and subsequent hiomechanical fail me . Repeated 
bouts of injury, inflammation, and fibrosis eventually con­
tribute to decreasing tissue tolerance O\'er time, sud1 t hat 
lower k\'ds of exertion kad to tissue damage, which fi1rther 
reduces tissue tolerance and functional performance. Thus 
a \'icious cycle of injury leading to long-term functional 
disability is established. Figure 22-3 presents a schematic 
of this dose-dependent decline in tissue rolcrance. 

Figure 22·3 

QI 
CJ 
C 

E 
QI 
0 .. 

-- LRNF 

-·•• HRNF 

-- HRHF 

Such d ecreasing t issue tolerance may explain w.li ••
lyses of human tissue, such as the tlexor tendon syno\lium 
in CTS and the extensor c.1rpi radialis brevis tendon in 
lateral cpicondylitis, do not re\'\:al .1cute inflammatory indi­
cators but instead sho\\' ti:-.sue degeneration, fibrosis 

i/ , 74 Xe, S</ "I'[ · 1 

a1H or necrosis. · lest· p.ment populations arc 
tested long .1fter the ,Kutc intl.lmmatinn has resolved. The 
.rnthors .1grc.:t· th.ll dcsig.1utin!!, such soft tissue injuries as 
nonintl.lmmatory informs dini(ians of effective treatments 
for patients seen .\o lat1.· in the process; however, they 
disagree th.it the e,1rly pathomechanical initiator of these 
conditions is nonintbmmatory. The mere presence of 
tibrotic tissues and anti-inflammatory mediators in the 
tissues of p.1ric.:nrs \\'ith m-cru~c injuries strongly suggests 
earlier prointbmmaror~· episodes. 

Evidence of Peripheral and Central Neural Changes 
in the Development of Overuse Injuries 

Ner\'e damage cm he caused in numerous ways. Typical 
modes of injury includ..: c.:ompr..:ssion, o,·crstretching, con­
tusion, and frank tear~. Compression and overstretching 
arc the most common types of nen·c damage associated 

. I . . . , ll 90 ''2 H I \\'It 1 n:pct1tn·e motton. · m,·e,·cr, scvera other 

, Tolerance gradually declines 
\ I 
\ I 
\ I 
' I 
\ I 

\ I ,, 
Tolerance precipitously declines 

Conceptual model of tht· h\'pothc,izcd lon!,!. ·lcnn cft'cl't, .. r n:pt·.1tnl tisM1t· rntl.1mm.1tion on t i\,11c tolcr.mcc 

and underlying mcd1ani,m, of ti,rnc n.:,pon,1:,. Thi, model i, con,i,11:nt with the m ·crocrtion theor\' of th<.: 
de\'dopm<.:nt of work-rdat<.:d m11,culoskck1.1I di,ordcr, . If ti"11t· opmur, In·,), ,t.1,· ht·low .1 aiti.:.11 · 
threshold , intlammation rc.:,oln:~ l i11dic.1tnl by rhc.: q,1,odit' tl11,111.1tiom of ti,,11c tokr.lllt'C 1 .rnd .1d.1ptiw 

remodding to the t.1, k o,,ur, ( indi,.11cd h)· thc rct11rn to h.1'dinc ti"uc lt1kr.1n.:c of tht· 11ppi.:r J .. w rq1t·titio11, 
low fon:e [LRI.F I c11rn: bet ween thi.: 111tl.im111.1ton· cpi,rnksJ. When ti,,uc npo,u1T o,ccd, .1 ..:riti.;.,I 

threshold, in<:rnnplctc.: hc.lling n.:,1111, (i11dk.1tnl lw th<: l,mn 1wo ,11nt·sJ; c:xpmurc dcpcndi.:nt dn:linn in 
tiss11e tolcrann: lead to pcr,i, tcnt injury .md i11tl.1111m.1tio11 followe d b,· ti"m· di,ort,t.111i1.11io11. dq?x11er.11irn1 , or 
cell death . Depc.:nding 011 the degree of exc.:n ion , chi, ,kdine in 1i,,uc.: toln.111n· m.1y be.: gr.1du.1l 1,I\ in the high 
repetition, low force I HRI.1-' I group ) or pre.:ipitom 1.1, in till' high repeti11,,n, l11gh ti,r.:c ! H RH FI group J. In 
addition to the m·cr.111 decline in ti,sue tolcr.111cc.:, i11tl.1111nutory epi,o,k, rt·,ult in tr.111,i1:11t period, of 1:,·1:11 
lower tissue tolerance, r1:s11lting in the fhlt'tuatiom in ti"m: tokr,IIK<.: ,hown. Modilit':1tio11 of th,· ti,,u<.: 
exposure level during these transi1:11t ti\,ut· t<>ler.111<.:c 1:pi,()(k, 111.,y h.1,·c .111 imponant imp.Kt on the 
maximization of tissue tolcram:c. h1rthcrmorc, motor fi.111(1 ion dcdim·, with innt".1,ing 1a,k de ma nth. ( rrom 
Barr AE, Barbe Mr: Inflammation rcdrn:<.:s phv,iolog.ical 1i~M1c.: tolo.:r.11wc in th,: dc\'clopmcnt of work-rcl.111:d 
musculoskclctal disorders,/ Elcc1r11myogr Ki11mol 14:83, 2004. ) 
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modes of nerve injury are not exclusive to overuse injuries; 
these include transcction ( cutting), crushing mechanisms, 
immunological causes { creating a chronic autoimmune 
response in the nerve), chronic constriction injury, and vas­
cular disease. 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 \'clocity, and motor dysfunction. Examples of 
motor dysfunction include weakness, atrophy, or paralysis 
of a mus1..:k. Abnormal sensations, such as hyperalgesia 
(i.e., hypcirscnsiti\'ity) and mechanical allodynia (i.e., non­
noxious pain), may also develop. 

Clinical Signs of Nerve Damage 

• Acute pain 
• Chronic pain state 
• Loss of sensation and discrimination 
• Reduced nerve conduction velocity 
• Motor dysfunction (weakness, atrophy, or paralysis} 

Mechanical disruption of axons and myclin leads to his­

tological signs of nerve damage, such as myclin <.kgrada­
tion, Schwann 's cell necrosis, and axon degeneration. 
Macrophage infiltration also occurs as a result of disruption 
of the blood-ncr\'c barrier or injury-induced chcmotaxis, or 
both. The macrophages then add to the loss of Schwann 's 
cells and axons by phagocytosing even partly injured cells 
in an effort to dcbridc the injury site and stimulate repair. 
Each of these histological changes contributes to the 
dcdine in nerve rnnduccion by disrupting the flow of 
current th.at would occur after loss of the Schwann cell's 
my<:lin sheath or by inter tering with axoplasmic flow that 
would occur after disruption of the axons. Nerve compres­

sion, edcma, and chronic inflammation also lead to the 
development of fibrotic tissue in extraneural and intra­
neural t issues,711

•
80

•
91

,
93

·
95 which further contributes to 

nerve compression if the fibroscd area lies within a con­
strained space, such as the: carpal tunnel. 

niochcmical signs of peripheral nerve damage include 
im:rc.,scd production and rekasc of a variety of mediators 

of pain, inflammation, and vasodilation by Schwarm 's cclls, 
infiltrating; macrophages and mast cells, and the nerve 
taminal itself. For example, IL- I , TNF-~. and IL-6 arc 
incrc:,scd after ner\'c injury and contribute to further 
inflammation by recruiting macrophages intraneurally. 
These same cytokines also enhance pain by sensitizing noci­
(cprors through the acti\'ation of the neuron or by lowering 
the threshold for firing in the larger nerve trunk or sur­
rounding tissues. Increased intrancural levds of cycokincs 

also contribute to hyperalgesia and mechanical allody­
nia.96-100 Schwann's cells also produce bradykinin, which 
resUJlts 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 intraneural tissues and further 

. . ' f I . <,S I() I. IO~ sens1t1zat1011 o t 1e noc1ccptors. · · · 

Peripheral Nerve Trauma Associated 
with Repetitive Tasks 
In work-related MSDs, tht: primary causes of peripheral 
nerve trauma arc m·crstrctching, increased intracarpal pres­
sun: with comprcs-.io11 of nen·cs during tkxion or exrension 
or fingert ip loading, and O\'erstrctching of neuronal tissues 
j · · IJO')'I0410:\~ · II· j d , urrng t·xcursron. · •· · r.xpcnmcnra r 11H uce nerve 

compression h,,s been used to determine the pathophysio­
logiical dkns of compression on ncrn: rissuc:s (Table 22-3 ). 
Sue h cxpcri mrnt-. found ck .1r -. igm of demydination in a rab­
bit ti hi al nern: b~· 3 ,vt·ek" .,frcr ,l 2-hour irn:reasc of pressure 
to 200 and 400 mm Hg:. 10<' In ,, r.u model, dcmydination 
and Sch\\'ann 's cdl dc:.nh \\'C:re prornt in the: sci.nic nerve 
by 7 days ath:r an acute irh.Te,,"t' of prt'!->surc: to 30 mm Hg. 107 

Animal models of chronic nen·c constriction injury 
using nrff handing or -.utun.: lig..nurc, ha,·c sho\\'n that 
duonic uHnpression lead-. to .rn uprq~ulation of inflamma­
tory cytokines inrraneur.,lly, intr,rncural and cxrraneural 
fibrosis (i.e., increase-. in collagen matrix in and around 
the ncr\'C ), Schwann 's cell death, .md axonal dcm\'elination 

· XO ') .~ 'H ')(, 99 I OX · • : and degradation. · · · · · 1 hcsc pathological nerve 
changes lead ro loss of clcctrnphysiologicJI tirnction (i.e., 

d i j . XO 9 ' ~ '1 I . I 11 d . ecrcascl ncn·c co11<. uction ). · · 1v cc 1anrca a o ynra 
and hypcralgcsia ( discussed later l also 1\-crc associated with 
chronic ncr\'c constriction _%,

99 
· 
1 ox 

The authors' laboratory has im·cstigared the parhophy­
siofogy ofrcpctiti,·c motion injuries of the upper limb caused 
by voluntary high repetition tasks with or without 
force_4o.7 1.n.x4 .8"·91 · 109 1 1-1 The authors have developed an 

innovati\'c rat model of \'olunrary repetitive and forceful 
reaching to answer fundamental questions about the effects 
of such tasks on musculoskdctal tissues. A force training 
apparatus was lksigned in which rats can perform at a range 
of reach rates and force k,·cls. The apparatus was used to 
determine the short-term cftccts ( up to 12 weeks) on senso­
rimoror bcha\'ior and the pathophysiological outcomes of 
fordimb tissues that occurred \\'ith ( l ) a voluntary low force 
task (less than l :i% of maximum grip strength) performed at 

l<wr frc:4uc11e,· rcad1 rates ( lo\\' repetitions, low force [LRLF], 
2 reaches/min) and high frequency reach rates (high repeti­
tions, low force \HRUJ; 8 reaches/min), and (2) a high 
force task ( 60% of maximum grip strength) performed at 
low reach rates (Im,· repetitions, high force [LRHF]) or high 
reach rates (high repetitions, high tc>rce {HRHF]). 

Using this modc:l, the: aurhors examined the median 
ncr\'c for decrc,,sed nerve conduction velocity (NCV), a 
common test used in humans to identify nerve injury. By 
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Table 22-3 ;.t~ 
Animal Models of Overuse Injuries and Chronic Nerve Constriction Injury In which Peripheral Nerve Tissues Were Exilmhitd 

Authors Model Tissue and Functional Changes 

Chronic Nerve Constriction Injury Animal Models (CCI) 

Mackinnon ct al. 80 Rat model Ner\'e compression, nc.:r\'e dcmydination and 

Mackinnon and Dellon 9 :; Silastic tubing-induced chronic degeneration; hypen·ascu larity 

compression of median nerves for lntrancural tibrosis; rcg\.·m·rating unmydinated fibers; 
l to 12 months 1 NCV 

~l.lckinnon ct al."·~ Primate model j Neural tissue in fascicles , dcmyclination, and ! number 
~Lh:kinnon and Ddlon"'4 Silastic tubing-induced chronic of mvclinated fibers 

compressio n of median ner\'cs for l ntraneural fibrosis 

4 to 12 months 

Okamoto ct .11. 108 Rat model l lL-1/~ and lL-6 (at 7 days), TNf-cx (at 14 days), and 

Sutures loosely placed around sciatic.: IL-10 (progrcssi\'e T to 45 days) 

ner\'c ft>r 3 to 45 days f Thermal hypcralgesia and mechanical allodynia days 
7 to 14; rcco\'cry by 4S days 

Schak rs ct al .w, Rat model CCI-induced mechanical allodynia and thermal 

Sutures loosely placed around sciatic hypcralgc.:sia, a result attenuated by early ibuprofen and 

nerve for 18 days cekcoxib treatment 

lntrancural application of TNr Mechanical allodynia induced by TNf alone, a result 

lbuproti:n and cckcoxib therapy attenuated by ihuprokn treatment 

W i M ioo agncr ant \'c.:rs Rat model ( :C I-induced thermal hypcralgesia, macrophage influx, 

Sutures loosely placed around sciatic and TNF-~ expression attenuated by IL-10 therapy 
nerve for 3 to 9 days 

I L-10 therapy ( endoneurial 
application ) 

WMSD Animal Model 

Al-Shani ct al.·;07 Rat model Transient I TNF-~ in week 12 
Barr ct al. 1 12 Voluntary LRLF reaching and No motor changes 

grasping task 
l reach/30 min, 45 mg force 
2 hr/ day, 3 days/week for 12 weeks 

Al-Shani ct al.7 1 Rat model Bilateral 1 in macrophages in median nerves 
Barbe et al. 110·111 Voluntary HR.Lr reaching and Transient I IL-b, IL- 1/J, TNf-(X, and IL-6 in median 
Barr ct al. 112·11.; grasping task nerves in weeks 3 to 5; 1 I L- 10 in nerve and muscles in 
Clark ct al.7x 1 reach/l 5 min, 45 mg force week 5 

2 hr/day, 3 days/week for 8 10 1 lntrancural fibrosis in weeks 10 to 12 
12 weeks l NCV of 1rn:dian nerve 

J Reach rate and task duration; maladaptive movement 
pattern~ (r,1king) began in week 4, bilateral paw 
withdrawal response threshold to tactile stimulation, 
J bilateral grip strength 

Clark ct al. 9 1 R.at model Bil.tteral 1 in macrophages in median nerves 
Voluntary HRHr n:aching and I I ntrancural fibrosis in weeks IO to 12 
gra~ping t.1~k J NCV of' median ner \'e > H RLF 

I reach/ IS min , 180 g forct', J Rc;Kh r.lle and t,tsk duration > HRLf 
2 hr /day, 3 d.ty~/wcck ti ,r 12 \\'l'cks i\falad.tpli\'e mo\'cmcnt patterns began in week 4 

H\'pcr~l'nsiti\'ity initiallv, then loss of sensation 

HRLF, High repetition, low for<:e; HRH/-', high repetition, hi~h forff; II,-/, interlrnkin -1, ,\ prointlammatory (ytokine; IL-6, both a 
proinflammatory and an an1i-intlamm.11ory (ytokim:; 11.-10, .1nti -intl.1111111atory (yrokine; U~U-; low n:perition, low foffe; NC:V, nerve conduction 
velocity; TNF--1., tumor m:ami~ factor :x; WMSJ), work-related mu~(uln~kcktal disorder. 
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10 weeks a small but significant decrease (9%) was seen in 
the NCV,78 which showed that nerve injury accumulates 
with continued task performance and leads to a clinically 
relevant loss of function. The decrease in the NCV was 
even greater ( 16%) in rats that performed the HRHF task 
for 12 weeks, which indicates a positive dose-response rela­
tionship between the task exposure level and loss of nerve 
function. 91 Additional findings were a marked increase in 
macrophages recruited into the median nerve at the level 
of the wrist, myclin degradation, and epineural fibrosis after 
the performance of either the HRLF or the HRHF tasks 
for 9 to 12 weeks.78

•
91 The timing of the fibrosis was asso­

ciated with the reduction in the conduction velocity of that 
nerve.78

•
91 Finally, significant but transient increases were 

observed in several cytokines (IL-lo:, IL-1/i, TNF-o:, and 
IL-6) in the median nerve at the level of the wrist and fore· 
arm.71 The decline in production of these proinflammatory 
cytokines matched temporally with increased production of 
an anti-inflammatory cytokinc, IL-10, which is known to 

downmodulate the production of proinflammatory cyto­
k.ines. These findings and others arc summarized in 
Table 22-3. 

Central Nervous System Neuroplasticity Associated 
with Chronic Pain and Inflammation 
Nmroplasticity is a persistent anatomical change that occurs 
in a neuron as a result of repeated activity across a synapse. 
It occurs during development, regeneration, or in the 
mature system. Neuroplasticity can occur at any level of 

Figure 22-4 r,: · 

Transmission between primary sensory 
and dorsal horn neurons is subject to 
presynaptic and postsynaptic excitatory 
and inhibitory influences. (From Siegel 
GJ, Albers RW, Brady ST, Price DL: 
Barie nwrochemistry: molec11lar, cel/11/ar 
and medical aspects, ed 7, p 932, 
Amsterdam, 2006, Elsevier. ) 

Central Terminal of 
Primary Sensory 

Neuron 

Voltage-gated 
calcium channel 

the peripheral and central nervous system, including the 
spinal cord. 

Several mechanisms are possible for neuroplasticity, and 
two are shown in Figure 22-4. The different mechanisms 
increase the efficacy of a synapse, unmask or enhance previ­
ously ineffective sites, produce changes in neuronal mor· 
phology, prune unused neuronal processes, or create 
electrophysiological changes in the neuron. Peripheral 
nerve injury results in an increased release of excitatory 
neurotransmitters and ncuropeptides (e.g., SP, glutamate, 
and CGRP) both peripherally from nociceptor terminals 
and centrally in a dorsal spinal nerve root or in the dorsal 
nucleus at the level of the medulla. 11 =-· 117 The central 
release activates postsynaptic receptors for these neuro­
transmitters, which trigger the release of protein kinases 
or nitric oxide ( NO), or both (sec Figure 22-4 ). The mole­
cules then activate intracellular cascades in the postsynaptic 
neuron. Chronic or repetitive acti\'ation of these cascades 
results in the upregulation of genes, leading to increased 
production of neurnpcptides, hormones, and enzymes, as 
wdl as additional receptors. If additional receptors for neu­
rotransmittcrs/neuropeptides are inserted into the postsyn­
aptic cell membrane, the postsynaptic neuron's ability to 

bind these molecules is enhanced, which creates a hypcrex­
citable neuron. Also, as shown in Figure 22-4, NO is a 
retrograde messenger that can a oss cell membranes to 

the presynaptic cell. It can increase the release of neuro­
uansmirtcrs from the prcsynaptic m:uron, which can also 
lead to hypercxcitability of this synapse. 

Dorsal Horn 
Neuron 

Inhibition 

Excitation 

Presynaptlc Postsynaptlc 
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This hyperexcitability may augment the excitability of the 
dorsal column-medial lemniscus pathway, or it may lead to 
abnormal sensations in the peripheral nerve, such as hyperal­
gesia and mechanical allodynia. Woolf and Salter

1111 
postu­

lated that these clinical symptoms arc due to excessive 
acti\'ation of nociceptors ( discussed pre\'iously ). Chronic 
pain from chronic peripheral inthmmation or the application 
of irritants to the skin leads to similar central changes. 
Chronk pain appcus to ch.rng.c the efficacy of a synapse 

lw im:rcasing. the rek'.lsl' of ncurnmodularors or neurotrans­
mitters from nociccptor tcrmin;1ls or by increasing the num­
ber of syn.,ptic ,·csicks in th<: nociceptor terminal. Chronic 
p;1in also lus been shown to alter tlw enzymatic degradation 
or reuptak<: o f the neurotransmitter or increase the insertion 
of rl·ccptors into th<: postsynaptic membrane. Nodceptor 
hypcrcxcitability, rh<:rdcir<:, may play a role in the pathogen­
esis of.1bnormal sensations after peripheral ner\'c injury. The 
clinical signiticrncc of such ncuroplasticiry is hypcralgesia, 

hypcrscnsiti\'ity, and sensory dysfunction. 

Abnormal Pain Characteristics 

• Allodynia: Pain is induced by a normally non-noxious stimulus 
• Hypera/gesia: A painful stimulus evokes pain of a greater than 

normal intensity 
• Chronic pain: Pain of long duration; decreased nociceptor 

threshold (hyperalgesia) 

Hypersensitivity and Spinal Cord Neuroplasticity 
Associated with Repetitive Tasks 
The previously discussed studies prompted the authors to 
use their model to test senson· funnion . This was done 
by obs1:n·ing pa\\' \\'ithdra\\'a.l in response to palma.r stimu­
lation using graded Von hey monotilaments in the HR.HF 

7 

6 

group. Von Frey monofilaments arc calibrated fibers used 
to test mechanical sensiti\'ity with the application of stimu­
lation to the plantar aspect of' thc paws. A positive response 
is defined as immediate \\'il hdr.,,,·al of the paw from the 

stimulus and frequently indudcs licking or shaking of the 
paw. The authors obscrn·d .m increase in the paw with­
drawal thrl·shold .lt 12 \\'eeks in the HRHF group,91 a 
ch,lllgl· indi(.ttin· of., decn:.,sc in sensation (hyposensitiv· 
ity) ( hp;ure 22-:i ). T h<: los~ of sensation most likely was 
caused h\' tibrntil' compn:~sion of the median nerve and 
injury or l·ompression-indul'ed tkmyclination of the neural 
axons. lntcrestinp;ly. d1e h~-posl·nsiti\'ity was preceded by 
a tki:re.,s<: in the withdr;m·al threshold at 2 to 3 weeks , 
a chang<: indic.ui,·e of ;tllod\'llia or hypersensitivity (see 
Hgure 22-S ). Although thi~ decrease was not statistically 

signitii:.rnt in the eight animals tested , it is noteworthy 
because of its timing with r<:spect to the onset of the 
intlam111.1t<1ry rcsp<lllSe . 

Th<: .n1thors .,!so examined the spinal cord for changes in 
rcspons<: to periphcral intbmmation induced by each of the 
four task groups. Cen·ical spinal cord segments were exam· 

ined using antihodics against SP and two of its receptors, 
ncurokinin-1 (NK-1 ) and N-methyl-D-aspartase receptor· 
l (NMDArl ). An increase \\'as seen in the amount of SP 
present in the laminae II of the dorsal horns of cervical 

spinal cord segments, as wdl as SP receptors, between 4 
and 8 weeks of task performance; this increase peaked by 
6 weeks in the ipsilateral dorsal horn of cervical cords in 
the HRLF and the HR.Hr groups. 109 

Peripheral ncuroplasticity also has been observed in 

conjunction with o\'eruse injuries. Increased innervation 
and increased lC\'cls of neurochcrnicals (e.g., SP, gluta· 
mate, and NM DArl ) ha\'c also been observed in tendon 
attached to the lateral epicondylc of the humerus in 

patients with chronic tendinopathics, such as chronic 
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. lb i 19.123 U . h d I tennis e ow. sing t e rat mo e , the authors 
found increased levels of SP in flexor forelimb tendons 
by 3 weeks in the HRHF rats, with additional increases 
by 12 weeks. 125 

Although, direct correlations need to be made, these 
human and animal findings suggest that increased neuronal 
innervation, as wdl as increased release of neurochemicals 

from activated nodceptor 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 repcut1\·e and/or 
forcefol tasks ,m: due to repeated overstrctching, compres­
sion, friction, and ischcmia.9°·92

•
126

.
1211 These insults kad 

to mechanical injurv of membranes and intracellular struc-
1!1 127 1211 Tl . I I h . I I . . . tures. · · 1e aut 10rs 1ypot estzc t 1at t 1cse 1111urn.:s 

first lead to acute inflammatory responses. If 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· 
sics from patients with chronic tendinopathies (e.g., cpicon­
dylitis, cpicondylalgia, tcndinosis, and CTS) have found 
evidence of increased levels of neurochemicals, angiogenesis, 
inflammatory mediators, fiber and matrix disorganization, 
and fibrosis (Table 22-4).86-89,119,121.122,127-13<> It should 

be noted that not all the studies in Table 22-4 found each 
of these tissue changes. Because only a limited amount of tis­
sue can be colkctt:d during a biopsy, the number of qucs· 
tions that can be pursued is limited in a human study. Even 
so, these studies show that repetitive tasks often lead to 
flbrotic and degenerative tendon changes and that these 
changes often arc accompanied by localized increases in neu· 
rochemicals and their receptors, as well as pain. Further­
more, a study by Hirata ct al.1!9 showed that the levels of 
mctalloprotcinases (MMPs), which arc enzymes involved in 
collagen degradation, correlated with pain severity and that 
tendon synovial fibrosis increased over time in these patients. 

Studies also have been performed on muscle tissue biop­
sicd from patients with long-term chronic overuse syn­
dromes (sec Table 22-4 ). These studies showed evidence 
of muscle tissue changes , including myopathic changes 
such as inflammation, muscle tiber nc<.:rosis, and (ell meta· 
bolk changes consistent with injury, denervation, and/or 
ischemic loss of muscle fibers. 124,1.H · 134 

Serum markers of injury also have been found in patients 
with overuse injuries. Freeland et al. 129 detected increased 
serum malondialdehyde, an indicator of cell stress, in 
patients with CTS. Kuiper et al. 135 found higher levels of 
biomarkers of collagen degradation and synthesis in a 
group of student nurses with high numbers of patient 
handling tasks. Rcccntly, Kuiper ct al. 136 examined scrum 
for biomarkers of collagen synthesis and degradation in 
construction workers involved in heavy manual materials 
handling. The scrum 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 hc,wy manual tasks, the overall ratio of the 
synthesis product to degradation product remained the 
same as in the scdc.:ntary control workers . These results sug· 
gcstcd that the tissues had undergone adaptive responses 
that protected them from unn:soh-cd degradation . 

A recent pilot study by C.1rp ct al. 1 
~

7 detected proin· 
tlammatory cytokines in the scrum of patients treated in 
an outpatient physical thc.:r.1py dinic for diagnoses related 
to Se\'crc o,·eru!',C injuries. The patic.:nts \\'ere classified into 
three groups according to symptom se,·erit\', as measured 
by the Upper Body J\\usrnlmkclct.11 :\ssessmcnt tool 
(UBMA):1.~xmild (UBMA score 51 -7S; n = 9 ), moderate 
(UBMA score 76-100; n == 9 ), and sc,-cre (UBMA score 
> I 00; n = 9 ). A control group was used for comparison; 
it consisted of unaffc(ted indi\'iduals \\'ith a U BMA score 
bdow 50 ( n -= 9 ). The scrum results sho\\'cd significant 
increases in all prointlammarory cytokincs in patients with 
severe o\'crusc injuries, as \\'di as incre.1scs in IL·6 in 
patients with moderate and mild overuse injuries. 138 

Because inclusion in this pilot study required a duration 
of symptoms no longer than 12 \\'eeks, these findings sup­
port the presence of an early inflammatory process in the 
development of overuse injuries. 

One of the challenges inrnl\'cd 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 prcinjury 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 arc 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 dinical presentation. 

Animal Studies 
A number of animal studies have related exercise loading 
of tendons to earl\' inflammatory changes (Table 22-5). 
A study by Nabn;a ct al.1.~<> found evidence of tendon 
injury afrcr cydical loading of the flcxor d igitorum pro­
fundus muscle for 13 weeks at a repetition rate of 2 hours 
per day, 3 days per week. They observed microscopic 



Table 22-4 
Selection of Human Studies of Overuse Injuries in which Serum or Musculotendinous Tissues Were Examined 

Authors De.,;cription of Patients 

Tendon and Tendosynovial Biopsies 

Alfrcdson l ECRH ccndon miuodialysis, ultrasonography, Doppler, and biopsies of 
ct al. 120· l 22 patii:ncs \\"ith dmmic l,ltcral cpirnndylitis or chronic Achilles tendinosis 

Astrom 
et al. 130 

Campligio 
Ct al. 86 

Etcema 
et al. Ri 

Fenwick 
ct al.74 

Freeland 
et al. 129 

Hirata 
et aJ.ss.s':I 

Ljun g 
et al.123 

Achilles tendon biopsies from 27 patients \\"ith chronic Achilles tendonitis 

Hcxor trndosrno\'ial biopsies from 50 patients ,\ith idiopathic CTS 

Subsynm·i:il connecti\'c tissue (loose areolar tissue deep to flexor tendons) 
biopsies from 30 patients \\"ith CTS 

Achilles tendon biopsies from 7 patients with chronic Achilles tcndinopathy 

Flcxor tcndosynm·ial biopsies and scrum examined in 41 patients with CTS 

Flexor tcndosyno\'ial biopsies and pain severity testing in 40 patients with 
CTS; patients divided into symptom duration groups (less than 4 months to 
longer than 12 months) 

Flexor tendon biopsies from five patients with tennis e lbow (lateral 
epicondyli tis); fou r patients with medial epicondylalgia 

Tissue and Functional Changes 

T Glutamate {mediates pain); t NMDArl 
PGE2 not uprcgulated in tendon 
Irregular fiber structure, focal hypocchoic areas 
Angiogcncsis and T inner\'ation of these \'esscls 

Slight inflammation, bursitis, o r fibrosis in five patients 
Fiber disorganization and acti\'atcd tcnocytcs 

Disorganization and degeneration of collagen fibers 
Diffuse fib rosis of tendon sheath 
T Vascularity and ancriosdcrosis 

T Fibroblasts, collagen fiber size, and \'ascular proliferation 
T Collagen type III fibers; t fibroblasts expressi ng TGF-/J RI 

Hypcrcellular, hypcr\'ascular; f TGF-/J/TGf-/l RH 
Disorganized tendon matrix; 1 glycosaminoglycan 

T Malondialdehyde in scrum and tlexor tcndosynovium 
T PGE2 and T IL-6 in tlexor tcndosynovium (not in serum) 

Proliferative arteriosclerosis; correlates with symptom duration 
T MMP-2; correlates with pain severity 
T Synovial fibrosis with d isease progression 
T PGE2 and VEGF at 4 -7 months o f symptom duntion 

SP and CGRP im munoreactivity in aJJ tendons 
NKl-R immunoreactivity also in lateral c pico ndyle tend o n s 
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Muscle Biopsies 

Kadi Trapczius biopsies from 21 female and 10 male workers with trapczius Femaks: i Arca and proportion o f type I fibers; 1 capillary: area type I 
et al. u 1 •• ~ux myalgia, nine male workers \\ithout myalgia, and six male controls fiber ratio in p:1ti(.·nrs with high pain scort:s 

Maks: T Frequency of type II fibers, \':\Scularity, de\'elopmental myosin in 
myalgia group; mitocho ndrial organiiation and COX-negati\'e fibers in 
myalgia group and occupational controls 

Larsson Trapezius biopsies from 17 female workers with trapczius myalgia; Doppler Moth-eaten and ragged red 1ypc I muscle fibers worse on pain side; 
ct al. 309 testing of lrapczius blood flow atrophic muscle fibers and fi ber splitt ing 

l Blood flow; correlates with pain and ragged red fibers 

Larsson Trapczius biopsies from 25 female workers with trapczius myalgia (CM ); J Capillarr: muscle fiber area in CM; moth-eaten muscle fibers in CM and 
ct al .t33.t34 25 workers without trapczius myalgia (CC); 21 healthy controls (TC) CC (4%) greater than in TC (2%) 

Prevalence of ragged red fibers related to working activities and having 
tender point in trapezius muscle 

Ljung ECRB muscle biopsies from 26 patients with lateral epicondylitis longer than Abnormal muscle NADH staining; muscle necrosis 
Ct al. 124 7 months No e,·idcnce of muscle inflammation 

f Type flA fibers and muscle fiber regeneration 

Serum Samples 

Carp et al. I .'1.1 Scrum collected from 27 patients diagnosed related to work-related MSDs, T I L-6 in mild and moderate WMSD groups 
nine controls; patients divided into groups based on severity of symptoms T IL-6, IL- la, and TNF-a in severe WMSD group 

Kuiper Scrum collected from student nurses with patient-handling activity for Higher biomarkcrs of type I collagen anabolism in exposed group; j with 
t:t al. 1.H 6 months higher exposure lc\'els 

Kuiper Scrum collected from male construction workers performing hea\'y manual f Type I collagen and T collagen synthesis; no difference in ratio of 
ct al. t 36 materials handling tasks collagen syni hesis to degradation compared to sedentary control workers 

(.'(,'/{]~ Cakitonin gcnc.:-n:13tcd peptide.:; COX, c.:ydo-oxygc.:nasc.:; C7~'1. carpal tunncl syndrome.:; ECRR, ntc11~or c.:.1rpi r.,d i.1li~ bn:,·i~; 11.·l , intcrlc.:ukin I, .1 prointlammatOr)' cytokinc; IL-6, 
intcrlc.:ukin-6, both a prointlammacory and an anti·in tlammatory cytokinc.: ; 1\,/1\JP-2, m.11rix mc.: tJ1loprotc.:i11.1st· . . , .:oll.1gc.:11.1,t·; .\JS[).r, muM:ulo~kc.:lc.:tal discmlc.:rs; NADH , nicotim:-adcninc­
Jinuclc.:otidc.: rc.:duc t;1'c.:; NK-1, Ncurokinin l , a subl.tanc.:c.: l' rc.:c.:cptor; NfefDAl'i, N-mc1hrl-1l-.1~p.1rt.1~c rn:q)JOT· 1 .1 gl11c.1111.11t· rc.:c.:ptor; l'<:Ei , prost;igl:indin E2; SP, substance P; TGF-/j, 
transforming growth facwr /J; TNf.7., tumor nci.:rosis fa.:ror 7., a pmi11tbmm:irory q·wkint·; VEGI-: ,·,h,·ul.1 r c.:ndothl.'li.,I ~rowth fa.:tor. 
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Table 22-5 
Animal Models of Overuse Injuries in which Serum or Musculotendinous Tissues Were Examined 

Authors Model 

Studies Examining Tendons 

An:hambault Rabbit model of Achilks tcndinosis 
ct ;,I. r 41 Controlled kicking 

20 and 75 rep/min, l to 2 hr/day, 3 days/week for 
6 to 8 \\'CC ks 

Ard1;unbault Rabbit modd of Achilles tcndinosis 
ct al. l.J l ( :om rolled kirking 

75 rep/min, loading of 1.2 Hz, 20 N 
2 hr/day, 3 days/week for 11 weeks 

Backman Rabbit model of Ad1illcs tcndinosis 
ct al. 140 Controlled kicking 

l 50 rep/min, 2 hr/session 
3 days/week for 5 to 6 weeks 

Carpenter R..1t model 
ct al. 1H Treadmill running loading of supraspinatus tendon 

Soslowsky with and without external compression vi;,. Achilles 
Ct al.

144 tendon allograft 
17 m/min on a decline 
I hr /day, 5 sessions/week, up to 16 weeks 

Messner ct al. 145 Rat modd 
Eccentric loading of Achilles tendon 
30 cycles/min 
l hr/day, 3 sessions/week for 7 to l l weeks 

Nakama ct al. 1 w Rabbit model of medial cpico ndylitis 
Cyclical loading of flcxor digitorum profundus 

muscles; tendon examined; 2 hr/day, 3 days/week, 
for 80 hours total 

Topp and Byl254 Primate model 
Repetiti\'e, forceful hand squeezing in owl monkeys 
15 squcc:tes/min, 300 crials/dav for 2 to 5 months 

Studies Examining Muscles 

Stauber 
ct al. 1 n .1211 

Stauber ct al. x 1 

Rat modd 
Forced lengthening of solcus muscle 
Slow ( IO mm/sec ) or fast (2S mm/sec ) strain rates 
3 sessions/week for 4 to 6 weeks 

Rat model 
forced kngthn1ing t eccentric contractions} of soku~ 

mmdc: 
SO strains/day, 5 ~cssions/weck for 6 \\Tt.:ks 
rollowcd by 3 months of ce!,sation of chronic 
hyperactivity 

Studies Examining Muscles, Tendons, and/or Serum 

Barr ct al. 112 

Fedorczyk 
et al. 125 

Rat model 
Voluntary LRI ,f reaching and grasping t,1sk 
I reach/30 min, 45 mg force 
2 hr/day, 3 days/week for 12 weeks 

Tissue and Functional Changes 

Hypnccllularity and I inthmmatory cells in tendons; 
{'TNf-:x. IL- I 

I rttRNA of matrix rnmponcnts (e.g., t collagen) 

No c\'idcnct· of inflammation 
l m RNA expn·ssion of l'Ollagcn type III and MMPs 

Tendon ncnnsis, tendon matrix reorganization 
l Vasrnlarity, f inflammaton· cells and edema in 
para tendon 

Paratcndon fibrosis 

Hypcrrdlubrity, l tendon noss sectional area 
Collagen disorganization, rounded tenocytes 
l Maximum bio mechanical sm:ss 
Tissue changes T wi rh exposure ( compression or time) 

fibrillation of epitcndon 
T Vasculariry of epitcndon; T SP and CGRP in 
cpitendon and paratcndon 

Limping gait 

T Microtear area, I tear densities, and T tear size at 
medial cpicondyk attachment site in loaded limbs 

Regional differences: Outer cnthesis > inner cnthesis 

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

No signs of active inflammation in hand tendons 

Hypertrophy, l musdc mass, T myofiber area 
( adapt ,\tion ) afrcr slow stretch; r muscle mass, 
l m~·otibrr arc., after fast stretch 

Splitting of m\'Otibers and 1 type A fibers 
( rcgcnt.:ration ) ati:er fast stretch; collagen struts after 
slow strcrd1; clear fibrosis alter fast stretch 

H ypen·ascu larity 
I Musck 111.1ss, l myofihcrs area 
l Nonconrractile tissue, l collagen content 
I ncornplcte rcco\'cry of tissue rhangcs after 
3 months 

No 1 SP, NMDArl, or C<3RP in cpitcndon, 
paratendon, or forelimb muscles 

No increase: in scrum I L-1 ci ( only scrum examined) 
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Table 22-5 
Animal Models of Overuse Injuries In which Serum or Musculotendfnous Tissues Were Examined-Cont'd 

Authors Model Tissue and Functional Changes 

Barbe et al. 11 1 Rat model Forearm flexor tendon microfraying 
Barr et al. 112,113 Voluntary HRLF reaching and grasping task Widespread T in macrophages in all muscles, tendons 
Barr and Barbe114 I rcach/15 min, 45 mg force and CTs examined in weeks 3 to 6; TCOX-2 and 

2 hr/day, 3 days/week for 8 to 12 weeks IL-1 P in cells of muscles, tendons 
Paratcndon fibrosis in weeks 8 to 12 
j hsp72 in distal forelimb and palm by week 3 
T Serum IL- let 

Fedorczyk Rat model TSP, NMDArl, and CGRP in epitendun and 
ct al.125 Voluntary HRHF reaching and grasping task paratendon of forelimb muscles 

l reach/15 min, 180 g force, 2 hr/day, 3 days/week 
for 12 weeks 

Jarvinen et al.310 Rat model Recovery of l tenascin C in myotendinous junction 
Casting for 3 weeks followed by progressively and tendon in dose-dependent manner with 
increasing low and high intensity treadmill running, treadmill running after casting 
5 days/week for 7 weeks No de nm·o synthesis of tenascin C in muscle 

CGRP, Cakitonin gene-related peptide; COX-2, cydo-oxygcnase 2; C7~ loose areolar and synmial rnnncc.:tin: ti~sue; II.· 1, interleukin- I; HRLF, 
high repetition, low force; HRHF, high repetition, high force; hsp72, inducible form of heat shock protein 70/72; LRI.F, low repetition, low force; 
MMPs, matrix mctalloprotcinascs; mR NA, messenger ribonucleic acid; NMDAr J, N- methyl-n-;ispartase re(eptor· l, a glutamate receptor; Rep, 
repetitions; TNF, tumor nc,rosis factor; SP, substance P. 

microtears in the tendons at their epicondylar attachment 
to the humerus. Backman et al. 140 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 weeks of 
repetitive kicking. 

Archambault ct al. 141•142 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-o:) and increased 
messenger ribonucleic acid (mRNA) levels of matrix mole­
cules (e.g., collagen type I) 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 ct al. 143 and Soslowsky et al. 144 developed a rat 
model of running-induced rotator cuff tendinopathy. Similar 
to the studies by Backman et al. and Archambault ct al., they 
found evidence ofinflammation and fibrosis (hypercellularity 
and tendon thickening) after 4 weeks of running. These tis­
sue changes persisted through 16 weeks. 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., 127·128 

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 arc 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.81 

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).111 

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
de 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 (X in these animals increased significantly above control 
levels in week 8. 111•112 IL-lex did nor change significantly 
with task performance in a low repetition, negligible force 
(LRl'ff) group (2 to 4 reaches/min at 15% of maximum grip 
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strength). 112 T he authors hypothesized that the net cytokine 
production in the LRNF group allowed for maintenance of 

homeostasis through the resolution of an acute intlamma· 
wry response. The kvc:I of repeated incidents of mechanical 
injury to the tissues in the H RNF group, on t he other hand, 

kd to a net prod uction of IL- I :x, indicative of a chronic and 

s\·stc:mic intbmm::uory response to the repetitive task. 

Behavioral Changes That Coincide with Tissue 
Inflammation in Severe Overuse Injuries 

The ;\llthors h.1n· rcportnl on behaYioral indi1:ators in the 

r Jt nwdd that ofkr insight into the hc:haYioral conse · 

qu1.·nc1.·s of injun· .rnd infl.unmation. The reach rate ( RR; 

rc.1chcs/mi11 ) i), .111 indicator of the animals' ability to mai11-

r.1in t,l),k pace. The reach mo\·ement pattern is an indicnor of 
th..: qu.,lity of rc:.Khing. Th<: H R.LF group showed a signiti · 

crnt d<.:dinc in RR in we<.:k 6, which wincided \,·ith the peak 

intlamm.nory response, .111d ;\ return toward baseline in w<.:<.:k 
8 .111 ·1 u Th<: LR.Lr group did not exhibit any change in RR 

IP on;r 12 wn·b.. - Hm,-cn:-r, the HRHF group underwent a 

sit?,nificmt dedim: in RR in weeks 3 to 6 .md a significant 

de(r<.:,1se in srns;1tio11, grip strength, and NCV in \\'Cc:k 

12 .'' 1 All H RI.i: .lllinuls tkn:loped progrcssivdy degratkd 

Resolution 

Repetitive 

0 

Local 
Injury 

Vicious 
Cycle 

2 

Acute inflammation 

3 4 5 6 

reach movement patterns by 7 weeks of task performance, 
whereas only 60% to 70% of LR.LP anim als showed reach 
movement pattern degradation .111

•
112 

Messner ct al. 145 reported IKhavioral changes that develop 
in their rat modd ofccn:nrri( loading of the Achilles tendon. 

Using a repeti t i\'c: t.1),k of 30 (\·des/mi n for l hour per day, 
3 days pl.'r \\'eek, for 7 to I I W<.:<.:ks total, they observed 
thl.' tk\'dopml·nt of .1 pnm.uwnt limping gait that was asso­
ciatni with tibrill.uion of the rpitcndon (the outer sheath of 
the trndon ), .,~ \\ ell .1s .rng.ioi;cni( ch:111gcs and increased 

expression of lll.'ttrochernic.,ls in this same tendon region. 

These heh.wior.11 d1.111gl'/, ,ll'1.' summarized in Table 22-5, 
along \,·ith thl.' tissul.' changes obser\'cd in the particular 
study. Th<: tii1dings indic.m· that funct ional declines may 
a((omp;lll~· tissul' injury .md inflammat ion. Figure 22-6 
shO\\'), ., timclinc.: th.1t po'.'l t ul.ues rlH: onset of behavioral 

(h.mg<.:s in rd.1tio11 to the p.nhologic1I tissue responses. 

Role of Proinflammatory Cytokines 
in "Sickness Behavior" 

The psy(honeumimmunolog.i(;\I efkcts of prointlammatory 
(ytokines, spc:cifi(a!ly I L- 1 /I, T:--:F-:x, and IL-6, have been 
studied otcnsi,cly in .rninul modds ovn the past decade 

II 

Fibrotic repair 

Chronic inflammation 

7 8 9 10 11 12 
tFull Moto1 Fc.mcrion---lAvo1dancc - ----- --- - --- ------ ---

lOc9radcd Movemem Paltem 
Decreased P;1cc --- - - --1 

loecreased Sensatron --------

1 Occrcilsed NCv- ---

+ + 
S1911 , S,qn 2 + + $1qn :r S,9n 4 

Figure 22-6 
Step, in tht· 1nll.1111111,111011 111t·di.11cd dt·,t·lopmt·11t ot' 1,11rk rt'l.11cd 11111,,111<1,kc:kt.1! d1,11rdn, . T ht· ,c:rt1,.,I 
1.ig.1 .. 1gg<.:d bou11d.1ric, md1, .11, 1111,·,n .11111,· .,, 10 I h, ,p,,1li,· 11111, fr.111w li >r I r.111,111011, b,1" ,,n pn>µr,"i,·, 
,1<:ps. The: 1i111c:li11c: .11 1hc h111tt>lll ,,fthc: til.!.11n· rd.11,·, 1h,·,c 111tl.1111111.1t<>r1· ,·1·r 111, 10 nhwr1.1tiom 11( 

hcha\'iora( i11di,.11or, in .1 r,H modd :\t lh<' HT\ bt>tl<>lll of 1ht· liµ11rc 1h,· plll',1, .11,1µ.11 1 hl'h.11·111r 
dc~radatirni ) 1h.1t n:lk,t, 1111,krly1ng. p.11h11ph1·\lol11µ.1· " 1ndi.:.11nt T h,· 1hn·,· p11"ihk npo,urt·-,kpt·11<k111 
outcomn 111 1hi~ ,..:h,m.1ti, .1rt· 111d1t:.11nl .1, liillo",: I I ) .1,·111r 111\l.1111111.11 1011 l11ll1111nt h, r,,.,(11ti1>11 .md 
restoration o( 111 ,rm.1( 1i"ue. ,1 , 111 1 lw I .Ill .F grc ,up. I 2 1 .1nt1c 11111.1111111.111< 111 I< 111< 11, l'd Ill' lihn 11 i, rqi.ur , .1, 
in th<.: HR.I .F g.roup; .111d 1 -~ J .1,111,· intl.11111n.11ion lc>ll<>\\',d hi' ,hrcmi, " ·,1rn11<' intl.111H11.1tio11, wi1h or 
without fihroti<' rl'p,1ir .. llld lllll i.11ion nt'.1 \i,iotl\ ,l'dl' of fmllwr in111n· .uid intl.111ir11.11ion, .1, in lh<' HRHF 
group. UU.F. Im\, repetition, l1J11 li,r,c HIUI·. Hig.h rc:pt·1i1io11, lnw ti,rn· ; lfl<HF. I ligh r<'petition, 
high force. (Modifinl from B.1rr :\E. BJrhr MF: lntlamm.ll ion r,·du,,, phy~ ioloµK,11 tiS\ll, tokr.11Kl" in the 
development of work-rcl,1tnl mu~rnlo~kd<.:1.\I di',C>rdo.:r~. f f:l1·m·r1mv1t1Jr Ki,miol 14:82 , 2004. ) 
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for their contribution to a constellation of physiological and 

behavioral responses known collectively as the sickness 
response. These responses include fever, weakness, listless­
ness, hyperalgc:sia, allodynia, decreased social interaction 

and exploration, somnolence, decreased sexual activity, and 
decreased food and water intake. Ji6 . 149 The sickness 

response is adaptive in that it results in behavior that mini­

mizes energy expenditure in order to allocate metabolic 
resources to lighting infection or disease. 146 Furthermore, 

a sickness response has bec:n shown to be a motivational state 
with respect to feeding behavior in animals. 

., . 

"Sickness Responses" Mediated by 
Proinflammatory Cytokines 

• Fever 
• Weakness 
• Decreased social interaction/exploration 
• Somnolence/listlessness/lethargy 
• Decreased food and water intake 
• Decreased sexual activity 
• Hyperalgesia/allodynia 

Aubert c:t al. 1 so demonstrated that rats injected with 

IL- l /1 n:duccd the frcq ucm:y oflcvcr presses to recci,·e a food 

reward but readily ate food when it was freely presented to 

them. The intapretation of these results from the motiva­

tional standpoint suggests that IL- l fl produces an aversion 

to foraging, which is an energy-intensive activity, rather than 

t0 feeding per sc. In the authors' model, animals exhibited 

dose-dependent task avoidance over weeks of task perfor­
mance. 78·91 The HRLF group declined in duration in week 

3, then regained baseline duration by week 6.78 T his avoid­

ance of the task in week 3 matches the onset ofinflammatory 

cytokim: production in the median nerves in our model,71 

and the recovery to baseline duration matches temporally 

the increased production of an anti-inflammatory cytokine, 

IL-10. The mechanism of action of the proinflammatory 

cytokincs on such behavioral responses has been partly eluci­
dated but is still a subject of intense research. The role of the 

vagus nerve in facilitating a paracrine signal transduction 

pathway to the hypothalamic-pituitary-adrenal (HPA) axis 

has bcrn the most extensively studied in rodent models of 

bacterial intcnion . 146 An immediate response to intraperito­
ncal injection oflipopolysaccharide (LPS), a bacterial endo­

toxin, is the induction within 60 minutes of IL- l /J in the 

abdominal vagus nerve by glial cells and macrophages. 147 

Blocking either the vagus nerve or IL- l /f a,tivity reduces 

sickness behaviors ass<Kiated with LPS injection . Although 
these latter findings seem to implicate the vagus nerve in par­

ticular, the disease model in this case was most consistent 

with visceral infection or inflammation. These findings 

raise the possibility that other peripheral nerves arc also 

capable of facilitating signal transduction between lm:al 

inflammatory mediators and the HPA axis, inducing a sick­
ness response. Recent studies of bilateral neuropathic pain 
(i.e., hypcralgcsia or allodynia) with a unilateral sciatic nerve 

lesion strongly suggest that other peripheral nerves are 

bl f h · h l I . · · . lSJ-153 capa e o sue penp era -centra commumcat1on. 

More recent attention has been given to the possible role 
of serum circulating proinflammatory cytokines in the etiol­

ogy of depression and other mood disorders, particularly 
among cancer patients treated with proinflammatory cyto­

kine thcrapy. 154 The possibility for patients with chronic 
inflammatory conditions to succumb to the depressive 

effects of local and systemic proinflammatory cytokines has 
implications in the management of se\'erc m ·c.:ruse injuries. 

Symptoms of depression and anxiety have been reported 
in numerow, epidemiological and clinical studies of patients 

· 1 . . · x 1::;;. 1 ::;7 1, 11s11 wit 1 se\'ere O\'crusc.: m1unes. · ,ystrom et a 

reported a lower prcssurc.: -p.lin threshold among women 
automobile: assembly lin<: workers with newly reported 

work -related fore:irm .md hand symptoms. All of these 

findings in workers with \\·ork-n:l.ucd svmptoms may be 
attribmcd to the sickness response.:, which suggests a physi­

ological basis for such symptoms. :\ more.: complete under­
standing of the rc.:lationship berwc:c:n repetiti\'e and forceful 

task demands and induction of the sickness response will 
help direct cffcctin: workplace and clinical management 
strategics that can n:duc.:t· the stigmatization often imposed 

by health care pro\'idcrs on patients who present with such 

\'ague and apparently psychological complaints. 

Summary 

By examining the findings of human and animal studies 

done on severe overuse injuries, the authors have developed 

a proposed mechanism of pathophysiologkal and behav­

ioral changes associated with these injuries. 

First, repetitive acti\'ity leads to a disruption of cells and tis­

sues ( Figure 22-7). This injury activates the acute inflamma­

tory response : infiltration of immune cells into the injury site 

and increased production of l.)'tokincs by these immune cells 

and by injured cells and tissues. The acute inflammatory 
response then acti \'ates mechanisms of cell proliferation and 

matrix production related to wound healing. Unfortunately, 

the continued cycle of tissue trauma by continued perfor­

mance of the repetitive: task halts the process of tissue repair 

at this point.84
•
1
"
9 Instead, a chronic inflammatory response 

( with associated secondary tissue damage) is stimulated, along 

with an c:xcessin: fibrogenic response. This postulated mecha­

nism is supported by the many studies, both human and ani­
mal that h.wc found C\'idcnce of tendon tissue thickening 

' 
and fihrosis, nerve and muscle fibrosis, and tissue disorganiza-

tion and necrosis . Motor behavior changes related to tissue 

d.unage, pain, or both would be clearly apparent at this point 
as a result of nerve damage, and sensory losses may also be 

present. Finally, a systemic response is stimulated , apparently 
by the rc.:lease of cytokines into the bloodstream from the 
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Figure 22-7 
i'n>pmnt mc,h.111i,m for till' role of sntemi, di~trihution of n·tokincs in wide~pn:.1d , rmpto1m of 
11nrk ·rd.11ed 11111\,ulmk.:kt.11 di,onkr,. :\ 11ni1Jrual. n:petirn·c ao:ti\·it,· induces .1 lo,.1lil'.cd in tl.1111111.11u r\' 
rc,p, >11w ff the 111111n· ,1i111ulu, 1.·<·.1,c~. the .1,11tc.: i11tl.11111n.1torr rc~ponw rt·~oln·, .111d hc.1li11g. o,,ur, . 
l fthl' in 1un · ,t1111ulu, pcr,i,ts. ,1r,ul.11i11g.,ytokim:~ .1f11:ct tis~uc:~ nut dirc:,tly i1\\'ol\'nl in t.1~k pal<>nn.111cc.: 
tc.:.µ .. ind111.111~ JJ\ll.imm.uio11, n:~orption , dq~t·ncr,1tio11, ,md 111.11.li,c drpc:nding on the: lc.:,·,I of1.·1·tokinc, .111d 
the ti\\uc type ,, or thn· h.l\'c.: global plll's1ological rfti:.:ts . lnitiation oft hi: ~,·,tc.:mi, rc.:~ponsc ,c.:n,iti," ti,,lK,. 
both lo,.1l .uid d1,t.1nt from thi: injury ,rimulu,, a11<l ,a11,o furthrr 11prc.:gul.11io11 of proinlhmm.llory 
mc:di.1t11r,. Hen,r thr 1.·wk 11f\\'idr,prt·.1d .rnd d1roni, c.:lk,t, i~ prop.1g.ucd. j/. In..:rcJ,c .\!tj,. 111,11.·roph,1~c. 
, ~!odilil·d fr11111 B.1rr :\E. B.ubc: ,\Ir, ( 'I.irk Ill)· S,·stcmi.: i11tl.imm.11on· mc:di.Hor~ contrih11tr to witk,prl·,1d 
c:fl.:,ts in work-rt·l.11nl mm,ulm kdc.:tJI di,onkr~. E,;1Tc Spon.r Sci Ra 32: 141. 2004. ! 

injun:d tissU<.:s ,md immurH: ,db srill pre!'>cnt in thl· tissue:... :\!'> 

shown in Fig.urc 22· 7, (irrnbting. (\·tokincs cm stimul.m: :..c,·­

aal gJoh,1! n::..ponse:.., induding. \\'idc:..prt·,1d :..timulation of 
nu(rophag.o .ltld (ell prolikr,nion, lo(al ,Hld tfot.\llt ti\\lle 
:..cnsitizarion, and :..i(knes:.. heh.1,·ior. Tht· prc:,1.:n(e of chronic 
pain and othcr symptoms of i:t·ntr.1! nt·uropbsti,iry ,timul.ue 
a ,·aricty of :.1.:n:.orimotor hch,ll'ior,11 corhequencc:, 1 di,cu:,:..ed 
in detail in th<.: not ,e,cion 1. 

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

Stressful, rcpetiti\'e u<.I..' ol th<.: uppcr limb in ,nirk or ,port<. 

can lead to J,ut<.: p.1in .rnd lo:..:.. of ti1nnion . :\s the !lr,t p.irt 
of the (haptcr ,bowed, th<.: e,·idc1Ke for miraotr.wma i, 
com·incing. Rc'>t, anti -intl.1111m,1tor,· mcdic.nion:.., .1 d1.1nge 
in hiomc(hanit.:'>, and g.ood t:rg.onomit.:\ u<,u.11\y ,lre i.:i'ti:ct i\'e 
treatment modalitic'>. Unfort unJtd\', :..ome repl..'titi,·e :.e r.tin 
injuries become chronic, and dcg,encrati,·c dung.cs J.rc found 

in trndons and musdcs, s(,ming restricts soft tissue and joint 
mobility, compression of periphcr,tl ncn·cs causes strain and 
li111its cx(ursion .111d, in so111<.: c.1st·s, in\'oluntary co-contractions 
of tkxors ,Hld extensors lead to p,1inkss, \lllComrol!able, end 
r.rngc t\\'isting mm·<.:ments t h.H inrert<:rc with the perfor­
mance< 1ft,U'g_et t.1~ks. Thi:.. mm nncnt dysfunction is referred 
to .1:.. t1fft1/lflti1mal haud ,.,.amps, 111wicia11 's cramps, keyboar­
rfrr '.,· LTl1 mps. polfiT 's yip, .ind ji1cal /Jnnd d_vst,min. Research 
,t udit·:.. report t'\ iden(e of dq~rad.1 t ion of the somatosensory 
rl·prcscnt,ll ion of the h.md in .1nim.1b .md patients with 
d,·,tonic h.md 1110,c111e1Hs ,\lld rh<.: need for learning-based 
tr.1ining to rcorg.rni1.c the hr.tin . 

1 n t hi, ,ect i, m < ,f tht· d1.1ptn, the ,Hit hor:.. summarize the 
prinl'ipks ot' n~·uropl.1'til'it,· .md the origin, diagnosis, and 
tre,\1111t·11t of Ii,c.11 h.rnd th,toni.1; the,· .1lso rcl'icw the 
rt· ,c.1r~·h nidcn~-c :..upport ing .1 hnr.111 t learning as an 
.1ppro.1ch to thl' remedi.nion of thi:, (ondition. 

( )ur h.md~ .1110\\· u~ to pert< >rill ddil',\l<.: , l'ompln, indh•idu­
.ned, lint· motor mm·cmnlt:...

1
<>

0 1" 2 Tht·<,c skillfitl mo\'cmcnts 
arc ,\:,:,o(i,ned \\'ith large, orderly, so111.1totopi(, highly ditfo­
cnti.ned rcpresenrarion!'> of rhe lund in rhc th:tlamus, basal 

I. j ( ' "' 22 0 I<,.~ 11,<> I . fu g.mg. ,a, ,mt cortcx r1gurt· · o ). ntegratrve nc· 
tion;1I rcprescnt;ttions of wdl ·karncd tasks ( e.g., playing an 
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Figure 22-8 
Rcprcsl'lll,ltin· norm.ii smnatmensory map of 1hr hand wil'h .~mall receptive tidds. Thr digib .irr nrµ.1111.1.nl 
from dist;1l to proximal. ( from Byl N:S.:, Mcrzcni,h fl.IM, Chc:ung S ct al: A prim;itc: modc.:I for m1d\'ing fc>,.11 
dystonia and rc:pc:titi"c: strain injury: ctkcts on the priman· sonJ;1toscnsorv ,orrc:x, /'Im '/1m· 77:273, 1997 . 1 

instrument or writing ) arc also mapped on the cortex. 167 

These topographical representations can be modified o\'cr a 
lifetime by attended, repetitive behaviors. 1611 Some of these 
behaviors lead to positive adaptation, and others lead to nega­
tive adaptation. For example, situations such as deprivation, 
drug use, negative feedback, and repetitive, near simultaneous, 
stereotypical behaviors can degrade the topographical rcpre· 
sentation of the hand (Figure 22-9), whereas environmental 
and personal enrichment and attended, rewarded, spaced, 
repetitive, learning-based, goal-directed, nonsrercorypical, 
progressi\'e practice can lead to positive changes. 166·1611" 172 

Task practice ( mental or physical) enhances the efficienry of 
learning new tasks, improves task proficiency, and enhances 
recovery after neural insults.1 611 ·171 ·173' 1711 These task-specific, 
learning-based, repetitive behaviors drive selective changes in 
cortical cell differentiation and selective specialized represen­
tations. New synaptk networks (engrams) arc refreshed, and 
p<x>r connections can be erased as a result of variation in 
inputs, metabolic state, emotions, sleep, and natural endor-
1 . 179- IX I 1·1 h . I . I I I . I p 1111s. 1c p ys10 og1ca c 1anges occur near y s1mu ta-

ncously with the emergence of more efficient, accurate, and 
diffcn:ntiatcd behaviors; 1112 · 111" upn:gulation of neurotrans· 
miners such as dopamine and acetykholinc occurs I x7 

• 1 xx 
as well as changes in neural organization ( e.g., expansion of 
cortical representations, reduction in the size of recepti,·e 
fields, narrowed columnar spread, co-seb:tion of comple­
mentary inputs, increased excitable neurons, enhanced 
salience and specificity of feedback, increased myelinarion, 
strengthened synapses between coincident inputs, shortened 
integration time, and increased complexity of dcndritic 
branching). I <>SJ 7.~.1 74, I 7x, 1119.197 

Unfortun.1tdy, ncur.11 pl.1sticity is not infinite; inherent 
limits arc based on phy~iological rime constants, inhibition, 
and integration time. 1 

''
8 ror cx.1mpk, rapid inputs that 

occur within the inhibitory or integration period may no 
longer be registered as temporally distinct. 1

M·
199·20

" In this 
case, stimulated skin surfaces form a unified rather than a 
unique spatial and temporal n:presentation in the cerebral 

1n200 s ·ti·· t· 1· · · I · · · · I cortex. · · , pec1 City o ( 1g1ta representat10n 1s cr1t1ca 
tO maintenance of the normal sensory organization, sensori­
motor fredback, and tine moror control of the digits. 207

·
208 

Loss of differentiation of somatoscnsory inputs or block­
ing of sensory afferents i:an lead to abnormal motor 
mo\'emcnts .209 

~" ...... ..1 

Signs of Aberrant Learning 

Pain 
• Usual signs of redness and swelling are absent 
• Pain is out of proportion to use 
• Pain is delayed a few hours after activity 
• Patient is pain free in most tasks, but pain returns when patient 

places hands on target instrument 

Abnormal Involuntary Movement 
• Involuntary movements and tension interfere with target task 
• End range posturing restricts purposeful contractions 
• Freezing (co-contraction of extensors and flexors) dominates 

movement 
• Tremor-type movements replace smooth movements 
• Excessive force replaces graded movements 

··
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Figure 22-9 
Abnormal somaros<.:nsor\' map of the hand .,tin ,:x.:cssi,·c rcp<.:titin: cr.1i11ing. I .• ,rg<.: rt·ccptin: tidth 

overlap aJjacrnr digit~, adja,rnt scgmnm . . 111d dorsal .rnd glabrous ,urt:l.:n. { rrom Byl :\~. ,\kr 1..·11ich 

MM, Cheung S ct .11: A pri111.1t<.: gcm:si~ mmkl of foc.11 d\'~tonia and n:pctitin· ,1r.1i11 injun·. I. l.c.1rning· 

induced dcdifkrt·ntiation of the rcprc~cnt.nion oft h<.: h.rnd in the prim.1ry ~<Jlll,llmcmon· corto in .1dulr 

monk<.:1·s , N,·,milttJJ.\147:513 ·515 . 1996.1 

Focal Hand Dystonia: A Repetitive Strain Injury 
Leading to Aberrant Learning? 

Etiology 
Occupational hand cramps ( or fo(al hand dystonia I rHd] } 
is considered idiopathic. However, indi1·iduals \\'ho perform 
tasks requiring intensive repetiti1·c mm·cnll:11ts ( c.g , work· 
ing at a computer, playing an instrument, pitching a ball, 
screwing nails, playing golt) appear to be at high ri\k. Thi~ 
hand dystonia is dcsaihed as painless, dumsy hand mmT· 
rnenrs characterized by involt1nt.1ry, ll'rithing, t\\·isting end 
range rno\'cmcnrs that interkre \\"ith thc perl<irman,e of 
specific targct tasks. 210 21 '' Ir is hypothcsi1.cd rh.n l<>e,11 
dystonia is genetil:,220 2

B although strong e1·idcn(c of ;lll 

imbalance of inhibitory and cx,itatory path\\'ays in thc 
globus pallidus/substantia nigra also cxists.224 227 Other 
researchers ha\'e reported that hand dv!>tonia m:iy rcsllll 
fi . I d C. • 2211·2 B t i . . I rom corttca motor ysn11Kt1on, · · l cgral anon 111 r 1c 
sensory thalamus,21"·H4 ,B" disruption in conical sensory 
activation, somatosensory representation or spatial pcrccp-

. . 1711 200 202 B6·241 b ( · t' tion, · · · · a norma ganng o somaroscnsory 

· >-1' l I . 1 I . . f mpms,- - ;1 )norma pn:s\·naptl( ucsv11e womzat1on o move-
I I I . JI .. . . 2B 2-1~ d" mcnt, a morma muse c spmt c atkrcnt hnng, · · · · or 1s-

ruption of inhibition in the spinal cord. 2311
•
2

H ·HN Some 
phy~ician scicntists ha1·e c,·idcncc supporting the theory that 
fl Id dcn:lops .1s .1 const.·quencc of'pcriphcral trauma, pcriph· 
cr.11 ncn·e cntrapmcnt, or an,iromical n:stri(tions in soft tis-

' ·1'1 '"'" ·1·1 . I I I . . I FHd sue. - -· 1c most co11tron:rs1.1 1yponcs1s 1s t 1at 
rcsults from ahnr.rnt lcarning,2"7 

>oo '<P . 1 n J lJ96 lhl t' t .,1.- ·- - propmn! till' s..:nsonmotor 
lc.irning, h~pothl'sis ,ls onl' c1iolog,· of work-related FHd. 
According to this thcon·, rcpl·tit i1·c llsl', simultaneous firing, 
coupling ot' multiplc !-><.:nsory sig.11.1(..,, .md voluntary rn-acti\'a· 
t ion of m uscks le.ids to deg,r;1d.1tion of t hc sensory cortical 
rcprcscnt.uion ot' t IK· h;lJld and disrupt ion in scnsorimotor 
t<.:nib,Kk.1''c,,i:-,,.i•i2 , 1'' ·\ , l•ix .202 ·2" 11 2<>1 On the basis of this 

I I . S l '1 . I l'IS I . d 1ypot 1es1s, . anger ,llll ,v cr1.c111( 1 propose{ an mtegratc , 
mulrisystcm co111putatio11.1l mode.:! to cxplain the origin of 
H Id. If the scmorimoror loop gain ;md the neural circuitry 
rnnnecting thc dccp cortical nuclci, basal ganglia, and thala­
mus arc unstable, ;1 t<Kal or:, g.cn..:r;1l dystonia could develop, 
depending on the cxtcm of the imbalance across multiple 
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sensory and motor systems. 
198

•
262 

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 even when the task is no longer performed 
repetitively; ( S) decrease but are not be remediated with 
dopamine-depkting drugs or botulin um toxin; and (6) are 
associated with abnormalities 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 botulin um toxin injections before ctlective retraining can 

be implemented without eliciting the abnormal movements. 
The behavior:11 retraining must be based on the principles of 
neuroplasticity. Pathological connections must be uncoupled, 
and selective mo,·ements must be practiced to engage specific 

and relevant senson· neurons and increase coordinated move­

ment components. 

Clinical Assessment and Diagnosis 
The diagnosis of fHd is made by a careti.il history. Past or 
recent trauma must both be rnnsidered risk factors,2f.

1 ·255 par­

ticularly if (I) the trauma history reveals a strong temporal­
anatomical relationship to the onset 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 m anifestation 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 conrractures and limitations 

of passive movement in the area of the involved limb.251 

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 q uality of performance, and quantity of 
work produced or intensity of time in sports perfor­

mance. 2''" Most frequen tly, the initial complaint is pain 

from inflammation and swelling as a consequence of tissue 
microrrauma. 78

•
115

•
1 

<>·U 
11 

'
2

M Because individuals frequent ly 

continue to per form the repetitive work, some can develop 
chronic pain, degenerative conditions ( e.g., tendinosis ), 26

"' 

Figure 22-10 

Q) 200 

"g 100 

fatigue, incoordination, or involuntary movements (some­
tim es severe cramping) when performing a familiar task.266 

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.267

•
2611 

O n the musculoskeletal exam ination, the patient may 
complain of weakness, but unless clear signs of peripheral 
ner ve compression arc present (e.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.e., forward head and 
shoulders) is common, and end range limitations may be 
seen in finger spn.:ad, forearm rotation, or shoulder external 

· 269 ·1·1 I · I . . I Id b rotation. 1c neuro og1ca examination s 1ou e nor-
mal (e.g., normal tendon reflexes, good coordination, sta­

ble gait, normal light toud1 ). HowC\'Cr, ~ome individuals 
note physiologic1I tremors, unrnntrolbbk ncitahility, and 
possibly cn:n some dullness or sense of numl:mcss in the 

p:1ds of the fingers \\'hen they .ue pb<.:ed on the target 
surface. These patirnt~ m,1y ,1lso perform poorly on tasks 
demanding cortical senson· dis<.:rimin,nion ( e.g., stereognosis 

I I · 270 or grap 1est 1es1a). 
During the examination, it is critical that the clinician look 

for abnormal mm·emcnt~ when the p.1tient performs the tar· 

get task; this is the most objecti\'e \'alidation of FHd. Patients 
should be videotaped while performing the target task, and 
mO\'ements should be scored for both qualiry and se\'crity of 

aberrant mo\'ement. The Arm D\'stonia Scale can be used 

t. h . 271 272 s 1· -. . b bl or t ese ratmgs. · ome c 1mC1ans may e a e tO use 
computer technology or electromyography to document 

l I. · t· · · d c b" · I 2011 256 273 l . a morma mes o 'Jmmg an 1orce o 1ect1,·e y. ' · · · t 1s 

important to examine both the in\'Oh·cd and uninvolved 
lim bs.90,202,20J.2.w ,240,249,252.2:'.o,274· 276 

Although not commonly ordered in the clin ical 

setting, research studies use electrophysiological mapping, 

functional m agnetic resonance imaging, transm agnetic 

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 

(e.g., representational size, location, digit spread , and 

order). 262 Biofeedback also can be used, o r involuntary 
co-contractions of agonists and antagonists, prolonged 

firing, and inability to maintain consistent firing of the 
dystonic musdes against resistance can be measured. 

Musician without FHD 
Laft hem/. : R digll 2 

Musician with FHD 

Ditli:r..:nc.:es in som;itosensory e\'oked rc:sponses in a tlutist 
\\'ithom foc.:al hand dystonia (A) and a flutist with focal hand 
dystonia ( B ). Tht: somatoscnsory evoked potential for the 
tlutist \\'ith f<K,11 hJm! dystoni;1 demonstrates a short lato:ncy 
and a large.: :unplitlllk rnmparc.:d to th<: flutist without foc1J 
lm1d dystonia. (hom Byl NN, McKenzie.: A, Nagarajan SS: 

'a. oi..-.~ .... -111 !}~-:f. 
Diffen:ncc.:s in somaroscnsory hand organization in a healthy 
flutist and a flutist with focal hand dysroni;i: a casL· report, 
J Ha11d "J7JLT 13:302-309, 2000.) 

E -100 

<( ·200 

·ISO -100 -50 D 50 100 150 

A Latency 

-ISO ·100 -60 0 SO 100 1111 

B Latency 
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Figure 22-11 
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A 
FHd(Severe). Unaffected digit 
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B 
FHd(Mild)- unaffected digit 
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Control - Affected digit 
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A to F, Difkn:n..:r:, 111 .unphtudr: .ind 1·ol11nll' nn·r t illll" ti>r ti1L·,1I h.rnd Lil',tnnia I i:Hd l ,uhjcd~ .rnd rontrols . 

General Conservative Intervention Strategies 
To d,rn:, no intnn:ntion ,11-.uq~il·~ an: I 00% dfrctin: for 

restoring 11or111,1l motor (0111ml in p.11ic1n, \\'ith rHd. 
lnjc(tion, ot' botulinum to\1n , lt\dophc11 l (,'II) rcdu(c the 

sn-crit\' of th·,tnllil· (r.Hnpin~ l)\ i11tnkri11¥, ,,ith lll'Ural siµ · 

I I I , 1 ~ ' "" , -- 11n . l I I 1- J na s to t K nwsc l' • · ·· ·· • · Sur¥,ny 111.1\· K 11l' p u , 

I J . I ll . 1
" 0 . SU( 1 as 111.'l'\'l' ul'(otHprl'\\l<lll ,\l t 11.· l' ,ow or wnst: · Sur-

gil'al rek.,~l' of .1 tight rc ti11.1rnl11111 or fas(ia h.1s been tried, 

with limited suc(t:,,. '.\:orn: of thl'Sl' approache-. t,ugt:t 

somatosenson· rl'diffi.:rcnt iation. 

Conscr\'ati,·t: nl.'rl'isc -.tr,negics h,1scd on the prin(ipks of 

ncuroplasticity ha\'c hem tried ,ls .1lternari,·e or supplementary 

to medications and surgery. Some of the paradigms include 

Co11ti1111td 

(omtraint -ind uccd t hcrapy ! Sl'tN 1r~· motor rl'tuning),284
·
286 

,rnsiti\·it,· training,2x7 12ondirioni11g tl·chniqucs/XK kinematic 
. . 'X') . l ·1· . 2''0 I I . l J • tram111g: 1111111<> )t 11 .. 1t1011, ,lilt carnmg· )aseu scnson-

. · '"<) ''' 1 s· 1 1· 1 11 motor tra1111ng. ·- . mg e·l',1'c stt1t 1cs ant srna prospec-

ti\'l' cxpcrirnl'ntal studies h,1\·c hl'l'll c1rril'd out on these 

tcl'hniques, but nonl' of thl' s1r.1tl'gics ha\'l' been confirmed 

lw r.mdomi1.cd dinic1l triab.. 

Thl' strongest measurc of \'alidin· for karning-bascd 

bch,l\'ioral training is based on thl· b.1si( sl'irntilil' C\'idcnce 
of l'cntral nervous system plasticity, induding research e,i· 

dencl' of abcrrant learning and the de\'l'lopmcnt of motor 

control problems in primates trai1H:d in repetitive task per· 

formanu: (sec thc previous section on research evidence). 
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Figure 22-11 cont'd 
G and H, Amplitude: integrated hy latency for FHd suhjl'(IS (sc:n:rc: n:r~u~ mild dy~tonia ). (From lh·I :--:N . 

Nagarajan SS, Mcrzrnich MM ct al: Correlation of dinical nt·ummusrnloskclct;1I .md ccntrJI 
somalosc:nsorv pc:rfi,rmancc:: \';"Jriahility in controls and p;lticnts with snac.: and mild fo.:al h.rnd dvstonia, 
Nmrnl l'last9 :190, 193, 2002 .) 

learning-Based Sensorimotor Training: One 
Treatment Approach 
Box 22-1 presents the goals of learning-based scnsorimotor 
training. Stopping the abnormal movements at both target 
and nontargct tasks is essential. These training acti\'itics 
need to take place in a positive enviromnent for learning 
(Boxes 22-2 to 22-4). Specific training activities must meet 
the requirements for learning (Box 22-5) . The patient must 
be educated about the ncurophysiological issues surround­
ing dystonia and the possibility that the problem n.:sults 
from aberrant learning. 

A (riti(al part of the training must emphasize restoring 
the normal somatoscnsory representation of the hand in 
rnrti(al arc.ls 3 :1 and 3b (sec Box 22-5; also Box 22-6, 
T.1hks 22-6 and 22 -7, and figure 22-12) . Training acti\'­
itics must inuirporatc normal sensory processing and nor­
mal mm·cmcnt to facilitate maximum neural adapt:ition. 
If the patient has difficulty performing the target tasks 
normally, imagery can he used to faci litate practi(c without 
abnormal movements . Imagery can be done mentally, 

. 
Box 22-1 Comprehensive Goals for Retraining 
a Patient with Focal Hand Dystonia 

• Encourage the patient to think positively abOut recovery 
• Teach the patient to stop abnormal movements 
• Create a positive learning environment that meets the requisites 

for learning 
• Teach the patient to be his or her best therapist 
• Help the patient develop normal hand biomechanics and good 

ergonomics (integrate graded, stress-free patterns of 
movements) 

• Quiet the nervous system (reduce hypersensitivity of muscle 
spindles, deep tendon reflexes, autonomic responses) 

• Redifferentiate the sensory and motor representations of the 
hand with good sensorimotor feedback 

• Restore normal graded and fine motor movements 
• Practice nontarget and then target tasks at progressive time 

intervals 
• Return to preferred work 
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Box 22-2 Creating a Positive Environment for 
Retraining/Learning: Positive Health and Fitness 

• Encourage the patient to maintain good hydration (8 to 10 
glasses of noncaffeinated fluids per day), balanced nutrition. and 
adequate sleep (7 to 1 O hours per day) 

• Help the patient learn how to manage stress and anxiety 
(workplace and personal) 

• Encourage the patient to think positively about learning 
• Teach the patient to avoid autonomic responses (fighl/flight, cold 

hands) 
• Encourage the patient to plan learning-based activities for each 

day 
• Encourage the patient to participate in regular exercise: 

General aerobic exercise program 
Healthy movement patterns (e.g., Alexander training, yoga, tai 
chi. Feldenkrais. Pilates) 

Box 22-3 Creating a Positive Environment 
for Retraining/Learning: Good Posture 

• Requirements: 
Neurological and Biomechanical Issues for Posture 

Good postural alignment with gravity 
·- Normal postural righting reflexes and balance 
: AdeQuate length of muscles and fascia with good joint mobility 
Education and Practice 
: Teach the patient how to maintain normal excursion of 

neurovascular tissues 
Help the patient develop a stable pelvis (hip abductors) and 
strong lower abdominal muscles. 
Teach the patient to relax the neck muscles (especially 
scalenes). 

- Teach the patient how to breathe diaphragmatically. 

Box 22-4 Creating a Positive Environment 
for Retraining/Learning: Positive Attitude and 
Commitment to Learning 

• Help the patient build confidence and self-esteem 
• Arrange supervised physical therapy appointments to teach the 

patient progressive task practice 
• Educate the patient about the plasticity of the nervous system 

and requisites for retraining 
• Encourage the patient to avoid habitual behaviors and to learn 

something new each day 
• If the patient cannot physically complete a task, begin with the 

uninvolved side or use imagery 
• Encourage the patient to interact with others and to get out into 

the community every day 

Box 22-5 Requisites for Learning-Based Retraining 

• Learning requires: 
c Attention 
,, Reward 

" Repetition 
Progression of difficulty 
Small intervals of cMnge 
Practice spaced over time 

• Learning activities should be fun' 

··-
Box 22-6 Requisites for Learning-Based 
Sensorimotor Retraining 

• Incorporate all sensory modalities 
• Make sensory tasks and problems a forced choice condition 
• Eliminate vision to focus on cutaneous information 
• Attend to tacti le cues to guide motor movements 
• Emphasize both active and passive tasks 
• Repeat a sensory task until it is performed correctly 
• Determine ways for the patient to receive positive feedback: 

Tape 
· · Auditory means 

Electrical means 
, Mirror 

• Keep activities fun 

.-.-

h.1, i11µ. th e p.llirn t ti ,,:u , on ho\\ the hd1.1,·ior looks, how it 
frd, , ,\l\d hem it i, ( rn1trolkd ,\nd ncrntcd mctri(al!y (Box 
22 7 .rnd T.1 hk 22 -X i. 

The pnr11.1n · l<K11 , of rh,.: ,11p1.·n ·i \1.·d ., t·~sions ( 1.5 hoursi 
, IH nild hr k.1rninµ b.1,l.·d , t·11,orimot or t r.1 i11i11g. ;lctiritics. 
lln\\ n n . . 1, JJ t·cdrd , th( ,r,,io11 m .1,· ~,.1n with sdcctil'C 

,oti t "'li t' . 1o in t .. 111d 11n1r.tl 111ohil i1.11 ion ,llld nan: gliding 
I j]()',',J llµ I ((.·t li l\Jlj ll (.'', ,u,)pk flJ(.'(1((.•d \\ it h ill t(WJtin: bal· 

.111<."c ,1d 1\lt1,·, t(> 1:1(i!Jt ,lt t· 11orm.1l po, tu rr .rnd n:con:rr of 
p.11n free, 1u ,rn1.1l 11 H , , c mcnt . I 11111.11 'l'l1'-' in· dis(rimi1ution 
tr.11ni11µ. , ll rn ild ti ,l. u, 011 the 111\oh n ! ti11µ.er, ; o ..:h linger 
,hn tild he 111dl\ 1d u.1l h- d1.1l k11)-!.nl <>ll the di,1.11 p.td\ and 
lh<.·n 1111 th <.· \l,k, o f tit<.· ti11~n, . Sr ll'-'>lT di,ain1i11Jtion 
.1, t 1, 111<.·, .1n· pnt, ,rn,nl " 11 h the p.11 ic111 in ditfr n:nr posi· 
ll< ll l\ < <.' -~ -, ,up1 111.·, , 11 t in~ . < >r ,t .111 d11'):!. , \< > minimi1.<.· .1bnor· 
111.11 1110, <.' lll<.·11h . ·1 he ,l·11,on· 11111t()r ,h·1i,·1tin IHll \ t indudc 
pr.1d1,·t· rt·,t()l'II\ )-!. ,muot h . .:c 11H i11uoll\, µ. r.1dcd l\Hl\"\'.IHl:nt~. 

h ir n.unpk , p.11 1t·n1, .ir<.· ,l\kn l f() liµht h· tClllCh surfam 
11, in)! d1t k rn1t Incl\ of i< >rtl·; tl11\ 111 .n indwk prcssin~ 
o n ,l ,r.tlc tC1 .1 \pl·,:ilit· ,1m,1unt o r pl.11.·i11µ. the hJnd on .1 
turn inµ. rcl·ord , thr hdt of .1 trc.1d111ill , o r ,\ portable pla~tic 
1:111 \\ithou t , toppinµ. the 1110\·l'm<.·111 of thl' record , belt. or 
t:lll hl.1dr\ l t tiµ. ure 22 · I 3 J. 



Table 22-6 
Leaming-Based Sensorimotor Retraining 

Improve Sensory Discrimination 

l. fOl:us on sensory prrn:essing when manipulating 
objects 

2. Use scmory ( not motor) information to shape and 
guide mon:mcnts 

3. Empha!-.izc k.1rning activities 
4. Chalkn~r thr regulation, quality, and quantity of 

sensory information: 

u At the i11i1i.ltio11 of mm·cmcnt 

o During pcrlc>rm.rncc of all voluntary tine motor tasks 

Receptin Fltlds Sorted b7 
Dlpl l 

Receptive Ji'Je.ldJ Sorted by 
DlcJtJ 
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Improve Sensory Representation 

l . Improve accuracy of separation between sensory stimuli on digits to 
increase differentiation 

2. Increase cortkal separation of digit!', 
3. Restore digit sc(1ue1H:e and order 
4 . Reduce n:i:epti\'e ti<:1 (.1 \ill' on digit~ 
5. Confine recepti\'c fields to one digit. sl·gmcnt, and surface 

Rtetptlve Fie:ld.t Sorted by 
D11Jt l 

Receptive Fields Sorted b7 
D11it 4 

1 cm 

Rettptive Fields Sorted by Diak 5 
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Table 22-7 
Specific Learning-Based Training: Stereognosis and Graphesthesia 

Stereognosis * Graphesthesia t 

I . St;lrt with an objl·d th.11 is 111ild l\· ,h.11'1' 1 c.)-: .. . 1 paper dip). I. Start in ;l position withollt any tension in the 
h.rnd (prone, supinl'). 2. Begin in tlK ~itting po~itio11 .111d then ,·li.111 µ. r l'mition (e.g., on the back, 

2. ff tension is present in thl' innil\'ed h.md, train 
\\·ith tht unim·oh-cd h.md tirst . 

3. Be!,tin on .1 nonr.1rget ~urf.1,c. 
4 . Bq:in ~cmor~· di~,rimin.nion rn1 th(.· digit next 

t1i thl· 111mt im oh'nl di~it. 
:, , Bc~in tr.,ining. on thl· p.1d of th..: dig.it .md then 

the side~ oft he di!,tit. 
6 . hi,m 011 om· diµi1 <.:Kh tl.1, until tht p.uitnt 

b,gi11, 10 11oti<.'c impron:mcnt. 
, . I111q~r.11c sl·n,on· cxplor.11io11 .Kti,·itit~ into 

u~u.11 .1di\·iric~. 

then .wrns up o\'l'\' tlw hl·.1d 1. 

3. Duplk.11..: b,· h.l\'i11µ th, p.11in11 dr.1,, " 11 ., l''l'<'l' of p.1pcr or on the skin. 
4 . Dr.l\\' ,.1pit.1l kttl'i', , tht11 ln\1·n,·.1,l· k11,'J', . 
:'I. Prog,rc:-.s from kttl·r, 10 li!,!111't·,. 
6 . ldtntit\ tiµ1m· .rnd j'llll'l'I' orin11.\li!l11 1.1µ. r,·,· I<> .ilign to the tip); at 3 mm. 
7 . If the p,11ient mi"l''· l'l'pc11 tlil' ,1 in1ulu, up tu thrtt times ~,nd then show 

the p.itirnt the ,k,i~n. l l.11·c thl' l',ltlL'III rq,c.11 \\ith tht tvcs closed and 
COllll' \,,Kk Io i I. 

*Stfft:og.110,i~ in\'lih l', .1,ti,·t· J',llp.1tion .m,I nutc:hin!_! of ohjl'd' thro11~:h " ·11scu'\' .111d mot<>r 111.111 1p11l.111<>11 " 11h, ,111 , 1,11.il , un. 
t (;r.1phl', thl·,i.1 in,·ohc, intaprl'till!,! ..\lld n:produ-:in!_! tx1ik ,timuli ddi,·l-rnl 10 1hl' ,kin \\·1th<>11l \ JS11.1 I ,·11,·, . 

- .. ,,., ,. 
...... 

Figure 22-12 

,·~ 

Ar 
; J. •\ 

\ . .. ) 

I.carning·h,1~cd ,r1N>ri11101or tr.1ini11)!. : ,r11",n·di,a1mi11.11i<m. It i, illlp<>J'l.llll I•• 1,,,rk 1,11 rnlitkrrnt i.11111~ 1hl· 
somat<>~l'll\Of)' <.:orciol n:pn:,l'nt,11ion nft hl' digit, by ,ltll.'ndrd, rq,,·11t 1,l'. l'111.111t·11u, 1.1\k, 1.11')!.L'IL'll .11 t·.1,h 
invoh·l'd digit. Example, of~<>llll' t,l\k, patil'm, ,1n: .1,knl 10 pr.Ktin: ,irl· ,ho\\'11. 

, 
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Box 22-7 Incorporating Imagery into Sensory 
and Motor Training 

• Have the patient mentally go back in time to when the task could 
be performed smoothly and normally with control 

• Break down the functional task into small tasks 
• Have the patient place the fingers on the target instrument and 

feel the instrument 
• Have the patient drop the hand to the instrument from the elbow 
• Have the patient move up and down on the instrument using 

shoulder movement 
• Have the patient mentally rehearse and practice moving normally 
• Have the patient imagine the motor, sensory, and visual aspects 

of the task 
• Supplement imagery with brief practice periods on the target task 

Table 22-8 
Reinforcing Learning with Imagery 

Relaxation 

• Vind .1 q11il't pl.l(l' \\'itll 
no intnruptions 

• Takl' a fr\\· minutl's to 

rd.n 
• !mag.inc bl'ing. in ,l 

spl'cial comfortable 
place 

Figure 22-13 

Mental Rehearsal and Practice 

• Mentally practin: performing 
the target task without pain 
or abnormal movement 

• Remember the positi\'C 
kdings of perti.,rming your 
work, sport, or hobby 

As part of the sensorimotor retraining program at home 

(at least 1 hour per day), the patient must think about the 
sensory aspects of using the hands rather than the motor 
aspects of task performance. The patient is instructed ro 

let the sensation of the object shape the hand. To get posi­
tive feedback, the patient can place the unaffected hand 

in front of a mirror with the affected hand behind the mir­
ror (Figure 22-14 ). This allows the patient to use the mir­

ror image (looks like the affected hand ) to guide normal 
movement of the affected digits and hand. When the mir­

ror is used, the objects need to be exactly the same and 
must be placed in the same position on both sides, which 

requires placing the object in th<:: same position as the 
mirror image for the atkcted side. Patients also should be 

instructed to use biokedba(k for retraining (e.g., place tape 

on the in\'(lhni fingers to incn:ase sensory input and 
control range of mm·c.:111t·111 or u:-.t· .lllditory biofeedback 

to minimize.: co-contr,Ktions of ag.on i,rs ,llld antagonists) 

(Figure 22-!;:;J. 
The patient :-.hould hl· L"ll(our.l~l·d to !ind .1 \'ideo of 

someone performing thL' t.1rg.et t.1:-.k norm.1th· or to \'ie\\' a 
,·ideo made before th1: d,·,toni.1 \\ .1~ .1 problem. While 

watching the \·idc.:o, thl· patil.·nt :-.hould inuginc that the 
hands on the ,·ideo .1re their hands. As senson· processing 

skills imprm-c, the p.nient i), .1sked to place the hands on 

the target instrument .111d si mpl~· ti:cl the instrument. When 

the hand (an be placed on the instrument \\'ithout abnor­

mal movement, the indi\·idual is instnKted to practice 

small, independent, isolated nHi\·emc.:nts of the unin\'olvcd 

and involved digits for short periods, repeated and spaced 

throughout the day. When returning to instrumental 

Lc.1rni11g· h.,~t·d ~l'l1M>rimotor training: gradnf mo\'t'me111 . Wht·n tht· .1go11iw, .,nd .111t.1gonis1~ <<>111r.1,·t 
, i11111h.111eously. pnlt1r111i11g fow motor t.1sk~ i~ ditli.:ult. Cre.uing sit11,1tio11~ in ,,·hkh ,l p.1tirnt h.,~ to 

m,1i11t.1i11 ligh1 <<>111 ,Kt nn ,l tno\'ing objn:t \\'ithout intcrkring with the mm·t·mcnt of th l' ohjt·,r .:.m 
he d1.1llc:nging.. Two l'X,11npk~ indmk pl.1,ing the h,md on the tre.,dmill (A) and h,ll'ing the linger~ 
lightl\' to11d1 the soli blades of the fan without stopping the 1:m (8). 
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Figure 22-14 
l \111)-: 1111 rn ,r, r,, n1h .111,<· Tt:t:dh.t,k. A. I It<· mrrrc ,r 11 11.1)-:t: of ti ll' 1111.t tk,t<:d lunb lnok, lik<· rht: .1 ftixrnt 
h.111d B, T hc· p.t11<·11 r 1, .1,knt ,., pix<· till' .tt'kl'l t:d h.11 1<! hd1111d tht: m irror .rnd llll'11 ,0,,1· lht: mirro r i111.1~<· 
m t:11 ht:r J wn,un 11r ., m111111· 1.1,k l 1 .\Ill ,1 lwr pn,on 1, ".11 dim)!.. 1 h.11 111di, 1d11.1I .:.m µ.,w ti:n!b.1, k nl' 
g1mk the h.111d bd1111.f till' nt!rror C , rhl· p.11 ll 'lll 111.ll(hl.', d, 111\1110\ Ill I he' 1111rror II 11h d111llll111\ 1,:(1 

hd 1111d rh <" mrrmr 

pr,\(ti(I.'., the p.11k111 111:cd, \1> bqi.in ,,ith Ill'\\' mw,ir. nPt 
1.:~c.1b li,hcd p roto( ok 

Research Evidence for Aberrant Learning: Repetitive 
Overuse of the limb as One Origin of Focal 
Hand Dystonia 

Primate Studies 
T hl' c,·idcnC<' ,upp<>rtlll!,!. the thc..:<1n ot' ,1b1:rr,1nt k.1rn1n~ 1n 
rcpctitin· ,1r,1in injuri<·, .ind H Id (onH.·, from both .m1m,1I 
.rnd hum.111 ,u,dic,. TIH· lllil i.11 ,t 11d i1:, 1\ l'I'<' l·,irried < 1u1 \\'ith 
11or111 .1I non 1111 n1.111 pri 111.Jt l '\ 1 r.11 nnl t 1 1 11nfi ,rm ,t n:~,tid 
n:pl't1ti1·c h.1nd 1.1,k,. ·t lh· .111i111.1I, <',l!,!.<·rl~ tr.1i1wd on ,\ d.uly 
bJ,i, fi ,r juk<· or p<·il<· t, . T ill' ,1111111.11 , tr.unl'd fi,r up to 
I .S lwur, .1 d.1~·. In on<: t',l\l' tht·y t r.tilll'd lw op<·ni ng ,ind 
do~ing d h.1ndpi<:(t· .111d in .111<>1hcr (,1,c by trying. ro 

mct11.:ulou~ly pl,\(l' thl· 1 hrnnh .md the indl'x !Ing.er on rwo 
point\ . :\ rn:ording d t:( tn>dl' \\' ,\ \ pl.,o:d m·cr thl' tlura of 
t h<: ,om.no,l.'.n:-.ory (<>rtl' , in \ll)l' prim.,tc to rtcord 
r<:,prn"<'' 1<.1 t,\l'lik input '> t1> th<: h.md. Tlfr, .,!low~d the 
rc -.c.m.:hcr, { \I ll\<>nitor d\'11.11\\i( d 1.Htp.l' in (ortic,I n:pre· 

,<:n1.11i11n .ind <'h.,n!!l'' in motor pnform.1111'.l'. Training 
\C\\ion, \\'l'fl' \ 1d1:01.1pnl. .\!\d pnlc.>rn\,\l\ (C lfat;l \\'l'.fC 

(ont rolk d hy l..1b\' ic.: \\ ,inu.it i11,tnm1<·111 '>Dli.w.m: . 
Ft,·c.: o f ,n·t:n prim,H'-'' tr.1 in1:d umil tlwy <:ould no longer 

pcrti,rm th<: 1.1,k. T h<'~ hq!.,\I\ to h,l\l' dilk11lty either 
d mi n~ or oprninµ. t h<: h,1nd o n the t,lrl,!,C.:t t,l\k. In addition, 
thc.:i r I r.1 inin~ r,Hc , 10 ,, nl. ,\lld t hi.'.,. wnc not ,l(t:Ura1c. 
\Vhrn their ,pcrd w.,~ k" tlun h,111' thl· initi.11 training 
,p<:<:d, the prim.it..:, " ·ac pl ,1cnl 11nd c.: r .1ncsthc~ia and 
,\ (.!rchd topog.r,iphi..:,11 m.1p of' t he.: h.rnd w.1s d 1ara(tc:ri· 
1.c.:d w,ing dc.:<:t roplw,iol<>l!,i(.11 m.1ppin1?, tt·l'hnit1u1.:s. The 
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Figure 22-15 
l\<' ofbiolc:nth.,,k IO n:inti,rn: k.,rni11~. 1'.11irnt~ mmt k.,rn tn l l\l' till' 
~111 .111 11111,,k, 111,1,k the h.111d . r.11hcr rh.111 the· Ion!! lill)!t'r tlnor, .rnd 
ott·n,or,. to lllll\ l' the ,t.~11, . In thi, n.1mpk, rhl' p.111<'111 me, to rc~torc 
,1 round p.1)111 .111d dq,rn, the kn·, 11,i11~ thl' m11,dn 111,idl' the h.111d 

i11~tr.1d o( t hr 11111!! lill),!.l'r llnor,. The· biotc:rdb.1d. tirr, ,, hc·11 I hr 
n1 ri11,i,· mu,dc·, nl rlK l<H'l'.11"111 \ .1rr u~rd . 

topog.r.1pll\' of the digit~ .rnd the p.1lm ,, ,ls nupped u~ing. 
MAP SO soti,,·.11T,2% .rnd the re(eptiw tidds for <:ad1 digit 
,,-n<: dr.1,,·n for e.1d1 (Ortic1I prnetration. Th<: ~ktails of 
,11H.·sthesi.1 , suq.!.l'I'\', and clectrophysiolog.iral monitoring. 
met the critni.1 for sakty and ha\'<: hn:n r<:ported in ;1 , ·;iri ­
cn· of studies . 'M,.11>1u-1.1x2 Jll<,.1<J2.200.202.2,,2 

The normal ropograplw of the hand is d1araderiz<:d 
with on<.: r<:(<:pti\'<: tick! pn eknrod<: prnetration, small 
rcrepti,'C t1cld~ ( 8 ± 3 mm2

) uniqut: to ead1 digit, orderly 
sn.1uc1h:ing ot' digits from inferior to superior and scgmrnts 
from proximal co distal, distin(t diftcrcntiation of the digits 
at I 00 to 600 /Lill, ;1mi an area of representation of 3.2 to S. 

I .2 c · 22 8 IX~ IX<>2<>"-29'1w· 1 I . l i mm (sec ,tgur<: - ). · · · · · It 1 carnmg- x1st:t 
training, the area of rt:prcsrntation int:reascs in sizt:, 
\\'h<.:rc1s rht· rn:cpti,·e fields dc(n;as<: in siz<.: . 1 n addition, 
spccit1(in· .rnd density int:reas<.:. 

A norm.ii prim.Ht' has .1 pn·cis<.: somatoscnsory rqxes<:ma­
tion of rht: h.rnd bt:<: Figurt: 22-9); ho\\'cver, th<: tr.1ined 
111011kn·:-. showed .1 signiticrnt dedifkn:ntiation of the 
:-.0111.ltm<:nsory hand represent.1tion on the trained side . Mild 
dnlitkn:nti.uion \\',ls s<:t:n on tht: untraint:d ~idc. Multiple 
rrccptin· tidds \\Trl· re(orded per (Ortical pcnetr;1tio11, ,,·i th 
frnp,cnt on:rl.1pping ofrecl·ptivc fields ,Kross adja(l'llt digits 
. rnd ,l(ro:-.:-. gl.ihrnus .rnd dors.,I surfa(es. The rccq)tin· tidds 
wne !<.ignitk.rnrh· largcr th.111 normal (p < 0 .0001 rnmp.unl 
t <> norm.,1 J, .md t hl' .lrl' ,ls oft he corric1l lund rt·prt·scn tat ion:-. 
wcrt· :-.igniticmtly reduced on the (ontrabteral h<:misphcre ot' 
the tr.1im·d monkn·s (p <0.001. rt:spe(ti,·cly, (omp.1red to 
11orn1.1l 1. ;\ bre.1kdown in th<: norm.di\' ~eparatcd (ortic1I 
reproent .Hions ofditfrrent digits also w.1s seen, \\'ith m·erl.1p · 
ping of re(cpti\'e tkld:-. r.111ging up to,\ cortk,11 d ist;lll(t' ot' 
200011111 on the traincd side (sec hgurt: 22 -9). 

The mean sizt: of tht: digital rect:ptin: fields wa:-. signifi­
cantly larger than in controls on tlK trained side. Mo~t of 
the conical penetrations had multiple rel'epti\'e fields, and 
th<.: receptive fields frequently overlapped thc scgments on 
a single digit, adjarcnt digits, or dorsal and glabrous sur­
faces (rcspcctivdv different from controls p <0.0001 ). 
for the monkt:y with only one dystonil' finger ( 1)4 ), the 
dense mixing of hairy and glabrous surfaces o(currcd only 
for the one isohn<:d digit. When reccpti\'c tidd m·<.:rlapping 
was plotted ,1:,. ., furn:tion of cortical distanct:, normal 
monke\'s ll.ld minimal m-crall m·crlapping. of the rereptivc 
tidds ;Kross 600 /till, ,,·hcrl',I~ the nwnkt:y~ with tHd had 
o,·erbpping rc(<:pti\'l' tidll~ up to 2 mm ( wheth<.:r 
pt:rforming tht· ,1di\l' or p,l\siH· task ). The h.md rcprescnta· 
tions w<:n: mildh- dq~r.idnl 011 tht· untrainnl sidt: as well, 
\\'ith ~omt· but k,~ t'Xtl'mi\l' on:rl.ippi11~ of rT<:l'ptiH· fields 
with .1djacl'11t di!f,ib or !,!l.1hnn1, .ind dor,.11 ,urface~. 

lntcre:-.tin!!,h'. in thl' prim.lie ,,·ith thl' impl,111 ted ekctrotk, 
the dl.111!!,C~ in thl· topo~r.1plH· could he 1m>11iwrnl .1~ pll\'si ­
c.11 pnti1rm.11Kc dc1crior.1tl'd . The dt·(t rmk h.,d been 
impl.111tnl o,·cr digi1 I t I) I 1 .rnd d,!,!.it 2 11)2 1. Hm,·c,·er, as 
pcrform,\IKl' dt·tt·rior.1tnL thr 1n·rpt1H· tidd ,i1.e~ of DI 
,rnd 1)2 i ll(l'C .l~l·d , .1, did t ht· <>H'l'l ,1pp1 n~ of rccl'pti\'e tidds 
.,s the dur.1tion of tr.1i 11in~ tim<: in(rl'J:-.ed. ;\:,. training 
continunl. the 111<:di.11 L1(<: np.111dn! into th<.: h.rnd rcprescn­
t,Hion of!) I .rnd D2 . Thi~ .ir<.:.l o f lhl' facl' ,, ,,~ (<>nsistcnt with 
a rortiral colunrn.ir suh~titution. 

Afrn m.1pping, .111.110111it:.1I di~~l'(tion~ of t ht: dystonic 
.rnd JH>lldy~wnic h.rnd~ shm,cd no sigm of .1(utc intlJmma­
tion. 2"

4 On<: monkc,· h.1d ,\ (ongl'nit,11 dd<.'(t of the tkxor 
supcrfi<:ialis .111d tkxor prot'undu~ on th<: fourth digit on 
the trained sid<: ;md rhe third tingcr on tht: umr.1incd side. 
This monkey dt·, doprd un(ontroll.1bk extension of D4 
atter 4 weeks of tr,1ining. No signs of mm·emcnt dysti.mc­
tion \\ere scen on tht: kfr, untrained side The rt:ccptive 
ticlds on thi~ Jund ,,-crc l.lrgcr than normal bm did not 
o,·t:rlap .Kross .1dj.Kcnt or dorsJI .md glabrous surfaces. 

Two prim.Hes trai1Kd \'cry slow!\' .rnd c;1sually right from 
the start. They took .1 lot of brt:.1ks and would work only for 
20 to 30 minut<:s. Thn .1lso would lean back with the 
trunk rJthcr th.111 squt:<:Zt: the handpit:c<.:. Thest: two pri­
m.Hes did not h.n·e sutlicient repetitive, stcn:otypical, or 
coin(idrnt mo,·emcnts to t'X(t:t:d thc intt:gration time of 
c.1(h (ont.Kt or rept·titi\·c mo,·cml·nt; therefore no aberrant 
k.1rning .md no topogr.,phi(al degradation of the hand 
rcpresl'lll.ttion wnl' seen . 

Human Research Models 
tvlcKen1.il' t·t .11. 2w .md Bd ct al. 2":- .i<>1. .,oo .. ,ouo4 ,·' 0" carried 

out .1, .iricty of dini(,11 studit:s to gather more t:\'idcnce sup­
porting the st"nsorimotor karning-hast:ti hypothesis for 
Hld. The go.tis of this scrit·s of t:xpt:rimcnts were ( l) to 
dt"saibe th<: nt:urophysiological ;md dinical correlates of 
p;nirnts with tHd l Expc.:rimcnt I ); t 2) to outline the dif­
ti:rrnces in sensorimotor function by se\'eriry of FHd 
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(Experiment II); (3) to evaluate the effectiveness of 
learning-based sensorimotor training in remediadng 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 dysronia) worked in an 
occupation that demanded repetitive use of the hands. 
The subjects in the experimental groups had a history 
of chronic repetitive strain injury and wen: 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 fi:maks 20 to 60 years of age who lived in 
the San rrancisco Bay area ( o r were willing to come to 

the area for treatment) ,vere eligible . All subjects were 
reti:rred by a neurologist, fund 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 
demonsuated ( l ) observable involuntary twisting move· 
menrs of the digits and wrist when performing the target 
or similar tasks; (2) normal reflexes; and (3) no evidence 
of objectin: peripheral neuropathy or central nervous sys­
tem pathology. The subjects had not received an injected 
or systemic 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 III; 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 
dysronic dysronia. Simple dystonia was defined as dysronia 
limited to one target task; dystonic dystonia was defined as 
dystonia that occurred with tasks similar to the target task 
or surface contact of the hand. Severity was established 
according to the Tubiana Dysronia Scale for Musicians 
( 0, unable to do the target task; J, able to do limited 
aspects of the task or perform the task for \'cry short per· 
iods; 2, able to do the task with modification of technique; 
3, able to do the task but not cfficientlv or "·ith normal 

I. 287 ' 
qua tty ). 

For Experiment I, the subjects with FHd were classified 
into one of two se,-eriry categories, mild or se\'<:re. Those 
with simple dystonia demonstrated at ., sin1,Zk task ( rated 
0 or I ) were dassitied a!> mild dystonia, whereas those with 
dystonia when performing multiple tasks were rated 2 or 3 
and classified with severe dystonia. 

Control subjects were contacted from a previous data 
base of healthy subjects. These subjects were age and gen­
der matched to serve as historic rdcn:nce controls for each 
of the experimental srndies. In Experiment I , l 5 reference 
controls were included; 17 controls were included in 

Experiment II. In Experiment III, 30 refereri~ 
subjects were included. . ..... ~. ~··:;·. 

A broad battery of standardized clinical tests '~ 
administered to the experi1rn:ntal and control groups. The 
test procedures and tht: reliability of testing have been 
described in pre"ious studies and are summarized in 
Table 22-9 .202

·
239

'
270

·
2 74

·
27

"··~
01 

.-~
02 Somatosensory testing 

was performed by tr.tined n:search assistants according to 
standard protocols. Specitic subtests were summed into 
seven dq,emknt \'ariables: ( l ) physical musculoskeletal pcr­
forma1Ke (selected range of morion, strength, neural ten­
sion ); (2) sensory discrimination (graphesthcsia, 
localization, kinesthesia, stereognosis ); ( 3) fine motor effi. 
ciency (Purdue Test time) , fine motor skill (line tracing 
accuracy and time ), and digital reaction time (averaged 
across the fi\·e digits for cach hand); ( 4) motor control at 
the targc:t task; ( 5 ) posture and balance; ( 6) functional 
independence; and (7 ) pain. The subtests allowed for 
comprchensi\'e measuremellt of clinical performance.301 

Magnetocncephalography was used to define the neuro­
physiological responses to sensory stimuli. Each test was 
performed by a trained staff member in the laboratory 
and interpreted by professionals trained in bioima· 
ging. _;o2 ,3 o.; The test-retest \'alues for the magnetic source 

image (MSI) resting established in this laboratory are high 
(>0.9). 1711 A 37-channd biomagnetometer (Magncs II, 
40 Neuroimaging, 1.5 ff, San Diego, CA) placed in a 

magnetically shielded 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 
l cm2 sacs, for 30 milliseconds (111sec), at 17 to 20 pounds 
per square inch (psi), with a pseudorandom interstimulus 
interval of 450 to 500 mscc. The stimulus was a superthres­
hold force designed to indent the skin 400 Jtm. Each digit 
on each hand was stimulated on the distal pad, the middle 
segment, and the proximal segment. In addition, a similar 
stimulus was deli,·ercd to each side of the upper lip. 

Normal cutaneous somatoscnsory evoked field (SEF) 
responses are characterized by a peak amplitude at a latency 
bct\veen 30 and 70 mscc, subject to a signal to noise ratio 
greater than 4, goodness of fit (model/data) greater than 
0.95 with a minimal confidence volume less than 
3000 111111

3 _.mi 304 T he dependent \'ariablcs recorded for each 
SEf response included latency (in millisewnds), root mean 
square (rms ) amplitude across sensor channels (ff), ratio of 
amplitude to latency, location of the digits on the x, y and z 
axes ( in centimeters), spread bet\\'l'en digits, order of the digits 
on the z axis, and volume of the lund representation ( 4/3 fl 
times the radius of the spread on the x, y and z axes). 

Experiments I and II: Correlation of Clinical 
Performance and Neural Structure. In Experiment I, 
l O subjects were .,dmittcd to the study ( l 9 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. 



Table 22-9 
Summary of Clinical Testing Procedures 

Measurement Tool 

Graphesthesia (modified 
subtest of Sensory 
Integration Praxis Test 
[SIPT)) 

Kinesthesia (subtest of 
SIPT) 

Byl-Chency-Boczai Test 
( BCB) for stereognosis 

Digital react ion time 

Purdue Test 

Manual muscle test 

Dependent 
Variable 

Sensory 
performance 

Sensory 
performance 

Sensory 
performance 

Fine motor 
performance 

Fine motor 
performance 

Musculoskeletal 
performance 

Scoring System 

2 = Correct 
l = Partially 
correct 

0= Incorrect 
% error calculated 

Average error 
( distance from 
target) in mm 

2 = Correct 
1 = Partially 
correct 

0 = Incorrect 
% error calculated 

Time in msec, 
average of all trials 

Total t ime to put 
pegs in and out 

Kilograms of force: 
UE and LE 
Scores total all 
scores* 

D irections Reliability 

Tip of a paper dip was used to draw designs on Inter-rater = 0.95 
subject's fingers while eyes were closed (EC). Test-retest: r = 0.91 

Subject recreated design with pen with eyes open (Ayres311
) 

(EO). 
Two designs per finger pad. 

Subject's hand was moved to target and back to start Inter-rater = 0.95 
position; subject attempted to relocate digit, EC. Test-retest: r = 0.90 

Five trials per hand . (Ayres,~ 11 Byl et al.270
) 

Subject's finger was d rawn across the shape twice, lnter-rater/intrarater = 
EC. 0 .995 (ICC) 

Subject attempted to pick correct shape. Correlation of r == .60 b/w 
Ten trials for second and fourth finger pads. BCB (Byl et al.312 and 

Purdue Test Lafayette 
Instruments) 

Subject turned stopwatch on/off as quickly as lntrascssion reliability ranges 

possible. from 0.975-0.99 

Three trials per finger. (Rohannon313
) 

Subject put 25 pegs into a board and then remoYcd Lafayette Instruments -

them. distributer 

Performed per procedures defined by Kendall R = 0.887 
(Kendall and McCrearl 14

) with dynamomctcrs Multiple correlation with 
added to increase objectivity used for grip, key, and manual muscle test (MMT) 

pinch grip. 

Equipment 

Paper clip and 
design sheet 

Target sheet 
and ruler 

Twenty designs 
and test sheet 
of designs 

Stopwatch 

Watch, peg-
board 

Jamar, 
Microfet, and 
Baseline 
dynamometers 

(Continued) 
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Table 22-9 
Summary of Clinical Testing Procedures-Cont'd 

Measurement Tool 

R.mge of motion 

Postun: .md bal.tnl.'c 

CAfE 40 

Dependent 
Variable 

i\1usrnloskdd.1l 
pc:rforlll,lll(e 

Postun:s .rnd 
b.11.tni.:r.: 

fundion.11 
paf< >1'111,tn(C 

Scoring System 

Degree~; sum of 
.Kt i,·e .md passi"e 

( )rdinal ~c1lc~: 
2 = full,· met 

..:ritc:ri.1 
l = P.1ni.1ll\' met 
i:ritc:ri.1 

(I = Did not meet 
ai tc:ri,1 

7 -point l .ikert 
Sc1k: 

I ~ 1-t·ast 
indcpcndc nt 

7 = ,\lost 
independent 

Directions Reliability Equipment 

Performed measurement procedures defined by Intratcstcr: r =0.9 l -0.99 Goniometer 
Norkin (Norkin and Lcvangie·111

\ 

Arm, wrist, and hand joints summed to an UE score, 
and joints in the leg summed to a LE score and 
then totaled. 

Postme: Bony landmarks cited for line of gravity 
(Kcmbll and McCrcar/ 14

} were coded as 0-2 and 
summed to a total. 

B,1Jancc sl.'ore summed from: Feet together ( EO .ind 
EC for 20 sec), one foot ( EO and EC for IO sci.'), 
and tandem Romherg ( EO and EC for IO sec). 

Sdf:scoring of ability to perform functional Tcst·n:te~t: r = 0.971 (rung Written 
al.'ti,·ities. ct al. ·'16

J questionnaire 
Scores inn:rtcd for data ,tnal\'sis. 

Comp.1nio ,upph·in;:: i11,trnm<·11t, 1i11d11d i11~ ,1dmini,1r.irion :,:uidrlim:~): ( l J Hogrn Health lndu~tric:-., :-.h.:rofrl lhn.,mom1:t1:I". ~kdic.,1 Produ,;1, di,·i,ion , Hog..111 I k .1hh lmh1,tri..:,, In..:.; 
(2i J.1111ar Dyn.HlHllllet<.:r: TH '.601'.1g..: Ro.id, ( 'lition, Sl'w J.:r,l'y 07012; (3) L1fa~·..:ttl· lmtru1m:nc Comp.111~·. l11,1ru..:ti1>11\ .md Sor111.1ti1·l' D.1t.1. l'urdm· 1'<."~ho,1rd. I'.(>. Box :i 729. L.1fayl'ttl', 
Indi.111.1 4 7903, l 9l)(l: .111d. , 4 1 Fing<.:r T.1ppa. 1',,·..:hologi..:,11 As,<·,sment Resources Inc. P.O . !\ox 998, Odes,., , Horid.1 3~556. 

VE, l 'pp.:r n,trc:mil\·: l .E, l<m<.:r o tr<·mity. 
• Muscle group, tl'Stl'd: Hip tlnor, .ind l'Xt<·n,ors, knt:L' floors .md o:tcn,or,. Jnkk dor,ilkxors, dbo\\' tk·xor,, ,houkkr llnor,, \\'ri,1 nll·n~or,. h1mhri(.1I, , grip Jnd pinch I 3-jaw chuck a.nd key 
grip) Mn.:ngth . 
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In Experiment II, nine males and eight 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 dysronia. 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 a 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 studc:nts or faculty who 
had a history of repetitive hand use (e.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 musculoskcl­
etal tasks, balance activities, postural alignment, fine motor 
control , and sensory discrimination . In Experiment II , in a 
comparison of the affected limb, those with severe dysto nia 
demonstrated greater restrictions on musculoskdetal 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 unaffected side, the volume of the hand representa­
tion was significantly larger for FHd subjects compared to 
controls (p <0.05 ). 

In Experiment II, the ratio of SEF amplitude plotted by 
response latency was significantly lower in the early phase 
(less than I 00 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 msec and the mean amplitude ranging from 
20 to 119 tT). A negative linear trend of amplitude by 
latency was seen for the digits on the unaffected side for 
FHd subjects and all of the contro ls ( 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, respecrivcly) were seen 
between the severity of dystonia and the SEF ratio of ampli­
tude to latency. On the affected side, negative correlations 
were seen between the SEr ratio and dystonia severity with 
musculoskdetal performance, motor control on the target 
task, and tine motor skil ls. rHd subjects with mild dystonia 
tended to ha,·e a low SEF ratio and demonsrrated higher 
performance on these tasks than those with severe dystonia. 
A significantly negati,·e correlation was seen berween fine 
motor skills and the SE!-= rario on the aftected side; those 
with a high SEF ratio of ;,mplitmk to latency demonstrated 
greater inaccuracy. On the unaffrcted side , a significant, 
moderatdy positi,·e 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. 169

•
291 Twelve subjects met the same criteria summar­

ized in Experiment I and completed the clinical tests as 
described in Experiment I. 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 scnsorimotor 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 l 00% control of the hand, Rather, each subject 
had to be careful with performance strategy, reducing ten­
sion and implementing carefol ergonomic strategies. Some 
subjects no longer played professionally, although others 
rc:turned 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 includ ed in 
the studies. Ten healthy, age-matched subjects served as 
rcforencc controls for magnetoencephalography, and 30 
additional healthv subjects served as refen:ncc norms for 
the clinical perfornunce paramaers. Two subjects lived 
outside the Unitl.'d States, and rwo were from the San Fran ­
cisco Bav area. All tht' subjects agreed to participate in at 
least 8 \\'1.'cks ot' ph~·sical thaapy. AJI the subjects had been 
diagnosed \\'ith FHd by a neurologist approximately I year 
before this curn.:m intn\'(:ntion study. 

All the subjects were othern·ise healthy except for com­
plaints of painless, uncontrollable rnrling of digits four 
and fin· ( 1)4-1)5) on the left hand when they played their 
instrument. All rhe subjects describi.:d excessive curling or 
i.:xtension 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 household 
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 positi,·e fitness routine. 
All the subjects participated in measurements before 

and after treatment, including magnetoencephalography 
and clinical testing as described in experiments I and 
JI.90

•
169

•
179

•
202

•
2

"
7

•
2

'>1 Subject 1 participated in supervised 
treatment for 12 wi.:eks (two 6-week sessions), subject 
2 participated daily for 2 weeks, 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 \'aried 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
scnsory eYoked rcsponsi.:s on the right and left sidi.:s, with 
one exception: on the z axis, the spread of thc.: digits on 
the dominant hand was greatn than on thi.: nondominant 
hand. In addition, on both hands the order and location 
of the digits on the z axis followed a predictabk pattern, 
with D2-D5 progri.:ssing from inferior to superior. How· 
c:ver, subjects with fHd demonstrated measurable differ­
ences. The amplitude and spre,ld of the somacosensory 
evoked n:sponsi.:s of the digits on the x, y, and z axi.:.~ were 
reduced on the aftccted side l.'.ompared to the unaffected 
side, and the digits were not ~cquenrially organized from 
inferior to superior for 1) 1-DS on thi.: z axis on i.:irher 
side. Compared to rnnrrols , the musicians with fHd had 
a shorter SEF latency, the neuronal burst was higher on 
the affected and unaffected sides for subjects I and 3, 
and the amplitude was lower in the early phase (30 to 
70 mscc) for subjects 2 and 3. The location of the hand 
representation on the x, y, and z axi.:s 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 refrn:nl."e rontrols achieved comparable 
clinical performance bilater,llly and across digits, except 
that motor reaction time was slower for digits 4 and 5. 
Sorne of the conrrob had posrural asymmetry and indi­
cated that their health sometimes interfered with daily 
acti\'ities (scoring 89.6% of a maximum score of 100% 
for functional imkpende1Ke ). On the other hand, at base­
line, on both the affected and unaffected sides, the sub­
jects \\'ith FHd demonstrated reduced accuracy and 
slowing in sensory proccssing compared to controls. On 
the motor performance tests, subjects l and 3 performed 
bilaterally with rc:duccd 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 spri.:ad 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 unaffected side). Compared 
to controls, the subjects with FHd were more likely to 
have poor posture, positi\'e signs of neurovascular entrap· 
mcnt, 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 o r 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 F Hd showed a general increase in the spread 
of the digits and the area of representation on the cortex 
on the trained side (larger than control subjects), where~ a 
decrease in the area of repri.:si.:ntation was measured on the 
unaffected side . On the aftcctcd side, the order of the digits 
( D 1-D5) approximated an interior to superior progression 
from D I to 1)5, but the digits were less distinctly ordered 
than in controls ( figure 22-16 ). The amplitude of the 
i.:voked somarosensory potential, integrated over time, was 
increased and similar to controls on the affected side (see 
figure 22- 16; also hgure 22-17). 

After inte rvention, thi.: subji.:cts with FHd scored 
between 80% and 90% on the target task. Motor reaction 
time was similar to controls on the affected and unaffected 
sidc:s. The subjects with fHd improved 37% to 42% in 
motor accuracy, performing similarly to controls; however, 
they ni.:eded more time to complete each task. Accuracy 
improved 25% to 50% o n all sensory ti.:sts (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 (e.g., 66- 197 seconds com­
pared to 37 seconds for controls). The subjects with FHd 
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Improvement in somatosensory mapping with training: sequence of 
digits. With learning-based sc:nsorimotor training, the sequential 
representation of the digits was improved. (From Byl NN, Nagajaran S, 
Mc Kenzie AL: Effect of sensory discrimination training on structure 
and function in patients with focal hand dystonia: a case series, Arch 
l'hys Med Rehabil 84: 1508, 2003. ) 
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Improvement in somatosensory evoked tidd responses after training. 
With learning-based sensorimotor training, the somatosensory 
evoked response improved. When the evoked magnetic field response 
was mapped over time, an increase: in the amplitude similar to 
controls was seen. (From Byl NN, Nagajaran S, McKenzie AL: Effect 
of sensory discrimination training on structure and function in 
patients with focal hand dystonia: a case series, Arch l'hys Med Rehabil 
84:1508, 2003.) 

achieved similar flexibility, strength, and posture compared 
to controls. 

Tabk 22-10 presents a summary of the findings of clini­
cal experiments I to V. 

Summary 

f Hd is a compkx movement disorder that primarily affects 
the hand. It can develop when a person repetitively 
overuses the upper limb. This condition may arise because 
the brain is overly adaptive. Both animal and human studies 
showed a degradation in the somatosensory representation 
of the hand but no signs of local acute inflammation. 

Clinical studies indicate that patients with FHd with a 
history of repetitive overuse of the hand also show a vari­
ety of musculoskeletal and neuromuscular limitations 
compared to healthy controls. Learning-based, sensorimo­
tor training produced objective improvements in clinical 
function and neural structure, strengthening the evidence 
indicating that neuroplasticity combined with aberrant 
learning is one etiology of FHd. However) within the lim­
its of current reimbursement mechanisms, the interven­
tion may not be rigorous enough to achieve 100% 
recovery. 

Behavioral training programs that are progressively repet­
itive, attended, and rewarded are critical to the process of 
shaping voluntary, high quality, controlled, fine motor 
movements. Although the theoretical evidence supports 
the likelihood that aberrant learning is one etiology of 
FHd, controlled, randomizni clinical trials are needed to 
better define the parameters of inter\'cntion and to maximize 
neural adaptation. 

Conclusion 
In U .S. industry, musculoskclctal disorders account for 1 in 
3 workdays lost as a result of injuries or illness. Strong epi­
demiological c\'ide,m: indicates that a major risk factor for 
the development of work-rdated MSDs of the upper limb 
is the performance of hand·intcnsivi.: tasks that are highly 
repetitive or forcefol ( or both) in awkward or sustained 
postures and/or in conditions involving vibration, cold 
temperatures, or both. Psychosocial stress also increases 
workers' risk of developing overuse injuries of the upper 
limb, as do co-morbid medical conditions and other risk 
factors not related to the workplace. Multidisciplinary 
workplace and clinical management programs that follow 
a biopsychosocial model arc the most effective approaches 
to treatment of these disorders. 

Most of the impairments that arise with overuse inju­
ries occur because of local tissue microtrauma. The 
peripheral tissue damage can be treated effectively with 
anti-inflammatory medication, rest, and work modifica­
tions. The movement dysfunction known as focal hand 
dystonia can be a secondary complication of excessive 
overuse of the hands. This problem is difficult to treat 
because it leads to changes in the central nervous system 
rather than the peripheral nervous system. In these cases, 
the individuals who successfully rehabilitate are those who 
can stop the act ivities that generate the abnormal move­
ments. These patients then need to learn how to use 
healthy biomechanical strategies to perform hand tasks 
stress free . A positive environment, including stress man­
agement, good ergonomics, wellness, and fitness, must 
be created before patients engage in specific, learning­
based, sensorimotor retraining strategies to reorganize 
the somatosensory maps of the hand . Differentiated digit 
representations are essential to the performance of normal 
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Table 22·10 
Summary of Findings: Clinical Experiments 1-V 

Parameter 

Differences in neuromusculoskektal 
performance: controls and subjects with 
ti.incrio1ul hand dystonia ( FHd) 

Som.uosrnsory e\·oked field responses: 
controls and subjects 

Correlation of magnctoem:c.:phalography 
(MEG) and clinical performance 
parameters 

Findings 

I. Subjects with FHd performed signifkanrly \\'Ol'Sl' than healthy controls when 
using either the affected or unaffected side on musculoskcletal tasks, balance 
activities, posrnral alig111m:11t, fim: motor control, and sensory discrimination. 

2. Subjects with seYere dystoni;\ demonstrated: 
o Greater restrictions on musrnloskektal skills .rnd target specific motor control 
o Reduced accuracy in scnsory discrirninarion, bur they performed faster than 

those with mild dystonia 
o Better sensory discrimin.irion accuracy on the u1utfrcred side compared with 

subjects with mild dystonia ( sec hgure 2 2 · 11) 

I . No signitic;uH diffrrences were seen between the mean somatosensory evoked 
field (SEF) response latency and the mean .1mplitude for fHd subjects and 
reference controls. 

2. The locations of the digits on the x ( bilateral l and y axes ( affected) were 
significantly different lP <0.000 I , respectin:ly), and the ratio ofSEF mean 
amplitude to latency was higher for FHd subjects compared to controls (p 
<0.05) (sec figure 22- 11 ). 

3. On the unaffrcted side, the volume of the hand representation was significantly 
larger for FHd subjects compared to controls (p < 0.05 ). 

4. The ratio of SEF amplitude plotted by response latency was significantly lower 
in the early phase (<I 00 msec) for the fHd subjects compared to controls. 

5. 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 

6. There was a bimodal distribution of the: mean SEF amplitude plotted by mean 
latency on the affected side ( mean latency ranging from 30-60 msec and the 
mean amplitude ranging from 20-119 IT). 

7. There was a negative linear trend of amplitude by latency for the digits on the 
unaffected side for FHd subjects and all of the controls ( as the latency 
increased, the amplitude decreased). 

8. The field evoked firing patterns for controls and those with dystonia (mild and 
severe) were similar when measured on an unaffected part (i.e., the lip). 

9 . Integrating amplitude by latency on the affected limb, those with severe 
dystonia had a significantly higher amplitude than those with mild dystonia. 

I 0. Subjects with severe dysconia had a short latency and a high amplitude and 
those with mild dystonia had a long latency and a low amplitude (see 
figure 22-11 ). 

11 . Bilaterally, the volume of the representation of the hand for those with mild 
dystonia ,,·.,s larger than the \"l>lume for subjei.:ts with se\'ere dystonia. 

l . High, significant correlations \\WC seen ( 0 .9029 affected and 0.8477 unaffected; 
p <(l.00 I, respccti\-cly) between the sc\'crity of dystonia and the SEF ratio of 
amplitude to latency. 

2. On the ,1tkctcd ~idc, negative wrrebtions were seen between the SEF ratio and 
the.: scveriry of dystoni.i with musculosk.eletal performance, moror control on the 
t,uget task, ,md line motor skill~ . 

3. FHd subject~ with mild dystonia tended to h.we .1 low SEf ratio and 
dc.:momtr,ued higher perforni.mn: on these t,1sks than subjcns with severe 
d\'ston1a. 

4. A significantly neg.Hive wrrclation was seen between tine motor skills and the 
SEr r,Hio on the affected side; those with .1 high SEf ratio of amplitude to 
latency demonstrated greater inaccuracy. 

5. On the unaffected side, a significant, moderately positive correlation was seen 
between the severity of dysronia and performance on the target task; subjects 
with mild dystonia had lower performance scores on the target task. 
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Table 22-10 
Summary of Findings: Clinical Experiments 1-V--Cont'd 

Parameter 

Change in neurophysiological structure 
and physical function after training 

Findings 

1. All subjects improved significantly on all parameters of clinical performance (25% 
to 80% ), bringing the performance of musculoskeletal parameters, sensory 
discrimination, and fine motor control to the level of normal subjects. 

2. After the intervention, the subjects with FHd scored between 80% and 90% on 
the target task. 

3. Motor reaction time was similar to controls on the affected and unaffected sides. 
4. The subjects with FHd improved 37% to 42% in motor accuracy, performing 

similarly to controls; however, they needed more time to complete each task. 
5. Accuracy improved 25% to 50% on all sensory tests, a performance similar to or 

better than controls. However, subjects with FHd required more time to 
perform the tests compared to wntrols (e.g., 66-197 seconds compared to 37 
seconds for controls). 

6. Subjects with FHd achieved flexibility, strength, and postural alignment similar 
to that of controls. 

7. All but two subjects returned to their previous work, and none gained 100% 
control of the hand; each subject had to be careful with his or her performance 
strategy, reducing tension, and implementing careful ergonomic strategics. Some 
subjects were no longer playing professionally, but some had returned to 

professional performance. 
8. Based on repeated magnetic source imaging, mapping did not change with 

retesting for controls. For subjects with FHd: 
o A general increase in the spread in the area of representation was measured on 

the unaffected side . 
o On the affected side, the order of the digits ( D 1-DS) approximated an inferior 

to superior progression from DI to DS, but the digits were less distinctly 
ordered than controls (see Figure 22-17 ). 

o The amplitude of the evoked somatoscnsory potential, integrated over time, 
was increased and similar to controls on the affected side (see Figures 22-16 
and 22-17). 

fine motor movements. This retraining must be attended, 
carefully graded and progressed, rewarded, and spaced 
over time; it also should be self-directed in the home 

setting. The training must be interesting, engaging, and 
fun for the patient. Computerized instrumentation ( e.g., 
goal-oriented, game-formatted learning paradigms) may 
enhance the effectiveness of retraining. 

References 
To enhance this text and add value for the reader, all refer­
ences have been incorporated into a CD-ROM that is 
provided with this text. The reader can view the reference 
source and access it online whenever possible . There are a 
total of 316 references for this chapter. 
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,nnt.1innl in thi~ hook . It i~ 1h, rcspomibility of the trc.ning. pr.1i:titio11n. rcl~·ing. on 
indcpcndrnr l':..pl.'rti\C .111d kncnd<:dg<: of the pJtil·nt, ro deraminc the he,! 1rr.11mcn1 .ind 
method of .1ppli, .ll it1n ti>r thi: p.llirnt . 
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