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The relative dearth o f effective in terven tio ns in  neuro -
rehabilitatio n  co u ld be partly attributable to  the weak
co n tributio n  that this field has received fro m  basic sci-
ences such as neuroscience and behavio ural psycho logy.
N euro science ho lds an  im po rtan t place in  the curricu-
lum  o f physical therapy scho o ls, bu t its in fluen ce has
been largely didactic and has had little bearing o n clin ical
practice.Behavio ural psycho lo gy has co ntributed m uch
to  the treatm en t o f chro n ic pain 1, bu t has lit t le o r n o
place in the curriculum  o f physical rehabilitatio n scho o ls
o r in  the develo pm ent o f treatm ents fo r m ovem ent dis-
o rders. In  o ther health- related fields, basic research 
has, o f co urse, been  o f in estim able value in  en ablin g 
the developm ent o f new therapeutic interventio ns. In the
n euro scien ces, the fru it fu ln ess o f th is appro ach has
been  am ply sho wn  by the develo pm en t o f treatm en ts
fo r ParkinsonÕs disease and o ther disorders on the basis o f
the pio neering work o f Carlsso n and o thers o n chem ical
neuro transm issio n 2,3.The paradigm  shift that is m en -
tio ned in  the preface refers to  the fact that this pro cess
o f translatio n  o f basic research in to  new treatm en ts is
beginning to  take place in the field o f neurorehabilitatio n
and is proceeding at an accelerating pace.

After in jury to  the central nervo us system  (CN S) , the
in itial deficit in  behavio ur,perceptio n  and/o r co gn itive

ability is frequently fo llowed by a spo ntaneo us recovery
o f fun ctio n . This resilien cy m ay be co n sidered as o n e
type o f behavio ural plasticity.By apparent co n trast, the
traditio nal view in  neuro science during the first three-
quarters o f the last century was that the m ature CN S has
little capacity to  reorganize and repair itself in response to
in jury.This view extends back in to  the n ineteen th cen -
tury,pro m o ted initially by BrocaÕsstudies o n the localiza-
tio n o f functio n within the brain4,which em phasized the
co nstancy o f o rganizatio n o f the m ature CN S even after
substan tial in ju ry. Altho ugh co n trary views were
expressed5,6, the m ature CN S was generally believed7 to
show little o r no  plasticity8.H ughlings Jackso nÕshierar-
chical view9 that lower centres o f the brain substituted in
functio n  fo r higher dam aged cen tres after CN S insult,
to gether with o ther related fo rm ulatio ns,had an im por-
tan t in fluence fo r m o st o f the twentieth century o n  o ur
thinking abo ut the reco very o f functio n . H o wever, the
phen o m en o n o f spo n taneo us recovery o f functio n  was
n ever fu lly explain ed an d received litt le experim en tal
atten tio n , largely because the techn iques n eeded to
explo re this pro cess had n o t yet been  develo ped.
Beginn ing in  the 1970s, research fro m  several labo rato -
ries, including tho se o f Merzen ich10,Kaas11 and Wall12,
showed that,co ntrary to  the established belief, the adult
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CON D ITION ED  RESPON SE

TECH N IQU ES

Metho ds inspired by studies o f
o perant co nditio n ing in  which a
specified respo nse is
strengthened o r increased in
frequency by presenting a
reward after its perfo rm ance.

SH APIN G

An o perant train ing m etho d in
which a desired m o to r o r
behavio ural o bjective is
appro ached in  sm all steps Ñ  by
successive approxim atio ns Ñ  so
that the im provem ent required
fo r successful perfo rm ance at
any po in t in  the train ing
pro gram m e is sm all.

the ventral ro o ts rem ains in tact.H owever, m o nkeys can
be induced to  use the deafferented extrem ity by restrict-
in g m o vem en t o f the in tact lim b co n t in u o usly fo r a
perio d o f days16,17.The m o nkey m ay n o t have used the
affected extrem ity fo r several years,but the applicatio n
o f this sim ple techn ique resu lts in  a co nversio n  o f the
uselessfo relim b in to  a lim b that is used fo r a wide vari-
ety o f purpo ses fo r the rest o f the an im alÕs life18,19. The
m o vem en ts are n o t n o rm al: they are clu m sy because
so m atic sen satio n  has been  abo lished, bu t they are
exten sive an d effective. This can  be co n sidered as a 
substantial rehabilitatio n o f m ovem ent.

Train ing pro cedures are ano ther m eans o f overco m -
ing the lack o f use o f a single deafferen ted lim b in  pri-
m ates18.Transfer fro m  the experim en tal to  the real- life
situatio n  was n ever o bserved when  usin g CON D ITION ED

RESPON SE TECH N IQU ES to  train lim b use.But when the train -
in g techn ique term ed SH APIN G20,21 was used, there was
substan tial im pro vem en t in  the m o to r ability o f the
deafferen ted lim b in  the real- life situatio n 18. Shapin g

m am m alian CN S does have so m e capacity to  reo rganize
itself functio nally after in jury.At the level o f the cerebral
co rtex, this pheno m eno n is usually referred to  as co rtical
reo rgan izatio n 13,14.The questio n  naturally arises as to
whether there is so m e relatio n ship between  the spo n -
taneo us recovery that occurs after CN S dam age,and cor-
tical plasticity.U ltim ately,we wo uld like to  know whether
this relatio nship co u ld be m an ipu lated to  im pro ve the
po ten tial fo r reco verin g fun ctio n , so  that it wo u ld be
advantageo us to  a patient with neuro logical in jury.A line
o f research that begins with so m ato senso ry deafferenta-
tio n  in  m o nkeys and pro gresses to  a new treatm en t fo r
hum ans after stroke and o ther types o f neuro logical dam -
age can be viewed as a m odel fo r addressing this question.

From deafferentat ion to CI therapy
Basi c research wi th monkeys.When so m atic sensatio n is
surgically abo lished fro m  a single fo relim b in  a m o nkey,
the anim al does no t m ake use o f it in  the free situatio n15.
This is the case even tho ugh the m o to r o utflow thro ugh

a  Development of learned nonuse

b  Overcoming learned nonuse
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Figure 1 |Development and overcoming of Ôlearned nonuseÕ of an upper extremity. a | Substantial neurological injury usually
leads to a substantial depression in motor and/or perceptual function. During this period, the subject cannot use the affected extremity
effectively. Attempts to use the affected limb generally lead to failure. These punishing consequences result in suppression of the use
of the limb (middle row). Moreover, the subject might manage reasonably well using only the uninvolved upper extremity, and is
therefore rewarded for this pattern of behaviour, which as a result is strengthened (bottom row). In addition, after stroke36,37, and
presumably after extremity deafferentation, there is a marked contraction in the size of the cortical representation of the limb. This
probably correlates with the report of patients with stroke that movement of that extremity is effortful (top row). These three processes
interact to produce a vicious downward spiral that results in Ôlearned nonuseÕ of the affected extremity, which is normally permanent. 
b | When appropriate techniques are applied, learned nonuse can be overcome. Training procedures can be used to reward patients
systematically for using the affected arm for a period of consecutive weeks. In addition, use of the uninvolved limb can be restricted,
such that the subject is rendered virtually helpless unless he/she tries to use the affected limb. Increased use of the limb leads to a
use-dependent enlargement of the cortical representation of the affected extremity36,37, which reduces the effort in using it and
provides a neural basis for the long-term retention of gains made in the laboratory or clinic. (CNS, central nervous system.)
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sim ilar to  tho se seen  after u n i lateral fo relim b deaf-
feren tatio n  in  m o nkeys. Therefo re, it seem ed reaso n -
able to  fo rm u late a pro to co l that sim ply t ran sferred
the techn iques u sed in  m o n keys fo r o verco m in g
learned n o nuse o f a deafferen ted lim b to  hum ans who
had experienced a cerebrovascular accident19.

The pro to co l19 reco m m en ded bo th train in g o f the
paretic arm  and restrain t o f the co n tralateral arm .The
in itial applicatio ns o f CI m ovem ent therapy to  hum ans
after stroke27Ð30 did no t m ake use o f the full pro toco l and,
altho ugh the resu lts were pro m isin g, the treatm en t
effects were sm all.Taub and co -wo rkers31 applied bo th
parts o f the CI therapy pro to co l to  the rehabilitatio n  o f
patients with a chro nic upper extrem ity hem iparesis in  a
study that em phasized the transfer o f therapeutic gains
in  the labo rato ry to  the real- life situatio n .Patien ts with
chro n ic sym pto m s o f stro ke ( m o re than  fo ur years o n
average)  were selected to  participate,as the literature and
gen eral clin ical experien ce suppo rted the view that
m o to r recovery usually reaches a plateau within o ne year
after stroke and is no t am enable to  further m odificatio n.

The participan ts wo re a slin g o n  their less affected
arm  during 90% o f their waking ho urs fo r 14 days.On
ten  o f tho se days, they received six ho urs o f train ing o f
their m o re affected arm .Co ntro l participants were to ld
that they had m uch greater m o vem en t o f their m o re
affected lim b than they were actually showing,were led
thro ugh a series o f passive m o vem en t exercises in  the
treatm en t cen tre, an d were given  passive m o vem en t
exercises to  perfo rm  at ho m e.The treated gro up showed
a significant increase in the skill o r quality o f m ovem ent,
as m easured by two  labo rato ry m o to r tests,and a m uch
larger increase in  real-wo rld arm  use over the two -week
period.Moreover, they showed no  decrease in real-world
arm  use when  tested two  years after the treatm en t.
The co n tro l subjects sho wed n o  change o r a decline in
real- life arm  use over the sam e period.

These results (FIG.2) have been co nfirm ed in  ano ther
placebo -co n tro lled experim ent26,and further wo rk has
indicated that there is a fam ily o f techniques that can be
used to  overco m e learned no nuse32Ð35.Altho ugh m ost o f
the techn iques invo lve co nstrain ing m o vem en t o f the
less affected arm , two  o f them  do  no t.The co m m o n fac-
to r seem s to  be repeatedly train ing the paretic arm .Any
techn ique that in duces a patien t to  use an  affected
extrem ity fo r m any ho urs a day fo r a perio d o f co nsecu-
tive weeks sho u ld be therapeutically efficacio us. This
facto r is likely to  pro duce the use- depen den t co rt ical
reo rganizatio n that was recently fo und to  result fro m  CI
therapy36Ð39 (see below) ,and is presum ed to  be the basis
o f the lo n g- term  in crease in  the am o un t o f use o f the
m o re affected extrem ity. Mauritz an d co - wo rkers40,41

have also  shown that repetitive practice is an im po rtan t
facto r in  stroke rehabilitatio n.

The beneficial effect o f CI therapy o n  the functio n -
ing o f the upper extrem ities has been replicated in  sev-
eral labo rato ries fo r the chro n ic sym pto m s o f stroke42Ð45

an d fo r acu te sym pto m s in  the perio d begin n in g 
7Ð14 days after stroke46.A six-site rando m ized U S clin ical
trial o f CI therapy in  the subacute perio d is now under-
way. At the U n iversity o f Alabam a at Birm in gham ,

pro duced an alm o st co m plete reversal o f the m o to r dis-
ability,which progressed fro m  to tal absence o f the target
behavio ur to  very go o d (altho ugh n o t n o rm al)  perfo r-
m an ce that tran sferred fro m  the train in g to  the free,
co lo ny enviro nm ent.

D uring the co urse o f the past cen tury, several o ther
investigato rs have fo un d that a behavio ural techn ique
can be used in  an im als to  im pro ve m o to r perfo rm ance
substan tially after neuro lo gical dam age22Ð25. H o wever,
n o ne o f these o bservatio ns was em bedded in  a fo rm al
theo retical co n text that allowed the fo rm ulatio n  o f pre-
dict io n s, n o r was the gen erality o f the m echan ism s
clearly reco gn ized. Co n sequen tly, these fin din gs
rem ained a set o f disco nnected observatio ns.

A possible mechani sm: learned nonuse. Several co nverg-
in g lin es o f eviden ce in dicate that n o n use o f a sin gle
deafferen ted lim b is a learn in g phen o m en o n  that
invo lves a behavio u rally rein fo rced suppressio n  o f
m ovem ent known as Ôlearned no nuseÕ.The restrain t and
train in g techn iques seem  to  be effective because they
o verco m e learn ed n o n use. The pro cess by which this
phen o m en o n  develo ps an d can  be o verco m e by an
appro priate behavio ural m etho d is shown in FIG.1.

Appli cabi li ty to humans after stroke. Given the general
applicabil i t y o f the learn ed- n o n u se fo rm u lat io n  to
m o to r status after m any types o f neuro lo gical dam age,
it  was reaso n ed that  the Co n strain t - In du ced ( CI)
Mo vem en t techn iqu es that  had been  develo ped in
experim en ts with m o nkeys m ight represen t an  appro -
priate appro ach to  the rehabilitatio n  o f m o to r disabil-
ity in  hu m an s after CN S in ju ry. Fo r exam ple, stro ke
o ften  leaves pat ien ts with  an  apparen t ly perm an en t
lo ss o f functio n  in  an upper extrem ity, even tho ugh the
lim b is n o t paralysed. Furtherm o re, the m o to r im pair-
m en t is prepo n deran tly un ilateral. These features are
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Figure 2 |Constraint-Induced Movement therapy. Constraint-Induced (CI) Movement therapy
involves constraining the movement of the extremity that is less affected by cerebral nervous
system injury and, more importantly, ÔshapingÕ the affected limb (an arm in this case) for many
hours a day for two or three consecutive weeks. The constraint, by a sling or a mitt, forces the
individual to make use of the more affected extremity. The quality or skill of the movements is
systematically improved by a shaping procedure. This method was derived from work with
monkeys that would not make use of a deafferented arm, but readily learned to use this extremity
either through shaping or when the constraining device prevented movements of the intact arm.
The data show a large increase in real-life arm use in a CI therapy group trained at the University
of Alabama at Birmingham (UAB), and the close replication of this result in a group treated at the
University of Konstanz. A placebo group that received a general fitness programme did not show
a significant change over time. (f-up, follow-up study.)



N ATU RE REVI EWS | NEUROSCIENCE VO LU M E 3 |  M ARCH  2002 | 2 3 1

R E V I E W S

arm  m o vem ent in  six patien ts with chro n ic upper lim b
hem iparesis, befo re an d after CI therapy. The clin ical
findings replicated the previo usly reported im provem ent
in  real- life arm  use. In  additio n , the co rtical regio n  fro m
which TMS co uld elicit electro m yographic respo nses o f a
hand m uscle was greatly increased. In  a fo llow-up study
with n ine further patien ts,m o to r rehabilitatio n  and the
alteratio n  in  brain  functio n  persisted fo r the six m o nths
o f fo llow-up37.CI therapy had led to  the recruitm ent o f a
large num ber o f neuro ns to  participate in  m ovem ents o f
the m o re affected upper extrem ity.These neuro ns were
adjacen t to  tho se o rigin ally invo lved in  co n tro l o f the
lim b.The area o f excitability fo r the m uscle had beco m e
equal o n  the two  sides o f the brain . Ko pp an d co -
workers38 carried o ut a current-so urce density analysis o f
the steady-state electroencephalographic m o to r po tential
o f CI therapy patients.Three m o nths after treatm ent, the
m o to r co rtex ipsilateral to  the m o re affected arm  had
been recruited to  generate m ovem ents o f that extrem ity.
This effect was no t evident im m ediately after treatm ent,
an d was presum ably due to  a sustained increase in  the
use o f the m o re affected arm  after CI therapy o ver the
three- m o n th fo llo w- up perio d.Mo reo ver,Bauder and
co lleagues39 have shown that CI therapy greatly increases
the am plitude o f the late co m po nen ts o f the readiness
po tential.

These fin dings in dicate that CI therapy m ight pro -
duce a perm an en t in crease in  arm  use by two  related,
but distinctly differen t, m echan ism s. First,CI therapy
chan ges the co n t in gen cies o f rein fo rcem en t so  that
no nuse o f the m o re affected extrem ity,which is learned
in the acute and early subacute perio ds, is co unterco ndi-
t io n ed o r lifted. In  o ther wo rds, by train in g the m o re
affected arm  and co nstrain ing the less affected arm ,CI
therapy provides o ppo rtunities fo r positively reinfo rcing
the use o f the m o re affected extrem ity and adverse co n -
sequen ces fo r its n o n use. Seco n d, the co n sequen t
increase in  use, which invo lves sustained an d repeated
practice o f functio nal arm  m o vem ents, induces expan -
sio n  o f the co n tralateral co rt ical area that co n tro ls
m o vem en t o f the m o re affected extrem ity and recruit-
m ent o f new ipsilateral areas.This use-dependent co rti-
cal reo rgan izatio n  co uld serve as the neural basis o f the
perm an en t in crease in  use o f the m o re affected arm .
Mo reo ver, these studies sho w an  alteratio n  in  brain
o rgan izatio n  o r functio n  that is asso ciated with a ther-
apy- in duced im pro vem en t in  the rehabilitat io n  o f
m ovem ent after CN S dam age.

Boundar i es of CI  therapy. CI therapy do es n o t m ake
m o vem ent n o rm al.When patien ts with chro n ic sym p-
to m s o f stroke have received train ing o f adequate in ten-
sity, this treatm en t has pro duced substan tial im pro ve-
m ents in  virtually all o f the ~ 300 peo ple studied so  far26.
H owever, the im provem ent do es n o t resto re to  patien ts
the m o to r status that they had befo re the cerebral vas-
cu lar acciden t. Altho ugh im pairm en t an d disability
have been  m ean ingfu lly reduced by the co m pletio n  o f
treatm ent, there is typically still a deficit.

CI therapy pro duces a variable o utco m e that depends
o n  the severity o f the in it ial im pairm en t. If stro ke

n early 300 patien ts have been  treated so  far, an d the
treatm ent has been inco rpo rated in to  a ro utine clin ical
setting.The EFFECT SIZE fo r transfer o f treatm ent o utco m e
to  daily activities in  the real world varies fro m  2.1 to  4.0,
depending o n the experim ent (0.8 is co nsidered by co n-
ven tio n  to  be a large effect size47) . Mo re recen t wo rk
with patien ts with a m o re severe m o to r deficit indicates
that m o to r ability is m o difiable in  the upper 65Ð75% o f
the po pu latio n  with chro n ic sym pto m s o f stro ke, in
term s o f severity o f their m o to r deficit.

Reorgani zat i on i n response to treatment. Evidence fro m
several studies indicates that the size o f the cortical repre-
sentatio n o f a bo dy part in  adult hum ans depends o n the
am o un t o f use o f that part48Ð50. Mo reo ver, fo cal TRAN S-

CRAN IAL MAGN ETIC STIMU LATION ( TMS) , MAGN ETIC SOU RCE

IMAGIN G an d READ IN ESS POTEN TIAL studies in  hum an s,an d
intracortical m icro stim ulatio n in  m o nkeys, indicate that
co rt ical reo rgan izatio n  m ight be asso ciated with the
po sit ive effect o f CI therapy. Po ten tial n eural m echa-
n ism s that co u ld u n derlie the o bserved reco very are
illustrated in FIG.3.

N udo  and co -wo rkers51 carried o ut a gro undbreak-
ing in traco rtical m icro stim ulatio n  study in  adult squir-
rel m o nkeys in which an ischaem ic in farct was pro duced
surgically in  the co rt ical area that co n tro ls the m o ve-
m en ts o f a paw. The study sho wed that train ing o f the
m o re affected lim b resulted in  co rtical reo rgan izatio n .
Specifically, the area surro u n din g the in farct, which
wo uld n o t n o rm ally be invo lved in  co n tro l o f the paw,
began to  participate in  those m ovem ents (FIG.4).

Liepert and co -wo rkers36 pro vided the first dem o n -
stratio n that CI therapy pro duces a large,use-dependent
co rtical reo rgan izatio n  in  hum ans with stro ke- related
paresis o f an  upper extrem ity.They used fo cal TMS to
m ap the area o f the prim ary m o to r co rtex that co n tro ls

EFFECT SIZE

A m easure o f effect that is
ado pted when different scales
are used to  m easure an o utco m e.
It is usually defined as the
difference in  m eans between the
experim ental and co n tro l
gro ups,divided by the standard
deviatio n  o f the co n tro l o r bo th
gro ups.As effect size is a
standardized m easure, it allows
us to  co m pare and/o r co m bine
the effects fo und in  different
studies o f the sam e
pheno m eno n.

TRAN SCRAN IAL MAGN ETIC

STIMU LATION

A techn ique used to  induce a
transien t stim ulatio n  o f activity
in  a relatively restricted area o f
the brain . It is based o n  the
generatio n  o f a stro ng m agnetic
field near the area o f in terest,
which, if changed rapidly
eno ugh,will induce an electric
field that is sufficien t to
stim ulate neuro ns.

MAGN ETIC SOU RCE IMAGIN G

The detectio n  o f the changing
m agnetic fields that are
asso ciated with brain  activity,
and their subsequent overlaying
o n m agnetic reso nance im ages
to  identify the precise so urce o f
the signal.

UnmaskingLesion Sprouting Transplantation

Figure 3 |Types of recovery. A central nervous system (CNS) lesion results in two forms of
damage: neuronal cell death and deafferentation resulting from interruption of activity in neural
networks. The latter process causes a much greater initial loss of function than could be
accounted for by the loss of neurons. Several processes can restore the functioning of the
network and lead to recovery: remaining connections within damaged cell assemblies can be
strengthened, silent pathways can be unmasked, and axonal sprouting can bridge disruptions
that result from the damage. In the future, it might also be possible to reduce the consequences
of CNS damage through transplantation.
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as a resu lt  o f CI therapy, can  therefo re be used to
im pro ve the therapeu tic o u tco m e o f patien ts with
stroke and o ther types o f neuro logical in jury.

Other applicat ions of CI therapy
The range o f diso rders fo r which CI therapy m ight be
an  effective treatm en t enco m passes several co nditio ns
in  which m o to r disability is in  apparen t excess to  the
u n derlyin g brain  patho lo gy. Our research in dicates
that excess disabili ty is an  im po rtan t co m po n en t o f
m any co n ditio ns that include m o to r im pairm en t an d
are refracto ry to  cu rren t fo rm s o f treatm en t. As dis-
cussed abo ve, the signature CI therapy in terven tio n  is
used fo r stro ke patien ts with an  upper extrem ity pare-
sis. The o riginal therapy has recen tly been  extended in
o u r labo rato ry to  t reat deficits in  arm  use in  peo ple
with  t rau m at ic brain  in ju ry52, cerebral palsy ( E.T.,
S. C. D eLuca, K. Echo ls an d S. L. Ram ey, un published
o bservatio n s) , FOCAL H AN D  D YSTON IA53,54, phan to m  lim b
pain 55 an d APH ASIA56, an d to  t reat lo wer lim b im pair-
m ents in  peo ple with chro n ic stro ke, spinal co rd in jury
and hip fractures26.

Aphasi a. The dem o n stratio n  that m o to r behavio ur is
m o difiable in  patients with chro n ic stroke indicates that
lan guage im pairm en t,an o ther co n sequence o f stro ke
that o ften has an im portant m o to r co m po nent,m ight be
sufficien tly plastic to  be rehabilitated by an appro priate
m o dificatio n  o f the CI therapy techniques. In  a study by
Pulverm Ÿller an d co - wo rkers56, peo ple with stro ke-
in duced aphasia received CI Aphasia therapy. These
patien ts had previo usly received extensive co nventio nal
speech therapy and had reached an apparent m axim um
recovery o f language functio n.They were co nstrained to
co m m unicate by talking, im proving their language skills
fo r three ho urs o n each weekday over a two -week period.
Gro ups o f three patients and a therapist participated in a
language gam e in which success was achieved by progres-
sively im pro vin g the nam in g o f pictured o bjects an d
explicitly requesting that o ther participants co n fo rm  to
the rules o f the gam e57. In  co m pariso n with patients that
received the ro utine treatm ent o f the institutio n, the first
n ine CI- treated patients im proved substantially,bo th in
perfo rm ance o n  experim en tal tests o f language ability
an d in  the am o un t o f talkin g they did in  real life56.
Several pro cedures that were used in  this wo rk were
developed o n the basis o f the CI therapy m odel o f m o to r
rehabilitatio n .They included extended, in tensive prac-
tice,co nstrain ing patients to  co m m unicate using speech
durin g the lan guage gam e, shapin g speech durin g the
gam e,an d placing em phasis o n  assessing the patien tsÕ
real- life behavio ur.

Focal hand dystoni a. An in terventio n  related to  CI ther-
apy was develo ped fo r the treatm ent o f fo cal hand dys-
to n ia,a co nditio n  that invo lves m anual inco o rdinatio n
in  peo ple, including m usicians,who  engage in  extensive
an d fo rcefu l use o f the digits. U sin g m agn etic so urce
im agin g, it was fo un d that m usician s with fo cal han d
dysto n ia show a use- dependent o verlap o r sm earing o f
the represen tatio nal zo nes o f the digits o f the dysto n ic

patien ts with residual m o to r deficits are divided o n  the
basis o f their active range o f m o tio n , the upper 25% o f
the po pulatio n tend to  im prove m ore than patients fro m
the next 50% (REF.26) .Altho ugh the sho rt- term  relative
change is sim ilar, albeit so m ewhat reduced in  seco n d-
and third-quartile patien ts, the abso lute level o f m o to r
functio n  is lower,as these peo ple start treatm ent fro m  a
lower level in term s o f am o unt o f use.

Fo r patien ts fro m  the lowest quartile o f m o to r func-
t io n in g, CI therapy do es im pro ve m o vem en t at the
sho u lder an d elbo w. H o wever, as they have litt le o r n o
ability to  m o ve the fingers, there is n o  adequate m o to r
basis fo r carryin g o u t t rain in g o f han d fu n ctio n .
Co n sequen tly, as m o st daily activit ies that are carried
o ut by the upper extrem ity are perfo rm ed by the hand,
there is relatively lit t le tran slatio n  o f the therapy-
in duced im pro vem en t in  proxim al jo in t functio n  in to
an  in crease in  the actual am o u n t o f use o f the m o re
affected extrem ity in  the real- life situatio n.

Patien ts with higher fu n ctio n  have been  fo u n d to
retain  their treatm en t gains witho ut decrem ent fo r the
two  years that they have been tested. H owever, patien ts
fro m  the seco n d an d third quartiles do  sho w a decre-
m ent o f ~ 20% o ne year after treatm ent and greater lo ss
after two  years. This in dicates that it m ight be im po r-
tan t to  co nsider sho rt Ôbrush- upÕperio ds o f train ing to
m ain tain  the treatm ent gains in  these patients.

So , CI therapy is clearly n o t a co m plete an swer to
m o to r deficit after stroke.H owever, the work so  far does
sho w that m o to r fun ctio n  in  abo u t three- quarters o f
patien ts with chro n ic stro ke is substantially m o difiable.
This m o difiability o f m o to r ability,which presum ably
reflects the CN S plasticity that has been shown to  o ccur

READ IN ESS POTEN TIAL

A bro ad negativity in  the
electro encephalo gram  that
begins 300Ð3,000 m s befo re
vo lun tary m ovem ents.One
peculiarity o f the readiness
po ten tial is that,whereas m o st
event- related po ten tial are tim e-
lo cked to  the arrival o f an input,
the readiness po ten tial is tim e-
lo cked to  an o utput and always
precedes it.

FOCAL H AN D  D YSTON IA

Manual inco o rdinatio n  in
peo ple that engage in  extensive
and fo rceful use o f the digits.

APH ASIA

A language im pairm ent that is
acquired as a result o f stro ke o r
o ther brain  in jury.
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Figure 4 |Reorganization in the motor cortex of a monkey after rehabilitative therapy.
a | Before infarct. b | After infarct and rehabilitative therapy. Note the large increase in the cortical
representation of the wrist/forearm after therapy. Adapted with permission from REF.51 © 1996
American Association for the Advancement of Science.
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carry o ut the required ho m e practice)  persisted fo r the 
24 m o n ths o f fo llo w- up. As in  the case o f the aphasia
treatm ent, treatm ent o f fo cal hand dysto n ia has several
elem ents in co m m o n with CI therapy fo r the extrem ities:
m assin g the am o un t o f practice, shapin g fin ger place-
m en t an d o ther aspects o f m o to r perfo rm an ce, an d 
perform ing the exercises while a body part is restrained.

From cort ical reorganizat ion to dyslexia
The efficacy o f CI therapy in  different diso rders is based
largely o n  its derivatio n  fro m  a bo dy o f replicated an d
generally accepted basic research.H owever,CI therapy is
no t alo ne in this regard.Research using CI therapy m ight
be part o f the leading edge o f an  im pen ding paradigm
shift in  which o ther advances in  behavio ural science and
neuroscience are used fo r the developm ent o f new strate-
gies in  the field o f rehabilitatio n .An  im po rtan t case in
po in t is the in terventio n  develo ped by Merzenich,Tallal
an d co - wo rkers61,62 fo r use in  children  with SPECIFIC 

LAN GU AGE IMPAIRMEN TS (SLI)  and D YSLEXIA.Children with SLI
sho w lim itatio n s in  a wide ran ge o f expressive an d/ o r
receptive o ral abilities; fo r exam ple,po o r vocabulary,and
deficits in syntax production o r com prehension.Children
with SLI generally develo p difficulties in  reading,writing
and spelling ( that is, they beco m e dyslexic) ,despite hav-
ing no rm al in tellectual capacity.The rem edial treatm ent
o f SLI includes an im po rtant co m po nent that is derived
fro m  basic research o n  lan guage fun ctio n s in  SLI an d
dyslexic children.Psychoaco ustic studies have shown that
audito ry pho nem e pro cessing is deficien t in  m any chil-
dren with SLI and dyslexia63,64.Co m pared with children
who  develo p lan guage n o rm ally, tho se with SLI have
greater difficulty in integrating brief and rapidly changing
sounds.They therefore experience difficulties in discrim i-
nating STOP-CON SON AN TÐvowel syllables,which have sho rt
transitio nal perio ds.That this m ight co nstitu te a basic
im pairm ent is suppo rted by the fact that deficits in  sto p-
co nso nant perceptio n  are, in  fact,highly co rrelated with
the language co m prehensio n sco res o f SLI children.The
im pairm ent can be overco m e by synthetically extending
the brief transitional periods.

Recent studies using MAGN ETOEN CEPH ALOGRAPH Y (MEG)
po in t to  abno rm alities in  the hem ispheric asym m etry o f
the tem po ral lo be. Fo r in stan ce, stim u latio n  by sto p-
co nso nantÐvowel syllables generated so urces o f activity
after 200 m s (but n o t earlier)  that differed in  their lo ca-
tio n in the audito ry cortex between children with dyslexia
and co ntro l children 65.The finding canno t be attributed
to  gro ss anato m ical variatio n s. It seem s to  sign ify an
abn o rm al functio nal o rgan izatio n  o f audito ry co rtex in
children with dyslexia,and co n firm s the suggestio n  that
im paired perceptio n o f rapidly changing audito ry in fo r-
m atio n  m ight im pede the develo pm en t o f lan guage-
specific pho nem e represen tatio ns during early in fancy.
Malfo rm ed co rtical representatio n  o f pho nem es m ight,
in turn, lead to  language-acquisitio n problem s and subse-
quent difficulties in  m astering the pho nem eÐgraphem e
co rrespo n den ces that un derlie readin g an d spellin g.
U sing the principles o f cortical reorganizatio n,Merzenich
et al.61 and Tallal et al.62 designed a co m puter-based train-
ing pro gram m e and showed that im paired pro cessing o f

hand in  the so m ato senso ry co rtex58,59. D igit overuse had
previo usly been  fo und to  pro duce a sim ilar phen o m e-
n o n  in  m o nkeys60.As behavio ural m echan ism s seem  to
underlie bo th the co rtical diso rder and the invo lun tary
in co o rdin atio n  o f m o vem en t, it  was pro po sed that a
behavio ural in terven tio n  m ight be o f value in  reducing
or elim inating these co nditio ns.

Pro fessio nal m usicians with lo ng-standing sym pto m s
were studied; they had previo usly received several differ-
ent treatm ents witho ut success53,54.The therapy invo lved
the use o f splin ts to  im m o bilize o ne o r m o re digits o ther
than  the dysto n ic fin ger ( FIG. 5) . The m usician s were
required to  carry out repetitive exercises with the dysto nic
finger in co o rdinatio n with o ne o r m ore o f the o ther dig-
its fo r 1.5Ð2.5 ho urs daily over a perio d o f eight co nsecu-
tive days.All the patien ts sho wed sign ifican t im pro ve-
m en ts when  o perating witho ut the splin t at the en d o f
treatm ent.H alf o f them  returned to  the norm al o r alm ost
n o rm al range o f digit functio n  in  m usic perfo rm ance,
and the im provem ent o f all but o ne patient (who  did no t

SPECIFIC LAN GU AGE

IMPAIRMEN T

A term  that is o ften  assigned to
develo pm ental language
diso rders that do  no t have any
o ther apparent so cial,
psycho lo gical o r neuro lo gical
cause.

D YSLEXIA

D ifficulty in  learn ing to  write,
spell and read that is o bserved in
peo ple o f o therwise no rm al
in telligence. In  so m e cases,a
genetic cause is suspected.

STOP CON SON AN T

Spo ken so unds vary depending
o n the degree o f air-stream
o pening.Vowels are the m o st
o pen so unds, fo llowed by liquid,
nasal, fricative and sto p
co nso nants, in  which the air
stream  is m axim ally o bstructed.
In  English, the six sto p
co nso nants are p, t, k,b,d and g.

MAGN ETOEN CEPH ALOGRAPH Y

A no n - invasive techn ique that
allows the detectio n  o f the
changing m agnetic fields that are
asso ciated with brain  activity.As
the m agnetic fields o f the brain
are very weak,extrem ely
sensitive m agnetic detecto rs
known as superco nducting
quantum  in terference devices,
which wo rk at very low,
superco nducting tem peratures
(Ð269 ¡C) ,are used to  pick up
the signal.
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Figure 5 |Change in motor coordination and movement
pattern in musicians as a result of therapy. The middle
panel shows the cuff and splint arrangement that was used to
immobilize the finger(s) during treatment. The curves show
motor coordination recorded by a dexterity-displacement
device before (upper panel) and after (lower panel) treatment.
The device continuously recorded digital displacement during
metronome-paced movements of two fingers that were carried
out for 50 s with all fingers free. After training (lower panel), the
pattern becomes more regular (bottom trace in lower panel)
than that seen before treatment (bottom trace in upper panel).
Spectral analysis of the records (not shown) provided
information concerning the smoothness of the movements
before, during and after training54.
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in a sm all gro up o f children with sym pto m s o f dyslexia,
that differences in  hem ispheric functio nal o rganizatio n
can indeed be altered by linguistic train ing.We are o n ly
n o w begin n ing to  tap in to  the po ten tial fo r exten ding
this appro ach to  o ther co n dit io n s fo r which effective
treatm ents do  no t exist at present.

Other therapies emerging from basic  research
There are o ther new approaches to  rehabilitatio n that are
beginn ing to  em erge fro m  the m elding o f basic research
in  behavio ural science and neuro science.Fo r exam ple,
several labo rato ries have develo ped a new strategy fo r
the rehabilitatio n  o f lo wer lim b fun ctio n  after spin al
co rd in jury using a partial bo dy weight suppo rt harness
to  facilitate am bulatio n.Edgerto n and co lleagues67,68 and
Barbeau and co lleagues69,70 explicitly derived their thera-
peutic regim en fo r hum an spinal co rd in jury fro m  their
own early wo rk in  an im als71,72. U sing a sim ilar m etho d-
o lo gy, o ther investigato rs ( fo r exam ple, Wern ig an d
MŸller73 in peo ple with spinal in jury,and H esse et al.41 in
peo ple with stro ke)  have also  relied o n  basic research in
an im als in  the fo rm ulatio n  o f their therapeutic pro ce-
dures. Im po rtantly, new approaches to  neuro rehabilita-
tio n  are n o t restricted so lely to  the m o to r system , bu t
also  enco m pass several sensory m odalities (BOX 1).

An o ther new develo pm en t stem s fro m  research in
which D -am phetam ine was fo und to  im prove the recov-
ery o f fu n ctio n  in  rats after either m o to r co rtex o r
o ccipital lesio ns74. Of particu lar in terest is the fact that
th is pharm aco lo gical in terven tio n  has an  effect o n
reco very prim arily when it is used in  co n junctio n  with
behavio u ral t rain in g75. So  far, there have been  three
published studies in  which an attem pt has been m ade to
use D - am phetam in eto  im pro ve the rehabilitat io n  o f
lim b m o vem ent76 o r language functio n 77,78 after stro ke.
Other pharm aco lo gical appro aches include the adm in -
istratio n  o f m ethylphen idate to  an im als an d hum ans,
the use o f glycine to  enhance weight bearing and step-
ping in  spinal cats, ! 2-adrenocepto r ago nists to  help in i-
tiate lo co m o tio n  o r increase treadm ill speed in  an im als
an d hu m an s with spin al co rd in ju ries, sero to n ergic
an tago n ists to  in crease weight bearin g an d treadm ill
speed in peo ple with spinal in jury,and a co m binatio n o f
sero to n in  an d N - m ethyl- D ,L- aspartate to  en han ce
am bulato ry activity in  neo natal rats75.

These studies are just begin n in g to  u n fo ld; they
invo lve sm all n um bers o f patien ts an d do  n o t include
co n tro l gro ups, which will be required fo r this field to
m ature.But, in  co n junctio n  with an im al research, these
early resu lts are in dicative o f the pro m ise that th is
approach ho lds.Moreover,anim al research shows that an
effective behavio ural m etho d fo r im proving functio n  is
an im po rtant substrate,so  to  speak, fo r the effectiveness
o f the pharm aco logical in terventio n.

There has been  a lo n g histo ry o f research o n  the
regen eratio n  o f n eural t issue within  the m am m alian
CN S after neuro lo gical in jury; the aim  has been to  allow
new, functio nal synaptic co nnectio ns o f regenerated o r
tran splan ted t issue to  fo rm  an d pro vide a basis fo r
im pro ved fu n ctio n . The wo rk in  th is area has n o w
entered a pro m ising phase. H ere,again , im pro vem ents

rapidly changing so unds co uld be rem arkably im proved
in 5Ð10-year-o ld children with SLI.Children were trained
with audiovisual Ôgam esÕfor ~ 100 m inutes a day, five days
a week, fo r 20 train ing days.Rapid transitio nal speech
and no n -speech stim uli were in itially disam biguated by
exten din g them  in  tim e an d/ o r am plifyin g them . As
train ing progressed and the children showed success, the
m odified aco ustic stim uli were presented in progressively
less m o dified fo rm  un til the stim u li approxim ated
so unds as they o ccur in  natural speech.So,as in  the case
o f CI therapy, the train ing pro to co l invo lved a shaping
procedure.Moreover, the therapy had to  be Òapplied with
a heavy schedu leÓo n  successive days, an d requ ired
Òintense practice schedulesÓ(m assed practice,again as in
CI therapy)  and Òhigh m o tivatio nal driveÓ61.These char-
acteristics o riginated in  studies o f plasticity, m any o f
which were carried o ut in  MerzenichÕs own labo rato ry48.
Seven per cent o f prescho o l children are estim ated to  suf-
fer fro m  SLI,and prevalence estim ates fo r dyslexia vary
between  4 an d 9% ( REF. 66) . Therefo re, this treatm en t
m ight be beneficial to  large num bers o f children.

Bo th CI therapy an d the in terven t io n  again st
dyslexia depen d, in  part, o n  m an ipu latio n s that pro -
duce a use- depen den t alteratio n  in  task- related po r-
t io n s o f the brain  thro ugh the m assed repet it io n  o f
appro priate experiences. H eim  et al.65 recen tly showed,

Box 1 | Sensory prostheses

Senso ry pro stheses invo lve the use o f real- t im e,direct in terfaces between  the brain  an d
electro n ic o r m echan ical devices. In  the co n text o f rehabilitat io n , they can  be used to
provide a perso n  with in fo rm atio n  that is n o t available fro m  a serio usly defective o r
in o perative senso ry system .Co chlear im plan ts were the first type o f senso ry pro sthesis
to  be develo ped.The breakthro ugh in  this area was achieved by the in tro ductio n  o f
digital in traco chlear m u lt ichan nel system s86; these were develo ped as a resu lt o f a
detailed un derstan ding o f co chlear functio n  thro ugh research that allowed electrically
elicited hearing sensatio ns to  beco m e increasingly natural. In  1957,D jo urn o  st im u lated
the audito ry nerve o f rabbits an d verified its efficacy thro ugh electro encephalo graphic
m easurem en ts.The first patien t was o perated o n  sho rtly after these studies,electro des
being placed o n  the audito ry nerve87.This study was fo llowed by the wo rk o f H o use88

an d, im po rtan tly, o f Sim m o ns89,who  repo rted the im plan tatio n  o f a hard-wired cluster
o f six stain less steel electro des in to  the co chlea89.An  increasing un derstan ding o f
co chlear functio n  an d the generatio n  o f recepto r po ten t ials that activate the audito ry
nerve m ade it po ssible to  im prove the quality o f the im plan ts to  such an  exten t that
clo se- to -n o rm al audito ry functio n ing can  n ow be achieved o r regained in  m any peo ple.

An o ther part icu larly fru itfu l appro ach to  senso ry pro sthesis is a tactile visio n -
substitu t io n  system  that was pio neered by Bach-y-Rita.This wo rk was begun  in  the
1960s (REF.90) ,when  in pu t fro m  a sm all televisio n  cam era attached to  a helm et was
transduced o n to  a tactile st im u lat io n  grid that was placed o n  the sho u lder o r abdo m en .
Tactile spatial discrim inatio n  is n o t precise in  these regio ns an d the visual reso lu t io n
achieved in  this early work was rudim en tary.H owever,a very sensit ive hum anÐm achine
in terface that o perates thro ugh the to ngue has recen tly been  develo ped91,92.Befo re
train ing with the pro sthesis, the visual acu ity o f the part icipan ts averaged 20/800,bu t it
do ubled after n ine ho urs o f train ing.This type o f in terface co u ld lead to  devices that
allow perceptual ability o f practical sign ificance in  in dividuals who  are blin d o r have
o ther types o f senso ry lo ss.Mo reover,such a device also  o pens up the po ssibility o f
senso ry augm en tatio n  in  n o rm ally en dowed in dividuals,such as in frared detectio n  fo r
n ight visio n  o r perceptio n  o f activity in  o ther ranges o f the electro m agnetic spectrum ,as
well as fo r im proving the functio n  o f sensate ro bo ts,an d sensate teleco m m un icatio ns.
Co m bin ing pro gress in  m icro techn o lo gy with o ur rapidly increasing kn owledge o f the
neural co de, it is po ssible to  im agine a fu tu re in  which im plan ted chips co u ld serve as an
in terface to  the wo rld.






