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Abstract

By a variety of mechanisms, the human brain is constantly undergoing plastic changes. Plasticity can be studied with phenomena such
as peripheral deafferentation and motor learning. Spontaneous recovery from stroke in the chronic stage likely comes about because of
plasticity, and the best recovery seems to result from reorganization in the damaged hemisphere. Knowledge about the physiology of brain
plasticity has led to the development of new techniques for rehabilitation. Published by Elsevier Science B.V.
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1. Introduction ment. It is necessary to understand how spontaneous
recovery takes place and how it can be facilitated for

Stroke is a common and often devastating disorder optimal improvement. Some spontaneous recovery is no
leading to substantial disability. There are methods of doubt due to resolution of edema and possibly recovery of
prevention and much current excitement about new tech- tissue function in tissues that were ischemic but not
niques for acute intervention in order to limit the amount destroyed. This aspect of recovery is likely to occur within
of brain damage. After the first few hours from stroke a few days. Another aspect, responsible for recovery
onset, however, what damage will be done has been done, beyond this acute period, is likely brain plasticity.
and it is time to consider rehabilitation. Fortunately, there While up to about a decade ago, it was commonly taught
is a certain amount of spontaneous recovery. Patients may that the adult brain was not plastic, it has now been
be given formal physical therapy and occupational therapy, determined that not only is the brain capable of plastic
but there has been only little evidence that such methods changes, but is constantly changing. A simple observation
are actually valuable in promoting neurological improve- makes this obvious. Plasticity must be responsible for

learning since learning implies a change of the brain. As
long as the brain can learn, it can change, and similar*Tel.: 11-301-496-1561; fax: 11-301-402-1007.

E-mail address: hallettm@ninds.nih.gov (M. Hallett). changes are likely to be helpful in recovery from injury.
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This review focuses on plastic changes that can be In order to see how fast modulation of motor outputs
demonstrated in the motor system and, in particular, how can occur in humans, studies can be done with reversible
such changes appear relevant in recovery from hemiplegia. deafferentation of a limb segment. Reversible deafferenta-

tion was accomplished by using a blood pressure cuff, at
first with, and later without regional local anesthesia [3,4].

2. Mechanisms of plasticity The amplitudes of motor evoked potentials (MEPs) to
TMS from muscles immediately proximal to the temporari-

The cellular mechanisms that are likely to be responsible ly anesthetized forearm increased in minutes after the onset
for plasticity in humans are under active investigation. of anesthesia and returned to control values after the
Their physiology has been studied in model systems, and anesthesia subsided. On the other hand, other processes
we have only incomplete knowledge so far as to which take a much longer time. In patients with brachial plexus
mechanism applies to which phenomenon. First, a change avulsion, after the intercostal nerve was anastomosed to
in the balance of excitation and inhibition can happen very the musculocutaneous nerve, Mano et al. [42] showed that
quickly. This process depends on the fact that neurons or projections from the biceps region of the motor cortex can
neural pathways have a much larger region of anatomical be directed to the spinal cord neurons of the intercostal
connectivity than their usual territory of functional in- nerve. This process took a year or more to occur. Thus,
fluence. Some zones may be kept in check by tonic some changes occur rapidly and others slowly, suggestive
inhibition. If the inhibition is removed, the region of that there are multiple types of phenomena that play a role.
influence can be quickly increased or unmasked [35]; in a
process often called unmasking. A second process that can
also be relatively fast is strengthening or weakening of 4. Motor learning
existing synapses, in processes such as long-term potentia-
tion (LTP) or long-term depression (LTD) [32,33]. A third Cortical changes result from changes in the patterns of
process is a change in neuronal membrane excitability behavior, and this fact will be very important in considera-
[27]. A fourth process is anatomical changes, which need a tion of physical therapy. In order to investigate this issue in
longer period of time. Specific anatomical changes include humans, Pascual-Leone et al. [51] performed detailed
sprouting of new axon terminals and formation of new mapping of the motor cortical areas targeting the first
synapses [60]. These processes operate in different time dorsal interosseus (FDI) and the adductor digiti minimi
periods and are not mutually exclusive; indeed, one can be (ADM) bilaterally in Braille readers and blind controls
followed by another serially and this is likely to occur. with focal TMS. In the controls, motor representations of

right and left FDI and ADM were not significantly
different. However, in the proficient Braille readers, the

3. Peripheral deafferentation representation of the FDI in the reading hand was sig-
nificantly larger than that in the nonreading hand or in

The situation of peripheral deafferentation has been well either hand of the controls. Conversely, the representation
studied and is briefly introduced here to illustrate some of the ADM in the reading hand was significantly smaller
features of human brain plasticity. Merzenich and col- than that in the non-reading hand or in either hand of the
leagues [43,44] and Donoghue and colleagues [18,19], controls. These results suggests that the cortical representa-
working with primates, demonstrated that after deaf- tion for the reading finger in proficient Braille readers is
ferentation of a limb there was reorganization of the enlarged at the expense of the representation of other
sensory and motor cortices, respectively. The deafferented fingers.
(or deefferented) cortex did not stay idle, but was taken Conversely, Liepert et al. [40] studied cortical plasticity
over by body representations adjacent to the deafferented in patients who had a unilateral immobilization of the
body part. This situation can be investigated in the motor ankle joint without any peripheral nerve lesion. The motor
system of humans [23–26]. Cohen et al. [13] studied cortex area of the inactivated tibial anterior muscle di-
patients with traumatic, surgical or congenital amputations minished compared to the unaffected leg without changes
of the arm at about the level of the elbow using transcra- in spinal excitability or motor threshold. Representation
nial magnetic stimulation (TMS). Motor representation areas increase or decrease depending on use.
areas targeting muscles ipsilateral and immediately proxi- To determine how fast such changes can occur, motor
mal to the stump were larger than those for muscles learning can be investigated. Pascual-Leone et al. [52]
contralateral to the stump. These results are consistent with looked at the motor cortical representation of the hand over
the idea that the motor cortex for the muscles proximal to a 5-day period in normal subjects as they learned a skilled
the amputation had expanded into the territory of the task with their hand. As subjects became more skilled at a
amputated part. TMS does confound motor cortex ex- five-finger exercise on a piano, the size (or excitability) of
citability and size of the representation area, but by the motor representation of hand increased. Such changes
analogy to the primates, size is likely to have increased. appeared to depend on skill learning since simple use of
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the hand did not lead to similar changes. A similar result of the study was a good indicator of recovery. In addition,
has been obtained in several other learning experiments contralateral MEPs appeared at or just before the time of
[12] and in a primate model [54]. recovery of hand movement in those who recovered it later

during the study. They also found nine subjects with
ipsilateral MEPs in affected hand muscles, evoked by

5. Stroke stimulation of the intact hemisphere, most of whom had
poor recovery of hand function. These ipsilateral MEPs

One theme for stroke recovery has been recruitment of were generally of low amplitude. It may well be that there
ipsilateral pathways. Strong evidence for this possibility is competition between contralateral and ipsilateral con-
comes from evaluation of patients who have undergone nections, and that the poorly functioning ipsilateral path-
hemispherectomy. After hemispherectomy motor function ways are more prominent when the functional contralateral
in the limb contralateral to the excised hemisphere ex- pathways cannot recover.
periences a substantial degree of recovery, particularly The ipsilateral pathways may be more functional in
when surgery is performed at early age. To understand the children with prenatal or perinatal lesions, since the earlier
mechanisms underlying this recovery of function, Cohen et the damage, the more likely the quality of the improvement
al. [14] studied patients with hemispherectomy. TMS of [7,41]. If the lesion is prenatal, the ipsilateral corticospinal
the remaining hemisphere induced bilateral activation of tract may even have individual axons with branches that
deltoid and biceps. Similar findings were obtained by supply homologous motor neuron pools on the two sides
Benecke et al. [1]. Evaluation of MEPs indicated that [7]. On the other hand, in the study of Carr et al. [7], the
muscles ipsilateral to the preserved hemisphere were best function was seen in patients with MEPs to stimula-
activated by stimulation of scalp positions anterior and tion of the cortex contralateral to the hemiplegia. Ipsilater-
lateral to those activating muscles on the normal side. al MEPs were found in subjects with both good and poor
Similarly, ipsilateral elbow movements were associated function of the affected hand. When contralateral MEPs
with regional cerebral blood flow (rCBF) increases with were not present, hand function was poor unless intense
PET in an area centered slightly anterior and lateral to that mirroring was present. Therefore, ipsilateral MEPs by
activated by the same movements on the normal side. themselves are not evidence of functionally significant
These results indicate that ipsilateral and contralateral ipsilateral control even in children.
representations in the remaining hemisphere are topog- The one situation where ipsilateral pathways are likely
raphically differentiated, with ipsilateral representations important is in recovery from dysphagia. While swallowing
having a more anterior and lateral scalp distribution. The problems can affect as many as one in three patients in the
anatomy suggests that the normal ipsilateral representation period immediately after a stroke, it usually recovers
has become more influential in these patients and has completely within weeks. This impressive propensity for
likely contributed to the recovery. recovery is likely to relate to how the area of the motor

One of the first suggestions that ipsilateral pathways cortex concerned with swallowing is organized and then
may also be important in recovery from human stroke reorganized after cerebral injury as demonstrated by
came from neuroimaging studies. Chollet et al. [10] Hamdy et al. [30]. Their studies have indicated that
studied six patients with hemiplegic stroke from capsular swallowing has a bilateral but asymmetric hemispheric
infarction who had recovered full strength, although three representation. Damage to the hemisphere that has the
of the six had a little residual clumsiness and some had greater swallowing output appears to predispose that
mirror movements of the good hand when they moved the individual to swallowing problems, while damage to the
recovered hand. In this group analysis, the recovered hand, hemisphere with the smaller swallowing output will not
compared with the normal hand, showed increased activa- affect swallowing [28]. However, when there is dysphagia,
tion of ipsilateral sensorimotor cortex, insula and inferior because there is additional substrate for swallowing in the
parietal cortex and contralateral cerebellum. Subsequently, undamaged hemisphere, the capacity for compensatory
others have pointed out the prominence of ipsilateral reorganization in the contralateral motor cortex can be
activation in stroke recovery [5,16,34,65]. increased, leading to a greater likelihood of recovery. This

Studies with TMS have not confirmed the utility of has been demonstrated in a study of 28 patients who had a
ipsilateral pathways for recovery when stroke occurs in unilateral hemispheric stroke [29]. Dysphagia was initially
adult age. Some studies do show that ipsilateral MEPs are present in 71% of patients and in 46 and 41% of the
more likely, have lower threshold and have shorter latency patients at 1 and 3 months, respectively. Nondysphagic and
in patients with stroke than normal subjects [6,36,62,63]. persistently dysphagic patients showed little change in
However, these responses are found more frequently in pharyngeal representation in either hemisphere at 1 and 3
patients with poorer functional recovery. Turton et al. [62] months compared with presentation, but dysphagic patients
studied 21 patients within 5 weeks of the onset of a stroke who recovered had an increased pharyngeal representation
and then at regular intervals over the next 12 months and in the unaffected hemisphere at 1 and 3 months without
found that the presence of contralateral MEPs at the start change in the affected hemisphere. Hence, return of
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swallowing is associated with increased pharyngeal repre- patients than in normal subjects. However, additional
sentation in the unaffected hemisphere, indicating a critical activation of the ipsilateral sensorimotor cortex was only
role for the intact hemisphere reorganization in recovery. found in the four patients who exhibited associated move-

The intact hemisphere also clearly plays a role in ments of the unaffected hand when the recovered hand
recovery of other midline muscles, such as the tongue. performed the motor task. All these data confirm that
Muellbacher et al. [47] used TMS of the motor cortex to contralateral plasticity is better than ipsilateral plasticity in
study motor reorganization for control of the tongue after producing good improvement.
stroke. Six patients presented with a unilateral lingual TMS studies can be useful for more than mapping.
paralysis after limited monohemispheric ischemia. The first Leipert et al. [39] have demonstrated decreased inhibition
examination was performed during the symptomatic stage in patients with acute stroke. This may come about for two
and was repeated after complete recovery of lingual reasons. GABA neurons may be more sensitive to is-
function had been established. In control subjects TMS of chemia. On the other hand, plasticity is enhanced with
either hemisphere invariably produced contralateral and diminished inhibition, and this may be a sign of the
ipsilateral compound muscle action potentials (CMAPs). In cortex’s attempt to repair itself.
most individuals an asymmetric cortical motor output
pattern was found, as significantly larger CMAPs were
recorded from the contralateral lingual muscles than from 6. Stroke rehabilitation
the ipsilateral muscles. During the symptomatic stage, in
the six patients with a unilateral lingual paralysis a similar Using principles of plasticity, it should be possible to
pattern was found by stimulating the intact hemisphere, improve on spontaneous recovery. One simple point is that
whereas TMS of the affected hemisphere failed to elicit a use of a limb is critical for achieving and maintaining
CMAP on either side. At the time of recovery, only one cortical representation. Often in physical therapy, emphasis
patient showed evidence of complete recovery of the has been on accomplishing tasks of daily living and not on
primarily affected hemisphere. In the remaining five improving function of the weakened limb. If the weakened
patients, the unilateral interruption of the corticonuclear limb is not exercised, then, insult can be added to injury,
pathways persisted in spite of complete functional recovery and the limb representational area will be further limited
implying that the recovery of lingual movements must be by its disuse. Taub and colleagues [45,58,59] have used
attributed to the intact hemisphere. this principle to suggest what is called constraint-induced

Plastic changes in the damaged hemisphere are likely movement therapy. This method forces use of the hemip-
generally most efficient in producing the best recovery. legic limb by contraining the good limb. In a number of
Most TMS studies have shown that presence of contrala- clinical trials, there have been behavioral improvement
teral MEPs early after the stroke is a marker for good even in patients with chronic and apparently stable stroke.
recovery [2,8,9,20,31,46,53,55,62]. Preservation of cor- Liepert and co-workers [38,39] have shown that TMS
ticospinal tract with MRI imaging was also found to maps increase in size in this circumstance showing that the
correlate with good recovery confirming the TMS studies expected cortical changes appear to be occurring.
[2]. Clearly, contralateral control, even if reorganized, Another method for improving rehabilitation is the
seems superior to ipsilateral control in recovery. Reorgani- combined use of drug therapy together with the physical
zation of motor cortex after lesioning can occur, as therapy. Pharmacological intervention can alter plastic
demonstrated by Nudo and colleagues [49,50] in the changes. The best documented influence is with amphet-
primate, but this appears to require attempted use of the amine and related noradrenergic agents [21,22]. First
weakened body part. With recovery following stroke, demonstrated to be valuable in a rat model, there are now
Rossini and co-workers [11,56,61] have demonstrated several clinical trials showing that amphetamine given
enlarged and/or relocated TMS maps of the recovering together with physical therapy is better than physical
muscles, indicating the probable importance of contralater- therapy alone [17,64]. The mechanism for this drug action
al hemisphere plasticity mechanisms in recovery. Weiller et is not completely clear. While it is possible that it has
al. [66] looked at the individual patterns of cerebral effect by relieving diaschisis, amphetamine also enhances
activation in eight patients with good stroke recovery plastic changes in motor learning situations in both animals
compared with the pattern of a group of ten normal and humans [37,57].
subjects. They found a large ventral extension of the hand We are currently investigating a new method that takes
field of the contralateral sensorimotor cortex in all patients advantage of several features of plasticity. After hemip-
with lesions of the posterior limb of the internal capsule. legic stroke, there is often significant loss of hand function
They also found a greater activation than normal in with relatively retained strength in the proximal arm
variable combinations of the supplementary motor areas, muscles [15]. Since there is a ‘competition’ between body
the insula, the frontal operculum, and the parietal cortex. parts for territory in the motor cortex, it is possible that use
They also saw that structures belonging to motor pathways of the proximal muscles makes it difficult for hand muscles
ipsilateral to the recovered limb were more activated in the to increase their representation. We know that peripheral
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