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Purpose of review

Recovery of function after stroke is now widely considered to be

a consequence of central nervous system reorganization. Non-

invasive techniques such as functional magnetic resonance

imaging, transcranial magnetic stimulation, electro-

encephalography and magnetoencephalography now allow the

study of the working human brain. Studies in stroke patients can

now address how cerebral networks in the human brain

respond to focal injury and whether these changes are related

to functional recovery. This understanding may in turn lead to

the development of techniques that will drive cerebral

reorganization in a way that promotes functional improvement.

Recent findings

The relationship between cerebral reorganization and functional

recovery has been examined in both cross-sectional and

longitudinal studies. It appears that the motor system reacts to

damage in a way that attempts to generate motor output

through surviving brain regions and networks. There are

changes in cortical excitability after stroke that may provide the

substrate whereby the effects of motor practice or experience

can be more effective in driving long lasting changes in motor

networks. This will be particularly important in intact portions of

neural networks subserving motor skills learning.

Summary

Functionally relevant adaptive changes occur in the human brain

following focal damage. A greater understanding of how these

changes are related to the recovery process will allow the

development of novel therapeutic techniques that are based on

neurobiological principles and which are designed to minimize

impairment in appropriately targeted patients suffering from

stroke.
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Introduction
Surviving stroke patients are often left with motor

impairment, commonly hemiparesis. Reduction of this

impairment is thought to be related to reorganization

within the central nervous system. The tools with which

to study this phenomenon in the human brain are

limited, in comparison with those used in animal models,

but include functional brain imaging (both positron

emission tomography and functional magnetic resonance

imaging (fMRI)), transcranial magnetic stimulation

(TMS), electroencephalography and magnetoencephalo-

graphy (MEG). This review will concentrate on recent

studies that contribute to an empirical understanding of

(1) how cerebral motor networks in the human brain

respond to focal injury, (2) whether these changes are

related to functional recovery, and (3) how similar

reorganization may be driven in a way that results in

functional improvement.

Cerebral reorganization in the human brain
as a response to focal injury
Functional imaging studies have consistently demon-

strated relative overactivation in motor-related brain

regions during movement of the stroke-affected upper

extremity compared with control subjects. Furthermore

it has often been observed that task related over-

activations are more likely to be bilateral in chronic

stroke patients than in controls, particularly in the early

post-stroke phase, stimulating interest in the role of the

unaffected hemisphere in recovery [1].

Is cerebral reorganization related to recovery?

The relevance of these changes to the recovery process

is not clear as most studies employed well-recovered

patients. In response to this, Ward et al. [2 ..] asked

chronic subcortical stroke patients with different out-

comes to perform a dynamic hand grip task during fMRI.

There were no differences between activation maps of
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control participants and patients without residual impair-

ment. However, patients with more marked impairment

showed relative overactivations bilaterally in a number of

primary and secondary motor areas. Further analysis

revealed a negative linear correlation between outcome

and task-related brain activation in parts of primary

motor cortex (M1), primary sensory cortex (S1), dorso-

lateral premotor cortex (PMd), the supplementary motor

area (SMA), cingulate motor areas, and cerebellum. This

result does not immediately fit with the idea that

secondary motor regions or the unaffected hemisphere

take over the function of damaged regions in recovered

patients. One explanation is that interruption of projec-

tions from M1 to spinal cord motor neurons leads to

increased recruitment of secondary motor areas with

their own projections to spinal cord motor neurons.

However, projections from secondary motor areas to

spinal cord are known to be less numerous and less

excitatory than those from M1 [3], and, hence, the

suboptimal recovery in those patients relying on these

regions to generate motor output. It is less likely that the

result can be attributed to increased effort in those with

poorer motor abilities as task parameters were altered so

that the effort exerted by each patient during the task

was equal. This study suggests that the differences in

activation patterns are a reflection of a new functional

architecture dependent on remaining elements of the

motor network.

It appears that the relationship between motor recruit-

ment pattern and degree of recovery (at the time of

scanning) holds true at 10–14 days after stroke as well as

in the chronic phase [4.]. This suggests that secondary

motor areas are available to participate in the generation

of a motor task very early after stroke. Other studies

support the importance of the surviving network for

functional recovery. In patients with damage to primary

sensorimotor cortex for example, tests of fractionated

finger movement correlated more strongly with the

proportion of surviving ‘normal’ sensorimotor cortex (as

defined by functional activation maps in normal controls)

than with total infarct volume [5 .]. Furthermore, a group

of patients with large cortical infarcts was found to have

relative underactivations in ipsilesional M1 and S1,

insula, and contralesional cerebellum compared with

patients with subcortical lesions [6].

Are secondary motor regions functionally relevant after

stroke?

Disruption of ipsilesional [7..] and contralesional [8]

PMd by TMS increases reaction times in chronic stroke

patients but not controls. Furthermore, TMS to ipsile-

sional PMd is more disruptive in patients with little

impairment [7..], while TMS to contralesional PMd is

more disruptive in patients with greater impairment [8],

suggesting functionally relevant recruitment of contrale-

sional PMd in those with the greatest need. In addition,

secondary motor areas may take on new functions after

stroke. Ipsilesional PMd in particular seems to behave as

an ‘executive’ motor region similar to M1, with task-

related activation increasing linearly as a function of

increasing force of hand grip in those with incomplete

recovery but not in controls or those with complete

recovery [2 ..]. Outcome is clearly limited by the degree

of damage to the normal motor network and in particular

to direct corticospinal projections, but recruitment and

adaptation of surviving secondary motor areas in both

hemispheres may help patients to achieve the best

results given the anatomical constraints [9,10].

What is the role of M1 in functional recovery?

TMS to ipsilesional M1 impairs reaction times in chronic

stroke patients, but less so in those with poorer

functional recovery in whom M1 is probably less

important than secondary motor areas [11 .]. An intact

ipsilesional M1 with projections to spinal cord motor

neurons clearly contributes significantly to functional

recovery. The role of contralesional M1 is less clear.

There is evidence that ipsilateral motor regions (both

M1 and PMd) can compensate for repetitive TMS

induced disruption in contralateral M1 [12 .,13..]. In

stroke patients activation in contralesional M1 has often

been observed during the performance of a motor task

with the affected hand [2..,14.,15]. However, Foltys et
al. [14 .] could not demonstrate the presence of ipsilateral

cortico-motoneuronal pathways from the unaffected

hemisphere to the affected hand in patients with

contralesional M1 activation. In controls, ipsilateral M1

activation may be seen with increased motor task

complexity. However, when Ward et al. [2 ..] equated

effort exerted by each patient during the motor task

there was still a negative correlation between outcome

and size of activation in contralesional BA4p but not

BA4a. In other words posterior contralesional M1 was

recruited more by chronic stroke patients with less than

complete recovery [2..]. This correlation does not prove

the functional relevance of contralesional M1 recruit-

ment after stroke. Verleger et al. [16 .] used the fine

temporal resolution of electroencephalography to de-

monstrate the presence of contralesional hemisphere

activity in a group of moderately well recovered

subcortical stroke patients during a motor task. However,

onset of this contralesional activity occurred after the

motor response had been made, making it unlikely that

this activity was involved in response initiation. Further-

more, the disruption of contralesional M1 activity with

TMS does not appear to affect performance of motor

tasks performed with the paretic hand in patients with

various degrees of recovery [11.]. However, it may be

the deep, posterior part of M1 (BA4p) that contributes to

recovery in some way, and that single pulse TMS is less

likely to disrupt this region [2 ..]. The role of contra-
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lesional M1 after stroke clearly requires further investi-

gation.

Longitudinal studies

Cross-sectional studies reveal patterns of lesion induced

reorganization in chronic stroke patients, but do not

point to how this reorganized state evolved. Jang et al.
[17] recently demonstrated a greater shift in contrale-

sional to ipsilesional sensorimotor cortex activation in

those patients with most clinical improvement, both for

subcortical [17] and partial hand area cortical infarcts

[18], supporting previous reports of a shift towards a

more normal activation pattern in those with better

recovery [1]. Ward et al. [19 .] studied eight stroke

patients performing dynamic hand grip during fMRI

longitudinally over the first 8–12 months after stroke. An

average of eight fMRI sessions were performed over this

time, most in the first 2–8 weeks after stroke. For each

patient correlation between the size of activation and a

measure of overall recovery at each scan was sought.

Results differed between patients, but there were

several consistent findings. A negative correlation

between size of activation and recovery score at each

scan was observed in parts of M1 and S1, PMd, SMA,

cingulate motor area and cerebellum bilaterally. Thus, an

initial increase in task related overactivation was seen in

these areas early after stroke (10–14 days), but over-

activation diminished with functional improvement in all

eight patients. All patients in this study recovered

reasonably well, although at different rates. Previous

longitudinal studies suggest that patients with poorer

recovery also start with more bilateral activations, but fail

to progress to a normal activation pattern [20]. This is in

keeping with the chronic cross sectional studies dis-

cussed above. Such reductions in motor system activa-

tion with improved performance are reminiscent of those

observed in the normal brain during motor skill learning

[21]. However, the lesioned brain is clearly different to

the normal brain. Most obviously the functional anatomy

has been altered and so neural systems such as those

subserving motor skill learning will be engaged only if

functionally intact.

Changes in cortical hyperexcitability

There are also less obvious changes of potential

importance. In animal models of focal brain damage

widespread areas of cortical hyperexcitability appear

days after cerebral infarction, reducing over subsequent

months [22]. These changes result from downregulation

of the a1 g-amino butyric acid receptor subunit and a

decrease in g-amino butyric acidergic inhibition [23].

Recently Cicinelli et al. [24] used paired pulse TMS in

well recovered stroke patients 20–42 days post stroke to

demonstrate reduced intracortical inhibition in the

affected but not the unaffected hemisphere. Other

studies [25,26] have demonstrated reduced intracortical

inhibition in the unaffected hemisphere in some patients

but not others. Inconsistencies across studies are

probably due to differences in patient characteristics,

particularly the anatomical site of the lesions, chronicity

of stroke, and degree of recovery. A longitudinal study in

patients with a variety of anatomical lesions would go

some way to clarifying these results. The findings are of

particular interest as hyperexcitable cortex may be the

substrate through which enhanced activity dependent

change can be driven by therapeutic intervention after

stroke. This hyperexcitability appears to tail off after 3–4

months, and so may be therapeutically relevant only for a

limited time [26,27 .]. Intracortical excitability studies are

usually performed at rest, but recently Murase et al.
[28 ..] studied chronic subcortical stroke patients and

demonstrated an abnormally high interhemispheric

inhibitory drive from contralesional to ipsilesional M1

whilst generating a voluntary movement of the affected

hand. Thus it is possible that activity in contralesional

M1 impairs rather than facilitates motor performance in

some patients.

Thus at any given time after stroke it appears that the

damaged brain will utilize those surviving structures and

networks that can generate some form of motor signal to

spinal cord motor neurons in the most efficient way.

Which networks and regions are potentially useful will

be determined by the exact anatomy of the damage, the

chronicity of the lesion and how each region operates

within the new functional architecture.

The problem of performance confounds: alternative

paradigms

Making comparisons between motor activation patterns

from patients with different motor abilities is always

problematic. Consistency of task is of great importance,

but in stroke recovery studies this may refer to absolute

or relative parameters. For example, in a simple motor

experiment the absolute values for target force and rate

can be kept the same for different patients but the task

may be experienced as more or less requiring of effort

depending on each patient’s level of recovery. Alter-

natively, the level of task difficulty can be fixed across

patients but differences in results within the group

might be attributed to differences in the absolute task

parameters. One of these confounds will invariably be

present and must be acknowledged when interpreting

the data [29 .]. Studies employing passive rather than

active movement do not suffer from performance

confounds when comparisons are made across subjects,

or longitudinally within a subject. In addition such a

paradigm is better suited to study patients with no

residual movement in the early stages after stroke.

Loubinoux et al. [30 .] used this paradigm to demonstrate

greater task related activation at 5–6 weeks after stroke

compared with 1–2 weeks after stroke in regions such as
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ipsilesional sensorimotor cortex and bilateral inferior

parietal cortex [30.]. This increase in the size of

activation is interesting in comparison to the results

from studies using active tasks and suggests that active

and passive paradigms provide us with complimentary

rather than comparable data. Huang et al. [31] used MEG

to demonstrate increases in the strength of signal in

response to median nerve stimulation over a similar

period. Increases in M1 and S1 responses corresponded

to improvements in motor and sensory function respec-

tively. Many aspects of motor cortex function rely on

input from sensory cortex, including the acquisition of

new motor skills [32]. Thus, if one considers proprio-

ceptive or somatosensory stimulation as a therapeutic

input (i.e. something that might drive plastic change in

potentially hyperexcitable cortex) rather than experi-

mental probes, it is interesting to speculate that such

inputs will facilitate motor recovery only to the degree

that the cerebral networks with which they interact are

intact and can influence motor output pathways. Conse-

quently it has been suggested that the response to

sensory stimulation in the early post-stroke phase may

have some value in predicting late outcome. Gallien et al.
[33] used MEG to demonstrate that the absence of

sensorimotor response to sensory stimulation is asso-

ciated with poorer outcome, but Jang et al. [34] found

sensorimotor responses to passive movement in an fMRI

experiment to have a low predictive value for later motor

recovery. In comparison, Loubinoux et al. [30.] report a

correlation between outcome at 5–6 weeks after stroke

and signal change in SMA and ipsilesional inferior

parietal cortex at 1–2 weeks. Results are therefore

mixed, but this hypothesis deserves further exploration

not just for sensory inputs, but also for those involving

other modalities such as cognitive or visual.

Driving cerebral reorganization for
behavioural gains
From the previous section it is clear that functionally

relevant adaptive changes occur in the human brain

following focal damage. Clinicians and scientists must

use this information to design rational therapeutic

interventions designed to minimize impairment. For

example the notion that motor cortices have a transcal-

losal inhibitory effect on one another, and that this

balance can be manipulated in order to promote

behavioural improvements is gaining support. Repetitive

TMS (1 Hz) to M1 in normal subjects leads to increases

in intracortical excitability in the opposite M1, and is

associated with improved motor function in the hand

ipsilateral to the stimulation [35]. Bütefisch et al. [36 .]

demonstrated that practice induced changes in cortical

excitability are prolonged by the synchronous delivery of

TMS pulses (0.1 Hz) to motor cortex contralateral to the

training hand. This Hebbian approach has also been

employed in chronic stroke patients. Uy et al. [37 .]

studied chronically hemiparetic patients by combining

stimulation of the common peroneal nerve in the

affected leg with TMS delivered to the motor hot spot

for this muscle; and they repeated this over 4 weeks

[37 .]. This form of paired associative stimulation (PAS)

is known to increase excitability in the target cortex in

normal subjects possibly by long-term potentiation-like

mechanisms [38] with changes lasting several days after

repeated sessions [39]. In this study Uy et al. employed

PAS as a therapeutic intervention in its own right.

Interestingly they did not couple this with specific

physical therapy, which was in fact stopped for the

duration of the study. Clinical improvements were seen

in some patients but not others. Encouragingly though,

improvements in functional outcome were greatest in

those with changes suggestive of increased cortical

excitability.

An alternative approach to transcranial stimulation of the

cortex is to provide direct stimulation. Brown et al. [40 .]

demonstrated the feasibility of implanting epidural

electrodes over motor cortex in a single case. It remains

to be seen whether this theoretically driven approach

leads to functional benefits for patients over and above

those seen for less invasive procedures.

As well as manipulation of cortical excitability by direct

means, similar changes can be induced by peripheral

manipulation of sensory input to either the affected or

unaffected hand. For example, ischaemic nerve block of

one hand increases excitability within the cortical

representation of the opposite hand in normal subjects

[41], and the same procedure applied to the unaffected

hand in chronic stroke patients can lead to an improve-

ment in performance of a finger tapping task in the

affected hand [42 ..]. Increasing sensory input via the

affected hand can also affect cortical excitability.

Lackner et al. [43.] demonstrated an increase in the size

of TMS-induced motor evoked potentials in extensor

carpi radialis during the performance of a sensory

discrimination task as compared with a non-sensory task

in both stroke patients and controls. Whether this

facilitates improved function remains to be seen, but

prolonged sensory stimulation of a moderately weak

hand can increase the grip strength of chronic stroke

patients [44].

However, we cannot expect these interventions to work

in all patients irrespective of anatomical damage, base-

line function, and chronicity. Cognitive state may also

play a role. For example, the effects of PAS in normal

study participants can be modulated by attention to a

task [45.], and recently Ward et al. [4 .] suggested that in

those patients with most to gain from rehabilitation

techniques, modulation of attention to task may have

different effects depending on the chronicity of the
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stroke. If findings are to be translated into practical,

effective treatments for impairment after stroke then

intervention studies need to look out for markers that

predict who will or will not respond to the intervention.

A number of studies have appeared in which chronic

stroke patients have improved function after an inter-

vention. fMRI has been carried out before and after the

intervention and a number of changes have been noted,

including more bilateral activations in M1/PMd [46,47]

or S1 [48]. These studies are of interest, but must deal

with the issue of performance confounds if using active

motor paradigms. Furthermore, changes in activation

maps are a consequence of the behavioural improvement

and may not be specific to the intervention under study

[29 .].

Conclusion
It is clear that functionally relevant adaptive changes

occur in the human brain following focal damage. The

principles of lesion-induced reorganization are starting to

emerge from studies in human stroke patients. This has

led to a number of theoretical approaches to the

minimization of impairment being adopted, some of

which show promise. However, the true challenge is the

development of realistic and effective therapies that can

be introduced on a large scale [49]. To achieve this it will

be important to be able to stratify patients according to

likely response to a given intervention. We must

therefore continue to explore the relationship between

the exact location of the damage, chronicity of the lesion,

age of the patient and in particular how each region

operates within the new post-lesional functional archi-

tecture. In the next few years there is likely to be an

explosion of interest in theoretically driven restorative

techniques. The challenge is to design studies in such a

way as to understand how an intervention works, in

whom it is likely to work and at which point after stroke

it should be implemented.
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