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Abstract. Modern cognitive neuroscience provides a powerful framework in which biological models of recovery and neurore-
habilitation can be constructed and tested. The widespread availability, relatively low cost and informativeness of functional
magnetic resonance imaging (fMRI) has made it the most popular of the techniques available to help with this task. Here, on
the basis of functional imaging studies of stroke, diffuse microvascular disease and multiple sclerosis, we argue that processes
of motor control and learning in the healthy brain share common mechanisms with those for adaptive functional reorganisation
during spontaneous recovery after brain injury or with neurorehabilitation. Relatively stringent criteria can be met to confirm
that adaptive functional reorganisation limits disability even in the adult brain: functional brain changes are related to disease
burden, can be found in patients with demonstrable pathology but no clinical deficits and can be defined (in motor cortex) even
in the absence of volitional recruitment. Initial studies of neurorehabilitation responses using fMRI and transcranial magnetic
stimulation demonstrate that adaptive reorganisation can be manipulated directly with both pharmacological and behavioural
interventions. The combination of strategies based on a strong biological rational with monitoring their effects using highly
informative functional brain imaging methods heralds a new era of scientifically-founded neurorehabilitation.
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1. Introduction: cognitive neuroscience and
neurorehabilitation

The advent of functional imaging techniques, and
particularly functional magnetic resonance imaging
(fMRI) [42], now allows the direct analysis of neurore-
habilitation in terms of functional systems in the brain.
The development of modern cognitive neuroscience has
established a framework in which biological models
of recovery and neurorehabilitation can be constructed
and tested. At basis, these treat the brain (and, indeed,
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the entire central nervous system [CNS]) as a mecha-
nism for adapting behaviour to changing internal state
or external environment. Functional changes in the
brain after injury or with rehabilitation thus are simply
specific examples of much more general changes in the
functional organisation of the central nervous system.
Here we will focus entirely on attempts to understand
changes in the brain. Similar phenomena also must
occur in the brainstem and spinal cord.

We believe that it is useful to consider brain changes
with spontaneous recovery after brain injury (or the in-
duced recovery of neurorehabilitation) in the context of
a growing appreciation for the way in which the healthy
brain changes with learning. Learning provides a gen-
eral model for understanding the way in which brain
structure and function can change with shifting goals
or strategies or injury to a functional system. A broad
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grounding for a theory of learning also has been estab-
lished across several levels of analysis (from the ge-
netic to that of functional systems) (see e.g., [86,114]).
Observations made at asystems level with functional
imaging techniques thus can be linked to phenomena
on amolecular or cellular level to develop hypotheses
regarding potential new pharmacological (e.g., parox-
etine) [61,81] or electrophysiological (e.g., repetitive
TMS) therapies, for example.

However, investigations already have begun to make
clear that there may be limitations to the reliability of
inferences from studies of the normal brain. Additional
mechanisms may come into play with injury that are
not important in the healthy adult brain. For example,
inflammatory mediators and other local responses may
provide additional stimuli for neurogenesis or func-
tional reorganisation after injury [12,105].

2. Fundamental issues regarding biological
mechanisms of recovery and rehabilitation

The application of fMRI and related techniques to
understandingbrain recoveryand neurorehabilitation is
still in its early stages. The focus of this review will be
on understanding motor recovery, because it has been
in this area that most effort has been placed thus far.
However, extensions of the strategy to other areas (e.g.,
cognitive rehabilitation) already have begun [82,84].

The ways in which rehabilitation may reduce func-
tional impairments can be considered in the context
of general molecular, cellular and behavioural mech-
anisms for recovery after brain injury (whatever the
cause):

1. Repair refers to molecular and cellular changes
that can restore functions of the damaged sys-
tem itself after an injury. For example, follow-
ing white matter ischaemia, oligodendroglial cell
death leads to local demyelination and conduc-
tion block, which can give rise to functional im-
pairment. Repair can occur with generation of
new oligodendroglial cells from progenitors and
remyelination, restoring normal conduction and
glial trophic support for axons [35].

2. Compensation involves behavioural changes le-
ading to an altered strategy for completing a task.
For example, there may be increased use of trun-
cal movements to point accurately with a hemi-
paretic limb [10,29].

3. Adaptation involves recruitment of new systems
that can activate the same final output pathway
(in the case of movement, e.g., the same motor
units) used prior to the injury. The changes re-
sponsible for this are molecular and cellular, but
there is evidence (see below) that these are in-
fluenced by behaviours. Recruitment of unin-
jured, parallel pathways for controlling the nor-
mal set of antagonist muscles in pointing with
a limb whose motor control has been impaired
by a stroke would be one example. However,
adaptive changes involve several, distinct mecha-
nisms [107], including the unmasking of existing
latent corticocortical connections [38], synaptic
rearrangement, and axonal growth coupled with
new synapse formation [17].

Rehabilitation may particularly support compen-
satory strategies or stimulate adaptive responses.
Viewed in this way, in order to understand rehabilitation
it is essential to define the neurobiological changes as-
sociated with given behaviour, as well as the behaviour
itself. Only this allows the distinction between repair,
compensation and adaptation to be defined clearly. A
a second goal also can be achieved simultaneously:
development of a method for objective monitoring of
changes related to outcome. This is an important goal
in its own right: neurorehabilitation studies in the past
have been confounded (or, at the least, had their ex-
planatory power severely limited) by a lack of sensitive
and objective markers of change [118].

3. New tools for studying human cognitive
neuroscience and neurorehabilitation

A variety of methods have been developed over the
past few decades to allow patterns of brain activity asso-
ciated with specific behaviours to be defined. Two basic
classes of such “functional brain mapping” techniques
have evolved: i. those techniques that directly map
electrical activity of the brain;and, ii. those that map lo-
cal physiological or metabolic consequences of this al-
tered brain electrical activity. Among the former are the
non-invasive neural electromagnetic techniques of elec-
troencephalography (EEG) and magnetoencephalogra-
phy (MEG). Transcranial magnetic stimulation (TMS)
can be used to assess physiological characteristics of
the cortex, such as excitability, and to map its organ-
isation by assessing behavioural responses to cortical
stimulation at different locations [5]. These methods al-
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low exquisite temporal resolution of neural processing
(typically on a 10 to 100 ms time scale), but suffer from
relatively poor spatial resolution (between one and sev-
eral centimet res). Functional MRI (fMRI) methods are
in the second category, along with positron emission
tomography (PET). They can be used to detect changes
in regional blood perfusion, blood volume (e.g., using
injected magnetic resonance contrast agents), or blood
oxygenation that accompany neuronal activity. PET
demands injection of radioactive tracers and highly spe-
cialised equipment, limiting the number of scans that
made with any single subject and the availability of
the technique. Blood Oxygenation Level Dependent
(BOLD) fMRI has become the overwhelmingly most
important of these methods because it has a similar spa-
tial resolution (on the order of a few mm) to PET and
a better temporal resolution (seconds, limited by the
haemodynamic response itself). Moreover, the tech-
nique can be implemented on any modern high field
MRI system, making it widely available at a reasonable
cost.

BOLD fMRI relies on detecting consequences of the
locally increased blood flow (and blood volume) as-
sociated with increased neuronal activity (Fig. 1) [76–
78]. Because the increase in local blood flow is in ex-
cess of the increased metabolic demands, there is re-
duced oxygen extraction and a higher ratio of oxy- to
deoxyhaemoglobin (“redder blood”) in the region of
neuronal activation. Greater blood oxygenation leads
to greater signal on an appropriately (T2∗) sensitised
MRI scan. The BOLD fMRI contrast arises from the
different magnetic properties of oxygenated (oxyHb)
and deoxygenated haemoglobin (deoxyHb): deoxyHb
is paramagnetic (and distorts an applied magnetic field
for imaging), whereas oxyHb is diamagnetic (and does
not perturb the applied magnetic field significantly).
Thus, arterioles carrying largely oxygenated arterial
blood cause little distortion to the magnetic field, while
capillaries and veins containing blood that is partially
deoxygenated distort the magnetic field in their vicin-
ity. The (microscopic) magnetic field inhomogeneities
associated with distortions from deoxyHb leads to de-
structive interference of signal within the tissue voxel,
which shortens the so-called T2∗ “relaxation time”. A
shorter T2∗ leads to lower signal on a gradient echo
MRI and a darker area on the image. Alternatively,
the increased oxy-/deoxyhaemoglobin ratio associated
with activation leads to a longer T2∗, more signal and
a relatively brighter area locally on the gradient echo
image.

Although the increased blood flow with neuronal ac-
tivity is associated with increased energy utilisation,

it is not the increased energy use itself that directly
triggers the increase in blood flow Instead, increased
blood flow appears to be a direct consequence of neu-
rotransmitter action [3]. The increased blood flow thus
reflects local neuronalsignalling. Electrophysiologi-
cally, increases in the BOLD signal are correlated most
strongly with the local field potential (reflecting input to
neurons and local processing) rather than the neuronal
firing rate [59]. The volume over which blood flow
increases associated with neuronal activity are found is
determined by the perfusion territory of local arterioles.

In an fMRI experiment a large (typically hundreds)
series of images are acquired rapidly (using a fast imag-
ing technique,such as echo planar imaging [EPI]) while
the subject performs a task in which brain activity al-
ternates between two or more well-defined states (e.g.,
rest vs. movement of the hand) [66]. By correlating
the signal time course in each large volume element
(voxel) with the known time course of the task it is
possible to identify those voxels in the brain that show
task-associated signal changes corresponding to “acti-
vation”. A consequence of this approach to analysis
is that, while methods such as PET provide an abso-
lute measure of tissue metabolism, BOLD fMRI can
at present be used only for determiningrelative signal
intensity changes associated with different cognitive
states during a single imaging session. The magnitude
of the signal intensity changes being measured with
fMRI also is small- on the order of 0.5–5.0%. As this
is much smaller than the intrinsic local tissue contrast
(e.g., between grey matter and CSF), one of the most
significant practical confounds in fMRI is the extreme
sensitivity tomotion, which can mix signal from neigh-
boring voxels. If movement occurs synchronouslywith
the task, movement-associated signal changes will be
found along with those associated specifically with
brain functional changes and thus contribute to artifac-
tual “activation”. In contrast, movement asynchronous
with a task may be expected to reduce apparent signal.

4. Motor learning and a cognitive neuroscience
model for neurorehabilitation

4.1. Motor control

There is now a substantial literature describing brain
functional changes associated with movement of both
the upper and lower limbs (e.g., [89,104]). From this,
some general principles of motor control can be ex-
tracted (see e.g., [20,102]). Although the specific di-
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Fig. 1. Cartoon illustrating the physiological changes allowing of Blood Oxygenation Dependent Imaging for fMRI. In the transition from a rest
to an active state, there is a local increase in blood flow, which leads to a decreased ratio of oxygenated (oxyHB) to deoxygenated (deoxyHb)
haemoglobin. An increasing ratio of oxyHb/deoxyHb leads to increased MRI signal.

visions of function are somewhat arbitrary (and poten-
tially misleading, as a functional network is being de-
scribed, rather than a true hierarchy), four levels can be
defined:

1. Activity at the highest level mediates attention
to and conception of the movement and involves
prefrontal systems. These are engaged early (in-
deed, as demonstrated by the presence of thebere-
itshaftspotential, significantly before) [36]. In
considering alternative approaches to neuroreha-
bilitation, it is interesting to note that parts of this
“preparation for action” system are used in sim-
ilar ways in tasks involving motor imagery and
even in observation of action [45,62]].

2. A second level involves the sensorimotor transfor-
mations necessary to develop the framework for
a more detailed action plan. This makes use of
widely distributed mechanisms involving both the
primary perceptual and association cortex which
contribute to development of a detailed plan for
subsequent movement [19,26,70].

3. A third level of activity is responsible particu-
larly for execution of the action plan. For explicit
motor tasks this involves supplementary motor
areas, premotor cortex and the primary motor
cortex. More implicit (or automated) tasks in-
volve circuits that are distinguished by a greater
reliance on subcortical networks, e.g, with in-
creased activity in the cerebellum and basal gan-
glia, in addition to primary motor cortex. Subcor-
tical grey matter (basal ganglia) has an important
role in selection of movements [46]. The poten-
tial direct contributions of secondary pathways

from premotor and supplementary motor areas
may become more important under conditions of
pathology (although, even then their significance
is debated- see discussion below)(see e.g., [13,
55,91,93,121]).
Limb movements normally are associated with
highly hemispherically lateralised activity, driven
primarily from the contralateral hemisphere [49].
For truncal and other midline musculature the
motor control network intrinsically is more bi-
hemispheric [64].

4. An additional important level of action control
relevant to neurorehabilitation is that of feedback
to correct errors or to reinforce correctly per-
formed actions. The cerebellum has an impor-
tant role in the on-line comparison of a “forward
model” of movement with afferent information
coming from proprioceptive and somatosensory
systems during movement [68]. Discrepancies
between the forward model for movementand the
perceived movement itself then are used as the
basis for modulation of movement execution.

Exciting recent work has begun to explore more gen-
eral mechanisms by which feedback relevant to the ac-
tion plan is processed. Ramnani et al used a simple
visuomotor association learning task and distinguished
between activity time-locked to positive, negative and
neutral (control) feedback [88]. Relative to the neural
feedback, meaningful (positive and negative) feedback
activated areas including the ventral striatum/pallidum
and the amygdala. Negative feedback was associated
specifically with activation of additional regions, in-
cluding the orbital and anterior prefrontal cortex and
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the parietal cortex. Positive feedback activated distinct
areas including the anterior temporal cortex and cere-
bellum. Two conclusions relevant to the current dis-
cussion can be drawn from this. First, specific mech-
anisms are responsible for responding to the feedback
necessary to modify behaviour. Second, there are com-
mon pathways for reinforcement of motor responses
and for reinforcement of other beh aviours that involve
so-called “reward pathways” of the ventral prefrontal
area (e.g., orbital frontal cortex, amygdala and ventral
striatum).

4.2. Motor learning

Motor learning can occur over either the short or
long-term. Different patterns of behavioural and brain
functional activity changes are associated with the two
time frames for learning. With short-term learning,
there is a rapid improvement in performance associated
with a decrease in the specific attentional demands of
the task [28]. This is associated with decreasing in-
volvement of prefrontal cortical areas and a progres-
sive “focusing” of activity in primary motor cortex (see
e.g., [16,34,115]). With increasing practice, perfor-
mance changes are slower, but task performance be-
comes more automatic. Accompanying this is an in-
creased motor representation in the primary motor cor-
tex [47]. Acquisition of motor skills in general are
associated with altered primary motor cortex repre-
sentations, e.g., qualitatively similar phenomena are
found after learning an isometric tracking task (Floyer
et al., unpublished) or in skilled badminton players [83].
Analogous changes have been describ ed in the non-
human primate primary motor cortex based on invasive
cortical mapping. As monkeys learn to draw peanuts
from smaller wells there is reorganisation of motor rep-
resentations for limb movement in the primary motor
cortex [73]. However, it is important to note that both
human and primate studies have emphasised that the
patterns of brain activity associated with learning are
task specific [28,47,50]. For example, after one a spe-
cific sequence of finger movements is overlearned, sig-
nificant differences in motor cortex activity are associ-
ated with execution of a similar (e.g., same fingers and
same number of finger movements), but distinct (e.g.,
altered order of finger movements) sequence [47].

This suggests that the substrate for general skill
learning (e.g., being able to play the piano, as opposed
to being able to play any specific piece on the piano) is
not simply a change in motor representation in the pri-
mary motor cortex. One may speculate that this form

of learning- which possibly is central to understand-
ing neurorehabilitation- is mediated (at least in part) by
fronto-parietal circuits. Activity in the dorsolateral pre-
frontal cortex is associated with problem solving and
shows performance-related increases in activity [21].
Parietal activity seems particularly involved in evalu-
ating the potential significance of stimuli [19,70]. The
posterior parietal cortex is concerned with aspects of
visual and spatial stimulus selection [26]. Consistent
with this, the preparation to move is associated with
fronto-parietal activation.

The brief discussion above has strongly emphasised
neocortical mechanisms. This is partly a consequence
of the observational biases in the experiments. It has
been more difficult to study subcortical circuits. It is
clear that substantial changes occur in these circuits
with learning, as well. Subcortical circuits are involved
particularly for learning implicit tasks [18,52] or as
tasks become more automatic (when performance is
less affected by distracters) [28].

4.3. Is motor rehabilitation simply motor learning
redux?

Does neurorehabilitation involve simply a spe-
cialised form of motor learning? It is attractive to
link the broad range of examples of functional reor-
ganisation of the brain in response to altered exter-
nal stimuli or internal state by common mechanisms.
Studies in animal models have suggested qualitatively
similar functional changes in sensorimotor cortical ar-
eas to those during learning with peripheral nerve in-
jury [107], amputation [27], or repeated direct stim-
ulation [72]. Peripheral deafferentation in monkeys
leads to a reduction of the area of cortical responsive-
ness for the deafferented limb [33,67] that mirrors the
enlargements of cortical responsiveness with motor-
skill learning [50] or repetitive intra-cortical micro-
stimulation [72] Changes in functional organisation of
the cortex related to altered afferent or efferent activity
must share at least some common mechanisms, what-
ever the specific cause of the altered activity.

However, while motor learning provides a useful a
framework of understanding neurorehabilitation, it is
unlikely that the problem will turn out to be so sim-
ple. As noted above, a number of special mechanisms
may alter the potential for functional reorganisation in
the context of brain injury [126]. Brain injury triggers
complex changes in cortical excitability [127]: local
to the infarct excitability is decreased [71], while more
distantly excitability is increased. The latter occurs in
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association with down-regulation of GABA receptor
levels [98]. Studies in the healthy brain suggest that
functional reorganisation in motor cortex is strongly
affected by GABAergic activity [6]. Deafferentation
induces increased excitability in the contralateral hemi-
sphere [124]. Even acute loss of sensory afferents can
reduce local GABA concentrations, potentially help-
ing to drive short-term functional reorganisation [56].
These factors may even contribute to the structural and
functional changes t hat occur in the brain even many
months following the injury, when primary repair may
be expected to have slowed or stopped [113].

A cognitive neuroscience approach suggests another
distinction between simple motor learning and neurore-
habilitation, as well. Neurorehabilitation is actually
a special case ofre-learning to perform a previously
learned task in a different way- either compensatory
strategies must be developed or alternative pathways
adaptively recruited. In general, this must involve some
systems distinct from those engaged for naı̈ve motor
learning. For example, in the Ramnani et al. study
exploring feedback-related responses with visuomotor
learning, when the contingencies between stimuli and
actions were changed and in are-learning trial, mean-
ingful feedback activated the supramarginalgyrus (left-
lateralised for negative feedback, right-lateralised for
positive feedback) to a greater degree than with learn-
ing [88]. Thus, while studies of motor learning in the
healthy brain can provide a guide to understandingneu-
rorehabilitation, rules specific to the pathological brain
still need to be explored.

5. Direct observations on patients after brain
injury: common brain mechanisms contribute
to adaptive changes after corticospinal tract
injury

5.1. Cortical plasticity

Adaptive functional reorganisation is an example
of the more general phenonmenon of “plasticity”,
the ability of brain networks to reorganise function-
ally, either in response to such external factors such
as altered stimulus-response associations, or internal
changes arising from injury. These changes can be de-
fined by fMRI (or related methods) as an expansion
or recruitment of additional cortical areas, or as local
shifts in centres of activity associated with specific be-
haviours. Direct electrophysiological studies (still per-
haps the “gold standard”) have shown empirically that

there must be a dual focus in defining post-injury plas-
ticity: both local and distant changes can be found. For
example, reorganisationafter injury to the corticospinal
tract involves both a local expansion (or shift) in motor
representations [74,75] and new involvement of motor
cortex in the undamaged hemisphere [31,124]. Both of
these changes suggest that post-injury reorganisation
depends on modifications to existing pathways rather
than development of entirely new circuits, e.g., recruit-
ment of existing motor pathways in the hemisphere ip-
silateral to the hand moved [11] that may be used to
only a minor extent by the healthy brain [49] or only
under different conditions, e.g., with more complex
tasks [89].

5.2. Evidence for cortical plasticity with white matter
injury

Multiple sclerosis (MS) is characterized by multifo-
cal lesions of the white matter in the brain and spinal
cord that are disseminated in time. We have chosen MS
as a model disease for the study of brain plasticity as
most patients show good recovery from symptomatic
expression of new lesions (relapses) in the earlier stages
of the illness, despite evidence for axonal injury with
each attack, both locally and remote from lesions in
the normal appearing white matter [22,32]. Some as-
pects of axonal injury may be partially reversible [15],
which must contribute to clinical recovery. However,
irreversible axonal injury is substantial [22,116], sug-
gesting that other factors, such as adaptive functional
reorganisation, also may operate in the disease [9].

What limits this adaptive plasticity? The fact that
the brain cannot maintain normal behaviours with even
isolated focal lesions, if they are large enough, sug-
gests an intrinsic limitation based on local specialisa-
tions for processing and connectivity. In a diffuse dis-
ease such as MS, other factors also play a role. Prin-
ciple among these factors must be diffuse cortical in-
jury and neurodegeneration [8,85,128]. Several studies
have showed impaired cortical function in MS. Positron
emission tomography (PET) measures of resting cere-
bral blood flow and metabolism have shown decreases
of cortical metabolism associated with clinical progres-
sion in MS [4]. Sun et al [111] reported a correlation
between decreased oxidative metabolism and increas-
ing disability.

Yousry et al first provided fMRI-based evidence sug-
gesting that MS patients with motor weakness show a
potentially adaptive increased activation of ipsilateral
and accessory motor areas [129]. This recalled earlier
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findings with subcortical ischaemic stroke [7]. Later
studies have related such functional changes directly
with measures of injury or disability (see e.g., [24,54,
79,94–96,100]).

To interpret this type of change in brain functional
organisation as evidence for adaptive plasticity, two
conditions should be able to be fulfilled:

1. The extent of the functional reorganisation must
be related to the burden of disease and thus evolve
dynamically through the course of the disease (al-
though not necessarily in a monotonic fashion);

2. Evidence for functional reorganisation can be
found even without disease-associated behaviour-
al impairment, consistent with the notion that
adaptive plasticity limits clinical expression of
the disease.

Further strong evidence is derived from demonstra-
tion that any abnormal patterns of functional activa-
tion in patients are independent of volitional activation.
This finding helps to distinguish between changes that
are “adaptive” from those that are “compensatory”.

Imaging techniques provide a number of measures
for quantifying disease burden that can be used in tests
for relationships with functional changes. Subcorti-
cal injury can be assessed using MRI and correlated
with the extents of activation as measured by fMRI.
Using lesion load as assessed from T2-weighted MRI
(though not a highly predictive the extent of disability),
for example [103]. The extent of axonal injury can
be assessed more specifically with magnetic resonance
spectroscopy (MRS) by measuring the relative concen-
tration of N-acetylaspartate (NAA), a compound found
only in neurons (including dendrites and axons) in the
mature brain [69]. NAA concentration is reduced in
both acute and chronic lesions of MS, as well as in the
normal appearing white matter in MS patients [2].

Functional reorganisation defined by fMRI in pa-
tients with MS is related to the burden of disease. Us-
ing a simple hand movement task, Lee et al found brain
T2 lesion load was correlated with a decreasing motor
cortical activation lateralisation index (LI, a measure of
relative activation in contralateral to ipsilateral hemi-
sphere so that a lower value corresponds with a more
bilateral activation) [55]. There was a posterior shift in
the geometric centre of activation of the sensorimotor
area contralateral to the hand moved in patients. Reddy
et al. demonstrated a similar correlation between NAA
decreases in the corticospinal tract and changes in pat-
terns of functional activity [93]. Pantano et al showed
a similar correlation between changes in the pattern of

brain activation and lesion load pathology in the cor-
ticospinal tract of MS patients after a first episode of
hemiparesis [79,101].

Aspects of this phenomenon can be generalised to
other systems. Staffen et al. [110] studied MS pa-
tients and healthy controls performing a sustained at-
tention task. Although performance was equivalent be-
tween the two groups, MS patients showed activation
in right frontal and left parietal cortex not found in
healthy controls, suggesting additional, adaptive acti-
vation. Werring et al examined MS patients who had
recovered from optic neuritis using visual stimulation
with fMRI [125]. Although the patients showed de-
creased activation of the visual cortex receiving projec-
tions from the affected optic nerve, there was additional
extensive activation in the claustrum, the lateral tempo-
ral and posterior parietal cortices and the thalamus. All
of these brain regions are involved in higher order vi-
sual processing or object recognition. The results sug-
gest that parallel pathways in these areas may have been
recruited adaptively or to compensate for impairment
of the primary visual pathway. The extent to which
this extra-striate circuit was recruited was related to the
severity of pathology.

Functional reorganisation observed by fMRI is dy-
namic, changing with the pathological evolution of le-
sions. In a report by Reddy et al. [93], a patient with
a new large demyelinating lesion in the corticospinal
tract was followed after the onset of hemiparesis with
serial MRI, MRS and fMRI studies, as well as disability
scoring. Clinical recovery preceded normalization of
NAA concentrations (an index of lesion repair) and was
associated with relative increases in premotor area and
supplementary motor area activation in the hemisphere
ipsilateral to the hand moved (an index of functional
adaptation). The general correlation between changes
in fMRI responses and MRS measures suggests a pro-
gressive normalisation of patterns of functional organi-
sation in motor cortex in response to the repair of axonal
injury associated with the lesion.

A key point is that this behaviour is (at least to a large
degree) independent of the specific cause of neuroax-
onal damage. The pattern of change discussed above
for MS is similar to that found with serial fMRI studies
of motor activation in patients with stroke, which have
shown a similar initial bilateral activation with lesions
of the contralateral motor cortex that reverts toward a
more lateralised activation pattern with progression of
recovery [23,63,120]. Altered patterns of recruitment
may help to maintain functions (e.g., via adaptive re-
cruitment of additional descending motor pathways)
despite persistent injury to the corticospinal tract.
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The second criterion for adaptive functional reorgani-

sation- that it can be found even without behavioural
changes- also has been demonstrated. Changes in corti-
cal activation occur even very early in the course of MS
and in patients without symptoms in the affected func-
tional system. MS patients without motor or sensory
impairment of the upper limbs were investigated with
fMRI and MRS using a hand-tapping paradigm [93].
LI was abnormally low in the patients and decreased
progressively with decreases in relative brain NAA con-
centrations. Since these results were obtained from
patients who had normal hand function, the potential
confound that arises from performance differences was
absent. In fact, even patients with optic neuritis as
their only clinical manifestation of MS show functional
changes in motor cortex compared with healthy con-
trols [79]. Again, emphasising that the changes are
not determined solely by the pathology, qualitatively
similar changes were noted in the well recovered pa-
tients with capsular infarcts studied by PET a decade
ago [121].

The third criterion for adaptive brain plasticity- that
changes are independent of volitional activity- also can
be confirmed in some patients. Because fMRI assesses
predominantly input and local processing of informa-
tion (rather than neuronal output spiking [59] and there
is strong afferent sensory input into motor cortical re-
gions, passive movement of a limb can define a network
of brain activation also associated with the same move-
ment performed actively [92,122]. A passive move-
ment task therefore can be used to test for abnormal
patterns of brain activity in patients relative to healthy
controls free from potential confounds of differences
in movement preparation and planning [90,92]. Reddy
et al. tested a group of patients with MS using both
an active and a passive hand movement task, verifying
with surface EMG that the passive task was not asso-
ciated with motor unit activation. A strong, quantita-
tive correlation was found between indices of relative
activation with the acti ve and passive tasks (Fig. 2).
The recruitment particularly of ipsilateral motor cortex
during movement with this pathology therefore is not
dependent on factors related to volition.

The integration of specific functional systems (e.g.,
cognitive, perceptual, action) in distributed networks
controlling task performance suggests that adaptive
functional changes need not be confined to the primary
effector system for the task. Abnormal activation in
MS patients performing a simple motor task may be
found not only in primary motor control regions, but

Fig. 2. Relative activation in the contra- and ipsilateral motor cortex
is highly correlated (r = 0.93,p = 0.001) between passive and active
hand movement tasks and in patients with multiple sclerosis there
is increased ipsilateral motor cortex activation relative to healthy
controls. The graph shows the relationship between the relative
lateralisation of activity (LI [see text], which varies between+1
and−1 as activation moves from being fully contralateral to fully
ipsilateral) for the two types of tasks. This provides evidence that
the functional changes found in the motor cortex of patients are
independent of volition [97].

also in sensory and association cortex including the in-
sula and temporal, parietal, and occipital areas [25,99].
However, some of the additional activation in patients
may be a consequence of changes in patterns of use
(associated with disability) that accompany injury in
patients with significant impairments rather than adap-
tive functional responses to injury itself. Altered pat-
terns of somatosensory feedback and use certainly lead
to changes in the functional organisation of the brain
in other contexts, for example [41,87]. A recent fMRI
study directly tested whether the effects of injury and
disability could b e distinguished [97] (Fig. 3). Patients
with greater brain injury but no functional impairment
showed larger ipsilateral premotor and bilateral sup-
plementary motor area activations. A separate contrast
testing effects of greater disability with a similar extent
of injury showed greater activation in bilateral primary
and secondary somatosensory cortex.

MS has been a useful model disease with which to
study functional reorganisation because of the slow pro-
gression of the pathology and the availability of well-
validated MRI indices of pathological progression and
clinical indices of disability. There is evidence that
the fundamental principles are generalisable. As noted
above, functional cortical changes have been demon-
strated in patients after strokes (e.g., [13,121]) and
also with the growth of tumours [108], for example.
Reddy et al tested the notion of generalisability more
directly using a vascular disease “analogue” of MS in
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Fig. 3. Patterns of brain activation with hand movement may show
distinct patterns of change with differences in the extent of injury
(A) and disability (B)(right hemisphere to the viewer’s left). Three
groups of multiple sclerosis patients were defined, differing in relative
axonal injury in the corticospinal tract and disability. Increasing
corticospinal tract injury is associated with relative changes in the
premotor cortex and supplementary motor area (A, shown at the level
of [Talairach coordinate]z = 66 for the left image andz = 64 for the
right image). Increasing disability is associated with relative changes
in the secondary (left image,z = 48) and primary somatosensory
(right image,z = 64) cortex (B) [92].

a study of patients with diffuse ischaemic changes in
white matter from cerebral autosomal dominant arteri-
opathy with subcortical infarcts and leukoencephalopa-
thy (CADASIL) using both MRS and fMRI to study
the relationship between axonal injury, disability, and
cortical functional organisation [91]. The CADASIL
patients chosen had a wide range of disability. Just
as was found with MS patients, for a si mple motor
task, increases in ipsilateral motor cortical activation
correlated with severity of the disease in CADASIL
patients.

6. Evidence that the ipsilateral premotor cortex
(iPMC) shows specific functional adaptations in
patients with corticospinal tract injury

Are these cortical functional changes truly adaptive?
Does recruitment of ipsilateral motor cortex, for ex-
ample, clearly limit clinical manifestation of the dis-
ease? Serial functional imaging data has been inter-
preted as showing that increased ipsilateral activation is
a marker of poor recovery, based on simple association
between outcomes and activation patterns [63]. This
data does not really assess the relative functional sig-

nificance of new patterns of activation, however. It is
only a strong test of whether new patterns of activation
canfully compensate for functional impairments (they
cannot in general).

The functional role of a specific cortical region can be
tested directly by use of TMS to transiently disrupt its
activity [39,119]. Applying a TMS pulse over a region
introduces localised electrical “noise” that will interfere
with any task-relevant processing taking place. If TMS
of a region causes a disruption of behaviour (e.g., TMS
of primary motor cortex slowing reaction times [14]),
then it can be inferred that the stimulated region plays a
functionally significant role in task performance. TMS
is a powerful tool for introducing reversible “virtual
lesions” in human subjects.

TMS therefore provides an approach with which one
can test the functional significance of potentially adap-
tive functional changes in specific cortical areas [44,
123]. For example, does increased fMRI activity in
the primary motor cortex in the undamaged hemisphere
reflect functional changes contributing to recovery [7,
13]? Werhahn et al. tested this by transiently disrupt-
ing this region with TMS and observing effects on hand
movement [123]. While stimulation of the primary
motor cortex in the undamaged hemisphere disrupted
movements of the contralateral, unaffected hand, it had
no effect on movement of the ipsilateral, paretic hand,
suggesting that it doesnot play a crucial role in move-
ment of the paretic limb after recovery.

FMRI studies also show increased activity in the pre-
motor cortex of the hemisphere ipsilateral to the hand
moved with injury to the corticospinal tract, as de-
scribed above. Johansen-Berg et al used TMS to com-
pare the effects of disruption to the premotor and pri-
mary motor cortex of the undamaged hemisphere [44].
As found by Werhahn et al., effects of primary motor
cortical stimulation did not differ between patients and
healthy controls. However, stimulation of the premo-
tor cortex had significant and distinct effects in the pa-
tient group. TMS over the dorsal premotor cortex in
the hemisphere ipsilateral to the (paretic) hand slowed
response times for a simple movement by the patients
(and not for healthy controls). The magnitude of re-
sponse slowing with TMS over the undamaged premo-
tor cortex ipsilateral to the paretic hand correlated with
the magnitude of the ipsilateral premotor fMRI activa-
tion during the same motor task. It also increased with
the extent of the original brain inju ry.

Is ipsilateral dorsal premotor cortex (iPMd) recruited
in the injured brain simply using mechanisms also used
by the healthy brain under other conditions? FMRI
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studies show that the iPMd is involved in complex mo-
tor responses in healthy controls [89,106]. The time
course for interference with activity using TMS over
the iPMd in patients performing simple movements is
similar to that in healthy controls performing complex
movements [44]. Increased iPMd involvement in pa-
tients could simply reflect the increased difficulty of
even simple motor tasks for this group of subjects.
However, while ipsilateral PMd involvement is pre-
dominantly a phenomenon of theleft hemisphere in
healthy controls, it can be found in the right hemisphere
in patients with corticospinal tract injury [44]. This
suggests that there is a qualitative change in mecha-
nisms as well as an enhanced recruitment.

Animal studies support the hypothesis that injury to
motor pathways is associated with structural changes
in motor cortex ipsilateral to the paretic hand. Areas
of the uninjured hemisphere corresponding to lesion in
the injured hemisphere show structural and functional
changes as a consequence of the injury, e.g., new den-
dritic growth occurs with the injury [74]. These are
changes that are not expected to accompanysimple mo-
tor learning and may be triggered by specific factors,
e.g., release of growth factors [48].

The increased activity in the iPMd may lead to in-
creased activation of uncrossed corticospinal projec-
tions [51]. The notion that ipsilateral projections might
be “unmasked” is supported by direct stimulation stud-
ies with TMS. In patients after strokes, ipsilateral motor
unit activity can be induced by iPMd stimulation with
latencies that are shorter than with stimulation of the
premotor cortex contralateral to the hand moved. This
activity is associated with a better motor outcome [1].
However, it is difficult to understand how these changes
alone could mediate recovery. Ipsilateral PMd projec-
tions are predominantly concerned with more proxi-
mal movements and show differences in distribution
and functional properties relative to primary motor cor-
tex [65]. This suggests that they work in conjunction
with additional adaptive changes elsewhere in the CNS,
e.g., in the brainstem or spinal cord.

7. Adaptation as a dynamic phenomenon:
applications of functional imaging methods to
the study of neurorehabilitation

A basic tenet of brain functional plasticity in the
context of injury is that multiple representations can
be recruited to control a desired behaviour. As well
as occurring spontaneously with brain injury, dynamic

Fig. 4. Changes in brain activity with hand movement occur in
specific brain regions with improvements in performance following
an intensive 2 week period of rehabilitation in patients after stroke.
Panels (A) show areas (cerebellum, withz = − 28 [extrapolated
from Talairach coordinates], and premotor cortex withz = 58) in
which increased activity is associated with improved performance.
Panel (B) shows a single area in the primary motor cortex (z = 64)
ipsilateral to the hand moved that shows a decrease in activity (right=
left hemisphere, left= right hemisphere) [43].

changes in motor representations also can be induced
by rehabilitation training. Significant behavioural im-
provements can be achieved by patients even long after
a stroke with an intervention such as constraint-induced
therapy [112].

What are the functional brain changes that are re-
lated to a behavioural improvements after therapy?
Johansen-Berg et al. used a rehabilitation protocol
based on the principles of constraint-induced therapy
to define neural correlates of this therapy-inducedfunc-
tional change [44]. Chronic stroke patients varied in
the degree to which they benefited from a two-week
therapy regime. The range of recovery outcomes en-
abled direct correlations between outcome and fMRI
activation changes. FMRI scans taken before and af-
ter therapy identified specific regions of the motor sys-
tem (premotor cortex, cerebellum and secondary so-
matosensory cortex) where increases in activation dur-
ing movement of the paretic hand after therapy corre-
lated with functional improvements (Fig. 4).

The premotor region is complex and multi-function-
al. Studies in healthy subjects had suggested that the
lateral dorsal premotor cortex codes responses to per-
ceptual (visual and somatosensory) cues, while a more
medial stream is involved in selection of movements
and initiation [37]. Changes associated with rehabil-
itation in the stroke patients with injury to the corti-
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cospinal tract appeared more localised to the latter (al-
though this was not tested directly). The importance
of the premotor cortex in recovery is supported by ani-
mal studies. Recovery of dexterity after unilateral pri-
mary motor cortex lesions in the macaque appears to
involve activity of the premotor cortex of the damaged
hemisphere, as (reversible) inhibition of the premotor
cortex abolishes recovered movement abilities [58], for
example.

The specific regions of cerebellar cortex that were
implicated in rehabilitation-mediated recovery can
show increased resting metabolism after brain injury
generally [117] and activation in these regions is as-
sociated with improved prognosis in patients after
stroke [109]. Cerebellar activation may be critical
for sensory processing [46], specifically in monitor-
ing and optimising movements based on propriocep-
tive feedback. This role could link these changes to
those in secondary somatosensory areas, recalling the
specifically disability associated activations reported
by Reddy et al. [97]. Involvement of the premotor cor-
tex and the superior posterior cerebellar hemispheres in
rehabilitation-mediated recovery also supports the hy-
pothesis that processes underlying a successful rehabil-
itation response make use of mechanisms responsible
for motor learning in the healthy brain.

Therapy-related changes also are seen during move-
ment of theunaffected limb: decreased activation in
the contralesional primary motor cortex during move-
ments of the unaffected hand after neurorehabilitation
also correlates with improved functional outcome [44]
(Fig. 4). A similar phenomenon was reported in a study
that used TMS to map motor output regions before and
after constraint-induced movement therapy [57]. The
findings are consistent with the notion that reduced use
of the unaffected limb during the therapy period results
in a decreased representation of this limb in the primary
motor cortex.

Other recent examples provide consistent, additional
illustrations of changes in the functional organisation
of the brain with rehabilitation. Jang et al have shown
that clinical recovery after intensive rehabilitation post-
stroke correlates increased contralateral and decreased
ipsilateral sensorimotor activation during hand move-
ment [40,43]. Papathanassiou et al have shown with
TMS that in patients with hemiparesis and agraphia
post-stroke, rehabilitation involving a writing task with
the paretic hand resulted in greater ipsilateral motor ex-
citability by TMS, suggesting a reduction in GABAer-
gic inhibition could mediate the functional recruitment
of this area [80].

8. A reversible lesion model for the study of motor
system plasticity in the human brain

The consequences of inactivation of specific regions
on brain activity and for behaviour can be probed with
animal models in a variety of ways, e.g., selective freez-
ing, pharmacological inhibition or direct lesioning. The
effects of focal brain injury and its consequences can
be mimicked safely in the healthy human brain using
slower (e.g., 1 Hz) repetitive trains of TMS to induce
a brief, reversible disruption in specific regions of the
motor system. Lee et al. recently used this approach
to interfere with activity in the primary motor cortex
while monitoring the metabolic response of the entire
motor system using PET [53]. Although the TMS pa-
rameters used (30 minutes of 1 Hz stimulation) should
have decreased excitability of the left motor cortex, no
behavioural consequences of the disruption were ob-
served with a simple motor task, suggesting that func-
tionally intact regions of the motor network were able
to compensate for the effects of disruption in the pri-
mary motor cortex. Immediately acquired PET scans
showed that, following repetitive TMS interference to
the left primary motor cortex, increased activation of
the ipsilateral (right) premotor cortex was seen during
right hand movement. This recalls the changes that
occur in the premotor cortex of the undamaged hemi-
sphere after corticospinal tract damage (see above).

A novel element in this study was the demonstra-
tion of an approach to characterisation of functional
changes using measures of functional coupling between
regions of the brain. Covariance analyses of PET sig-
nals demonstrated increased coupling between activity
in a deep region of sensorimotor cortex unlikely to have
been stimulated directly and activity in non-primary
motor cortices after TMS. The changes in functional
coupling were argued to reflect adaptively increased
connectivity. While there are still many uncertainties
in the interpretation of this type of analysis, it suggests
that new opportunities may be found by modelling dy-
namic behaviours in terms of interactions, as well as
localised activities [30].

9. Consequences of studying brain recovery and
rehabilitation using the approaches from
cognitive neuroscience: the importance of
“context”

Functional imaging has allowed an increasingly in-
formative study of motor control and related cognition



256 P.M. Matthews et al. / fMRI and neurorehabilitation

in the healthy brain. This has provided a cognitive neu-
roscience framework for understanding neurorehabili-
tation. There are several potential benefits to using this
approach to the analysis of brain recovery and rehabil-
itation. These can be summarised as emphasising the
importance of “context”.

One benefit is a more precise appreciation for the
role of the context of learning in neurorehabilitation.
Ramnani et al. highlighted that there were distinct dif-
ferences in the way in which the brain processes mean-
ingful feedback regarding behaviour for initial learn-
ing and relearning [88]. Thus, while studies of motor
learning offer useful insights into potential mechanisms
of neurorehabilitation, it also must be appreciated that
neurorehabilitation- arecovery of movement- is more
accurately a specialised form ofrelearning.

The importance of context has been emphasised in a
different way by a recent study showing that the way
in which the motor cortex is activated also is important
in determining outcome: Lotze and Cohen showed that
motor learning depends on more than just movement
even with control for alertness and kinematic aspects
of training [60]. Although both active and passive
movements led to activation of the same general area
within the primary motor cortex, active training led to
more prominent increases in the extent of activation in
the primary motor cortex over time, as well as changes
in TMS recruitment curves reflecting the relative degree
of intracortical facilitation.

The pathological context of the injury also must be
important. It long has been recognised that the hetero-
geneity of localisation, size and severity of strokes, for
example, is associated with heterogeneity in outcome.
With appreciation of the interacting cognitive systems
for perception, movement planning and sensorimotor
transformation and execution of the movement and its
control by feedback, new approaches to characterisa-
tion of motor impairment in terms of deficits in specific
functional systems becomes possible. This promises
a potential for better targeted therapies- moving away
from the notion that one therapeutic approach will be
optimally suited for all patients.

10. Conclusions and practical implications

FMRI and related methods provide powerful new
ways of exploring systems level responses of the brain
after injury and with neurorehabilitation. Cognitive
neuroscience provides a useful framework for interpret-
ing these observations and for generating new hypothe-

ses. In the context of motor recovery, current under-
standing of movement control offers guidance for new
ways of characterising deficits in terms of neurobiolog-
ically distinct elements involved in motor control.

This strategy promises direct applications to clinical
trials. It can be used to establish markers of response
that may allow more sensitive monitoring, leading to
smaller and shorter trials. It offers the opportunity to
explore the potential for tailoring rehabilitation to spe-
cific deficits or patient groups, potentially improving
the benefits. Finally, in the longer term, it may help
in better establishing prognosis, if only to help iden-
tify those patients who could benefit most from a given
therapy.

With an understanding of the brain activity of the
systems level also can come an opportunity for making
inferences of the neurotransmitter changes underlying
these activities. This can be used to develop strategies
by which pharmacological neuromodulators might be
used to enhance recovery. Measures of outcome can be
more specific.

One of the challenges in such work is to most appro-
priately integrate the range of tools that are available.
While it is clear that brain imaging modalities have a
considerable potential independently, it is even more
exciting to consider the way in which they can be used
together. For example, fMRI provides good correlates
of brain activity changes, but cannot be used to test the
degree to which a given area of the brain is necessary for
performing a task. In addition, it suffers from the need
for the task to be performed in an entirely constrained
or artificial environment, making it difficult in applica-
tions for long-term studies. TMS, which can be used
to transiently interfere with activity in a region tests di-
rectly the importance of its functional significance. In
the future, use of optical imaging techniques may allow
brain activity to be studied over time in an even more
dynamic (and even ambulatory) fashion, although with
a lower spatial resolution.
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