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Immediately following a cortical stroke, metabolic activ-
ity in the ipsilesional hemisphere is reduced. In the tis-
sue surrounding the lesion, this lower activity can be
attributed at least partly to the reduction of blood flow
related to the stroke. Redundancy in the blood supply
creates a penumbra surrounding the lesion where blood
flow is reduced but remains sufficient to preserve the
structural integrity of the tissue (Powers and others
1985). In this penumbra, the blood supply is insufficient
for normal neuronal function, consistent with character-
istically low neuronal activity. In the lesion, neuronal
death resulting from the stroke disrupts the extensive
anatomical network of horizontal connections between
neurons within a given functional area (Fig. 1). Neurons
in distant areas that share connections with the neuronal
population within the lesion site also lose their targets or
inputs. As a result of all these factors, functional activity
within ipsilesional areas interconnected with an injured
brain region is reduced temporarily (diaschisis) in the

acute stages after injury (Heiss and others 1992). In con-
trast, a specific loss of inhibitory input would result in
increased activity following the lesion (Hanakawa and
others 2005). For example, the disruption of inhibitory
callosal connections may account for an early increase of
activity in the contralesional hemisphere (Fig. 1B). In the
days and weeks following the lesion, a progressive
reduction of the diaschisis parallels the acute recovery
period, suggesting that this phenomenon is involved in
the recovery process.

Following a lesion involving the primary motor cortex
(M1), a disruption of the motor network and corticospinal
output occurs. Because of their pattern of anatomical con-
nections, premotor areas may be of particular relevance to
recovery following such lesions. Indeed, premotor areas
are defined as frontal areas that have direct access to M1
and to the spinal cord (Dum and Strick 2002). The direct
access to the spinal cord and motor-related activity they
boast prior to the lesion make them particularly well posi-
tioned to compensate for the functional loss generated by
a lesion in M1. Based on this specific pattern of connec-
tions, six premotor areas have been identified. Most medi-
ally, the rostral, dorsal, and ventral cingulate areas are
buried in the banks of the cingulate gyrus (Takada and
others 2001). Progressively lateral to these areas, the sup-
plementary motor area (SMA) and the dorsal premotor
(PMd) and ventral premotor (PMv) areas are found (Fig. 2).
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Fig. 1. Cortical reorganization following lesion in M1. A, Cartoon showing a simplified hypothetical network including the
M1 digit representation (red), the M1 wrist/forearm representation (green), and other cortical areas of the ipsilateral and
contralateral hemispheres. Within M1, at the border of the digit representation, a neuron (in reality a population of neu-
rons) receives inputs from both the digit representation and the wrist/forearm representation. Prior to the lesion, this neu-
ron is included within the digit representation. Facilitatory projections from the M1 digit representation to the premotor
cortex (PM) in the same hemisphere also contribute to the definition of PM digit representation borders. Finally, callosal
projections from M1 also contribute to the definition of M1 and PM digit representation borders through facilitation of
inhibitory interneurons. Rectangles are M1 representations; circles are premotor representations. B, Immediate effect of
an M1 digit representation lesion resulting from the unmasking of latent connections or recruitment of preexisting alter-
nate parallel pathways. Within M1, there is a further loss of digit representation at the border due to the preexisting over-
lap of digit and wrist/forearm networks. A comparable reduction of digit representation can be observed in the distant
ipsilateral PM area. However, the loss of the callosal projections results in a decrease of inhibition by the interneurons
and thus an increase of the digit representation in both M1 and PM. C, Potential mechanisms underlying the slower reor-
ganization that occurs in association with recovery, learning, and practice. Similar phenomena could occur in both hemi-
spheres, but they are depicted only in the ipsilesional hemisphere here. First (no. 1 in the figure), the later increase of digit
representation in M1 and PMv could be due to the increase of facilitation of prelesional network or of inhibition on adja-
cent networks. For example, this could be due to changes in receptor density or synaptogenesis. Second (no. 2 in the
figure), reorganization of the network through formation of novel connections and axonal sprouting could play a role.
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Further subdivisions of premotor areas into rostral and
caudal portions have also been proposed and are well
documented in macaques (Von Bonin and Bailay 1947;
Barbas and Pandya 1987; Matelli and others 1985 1991).
The rostral portion of SMA (or pre-SMA) is also referred
to as F6 and its caudal portion as F3 (or SMA proper), the
rostral portion of PMd as F7 and its caudal portion as F2,
and the rostral portion of PMv as F5 and its caudal por-
tion as F4. Premotor areas also share extensive callosal
connections (Rouiller and others 1994; Marconi and oth-
ers 2003; Boussaoud and others 2005)1 and are thought to
play an important role in interhemispheric coordination.

Reorganization in the Contralesional Cortex

An extensive literature suggests that the contralesional
cortex plays a role in recovery from a CNS lesion, par-
ticularly in humans. Whereas the initial increase of con-
tralesional activity might be a passive phenomenon that
is not related to function, in some cases, this increased
activity persists long after the lesion. For example, well-
recovered stroke patients showed increased functional
magnetic resonance imaging (fMRI) activation in the
contralesional sensorimotor cortex, premotor cortex, and
SMA during a simple finger-tapping task (Cramer and
others 1997). Digit movement sequences with the recov-
ered hand were also shown to increase regional cerebral
blood flow (rCBF) in premotor cortical areas of both
cerebral hemispheres (Seitz and others 1998). In this
case, the premotor activation was higher in the contrale-
sional hemisphere in comparison to the ipsilesional
hemisphere, and virtually no movement-evoked activity
was observed in the ipsilesional sensorimotor cortex

during movement of the recovered hand. This contrasted
with what was observed during movements with the
less-impaired hand, which exclusively evoked activity
within the nonlesioned hemisphere and included the sen-
sorimotor cortex. These results suggest that motor
recovery can be mediated by increased activation of pre-
motor cortical areas of both cerebral hemispheres.

In another study, chronic stroke patients performed a
sequential tapping task with the recovered hand and
showed a level of performance similar to healthy con-
trols (Lotze and others 2006). However, fMRI activity in
patients was increased in the contralesional M1, PMd,
and superior parietal lobule. Multiple pulse transcranial
magnetic stimulation (TMS) was then applied over these
areas to disturb their activity during the task. TMS stim-
ulation over the contralesional M1 and PMd during
movement of the recovered hand generated timing errors
in patients but not in controls. TMS stimulation over the
superior parietal lobule resulted in both timing and pre-
cision errors in patients only. The increased activation in
certain areas of the contralesional hemisphere thus may
reflect their novel involvement in specific aspects of
control of the recovered hand.

Another study using multiple techniques in humans
following stroke showed the activation of the contrale-
sional hemisphere during movements of the recovered
hand (Gerloff and others 2006). Chronic patients with
comparable subcortical lesions affecting the posterior
limb of the internal capsule in the left hemisphere were
asked to perform finger extension. In comparison to con-
trols, movement produced higher increases in rCBF in
many areas including the contralesional premotor, senso-
rimotor, and parietal cortex. The electroencephalogram
also showed increased activation of the contralesional
hemisphere that was related to the motor processing of the
recovered hand movements. However, TMS of the con-
tralesional hemisphere did not produce increased fast cor-
ticospinal output to the recovered arm. Together, these
observations suggest that changes of activation in the con-
tralesional hemisphere were not associated with changes
in its direct outputs to muscles of the recovered hand 
(Fig. 3B). Rather, the contralesional hemisphere may act
vicariously by facilitating the corticospinal output of the
ipsilesional hemisphere (Fig. 3B, no. 1). If so, the exten-
sive callosal connections shared by the premotor areas
(Rouiller and others 1994) could certainly provide a route
for this novel role. In that regard, corticostriatal fibers of
the contralesional hemisphere were shown to form a
unique pattern of connections with the damaged hemi-
sphere (Napieralski and others 1996). Following a cortical
lesion in adult rats, the injection of neuronal tracer in the
contralesional cortex resulted in atypical anterograde
labeling in the ipsilesional striatum. Thus, the loss of cor-
ticostriatal input to the dorsolateral striatum on the side of
the lesion can induce sprouting of axons from the con-
tralesional corticostriatal input originating from the
homotopic cortex (Fig. 3B, no. 2). This reorganization of
corticostriatal interhemispheric connections could pro-
vide a substrate for the intact contralesional cortex to
assume a novel role in the control of the recovered limb.
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Fig. 2. Motor areas of the primate brain. Cartoon
depicting the typical location of forelimb representations
of the primary motor cortex (M1), ventral premotor cor-
tex (PMv), dorsal premotor cortex (PMd), supplementary
motor area (SMA), and cingulate motor areas in a squir-
rel monkey brain.
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Mechanisms Underlying the Physiological
Reorganization in the Contralesional Hemisphere

In addition to the reorganization of callosal connections,
other mechanisms have been suggested to support the
changes of activation pattern in the contralesional cortex.
For example, the neurotransmitter γ-aminobutyric acid
(GABA) has been suggested to be crucial in modulating
existing horizontal connections and consequently in the
rapid reorganization of cortical maps. Decreases of
GABA-mediated inhibition probably regulate the strength
of excitatory horizontal connections through feed-forward
inhibition (Jacobs and Donoghue 1991). In rat models of
ischemic stroke, a diminution of GABAergic inhibition is
observed in the contralesional hemisphere (Witte and
Stoll 1997). Reduced GABAA receptor binding and
increased N-methyl-D-aspartate (NMDA) receptor bind-
ing is observed in remote regions of the contralateral
hemispheres following a lesion (Qu and others 1998).
This reduction correlates with an increase in field poten-
tials elicited by a paired-pulse paradigm and the hyperex-
citability of the contralateral cortex after an infarct
(Buchkremer-Ratzmann and others 1996). Modulation of
neurotransmitters thus can be used as a means of facilitat-
ing a specific network and generating the physiological
reorganization observed following CNS lesions.

Concordant results have been found in the contrale-
sional hemisphere of humans after stroke (Liepert,
Hamzei, and others 2000). Using TMS, when two pulses

are applied with short interpulse intervals, the motor-
evoked potential resulting from the second stimulus is
decreased, reflecting intracortical inhibition produced by
the first pulse. When such paired-pulse stimulation is
applied in the contralesional hemisphere of patients in the
early stage (8 to 18 days) following stroke, the inhibitory
effect of the first pulse is significantly less. This supports
the release of callosal inhibition in humans following
stroke, which could account for the increased activation
often reported.

Other structural changes can also be observed in the
contralesional hemisphere following stroke. In rats,
ischemic lesions result in an augmentation of neuronal
growth factor (Kawamata and others 1997) that would ini-
tiate an enhancement of dendritic morphology (Jones and
Schallert 1994). The enhanced dendritic arborization of
layer 2/3 and 5 pyramidal cells is associated with an
increase of the contralesional cortical thickness (Kolb and
Whishaw 1989), synapse number (Turner and Greenough
1985), and variety of synaptic inputs converging onto a
neuron (Purves and Lichtman 1985). Stroemer and col-
leagues investigated synaptogenesis following distal mid-
dle cerebral artery occlusion (MCAo) in chronically
hypertensive rats (Stroemer and others 1995). Antibodies
against synaptophysin, a protein found in nearly all nerve
terminals, were used to characterize synapses. Synapto-
physin reactivity increased significantly in contralesional
cortex at 14, 30, and 60 days postinfarct. This late induc-
tion of synaptophysin confirms the sequence of axonal
and dendritic growth prior to synaptogenesis.

Thus, many possible mechanisms could underlie the
changes of activation pattern in the contralesional cortex
and allow it to play a novel role in the control of the
more impaired limb.

Alternative Explanation for the Increase of
Neuronal Activity in the Contralesional
Hemisphere

The activation of the contralesional hemisphere may also
be related to phenomena that are extraneous or even detri-
mental to the recovery of the more impaired limb (see also
the section “Evolution of Brain Activation following
Stroke” below). One such phenomenon is movement of
the less affected hand during motor performance of the
more affected hand (mirror movements), which can be
observed in many stroke patients. Mirror movements are
particularly conspicuous acutely following stroke and/or
in patients who are severely impaired. These are two situ-
ations in which the highest levels of contralesional activ-
ity typically are observed. Whereas most studies report
the absence or at least diminution of mirror movements
with recovery and thus conclude that the increased activa-
tion in the contralesional hemisphere is not related to mir-
ror movements, very few provide electromyographic data
to support these conclusions (but see Ward and others
2003; Butefisch and others 2005). Hence, mirror move-
ments cannot be completely discounted as a potential
source of activation in many cases.

Atypical contralesional activity in stroke patients may
reflect not only novel involvement in the control of the
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Fig. 3. Possible mechanisms supporting the involve-
ment of the contralesional hemisphere in the control of
the more-affected limb. A, Cartoon showing a simple
schematic of the pattern of connections of the contrale-
sional hemisphere prior to lesion. Intercortical callosal
connections are shown. In addition, there is a large cor-
ticospinal output that crosses at the level of the pyramids
and a small ipsilateral, uncrossed corticospinal output. B,
Following recovery from a cortical lesion, increased acti-
vation of the contralesional hemisphere could be
explained by an amplification of the preexisting callosal
output to the ipsilesional hemisphere (no. 1); the forma-
tion of novel, atypical connections with the ipsilesional
hemisphere cortical or subcortical structures (no. 2); or
the facilitation or reorganization of its direct outputs to
muscles of the recovered hand through the ipsilateral
pathway (no. 3).
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recovered limb but also a change of motor strategy. For
example, stroke patients often show impairments of
trunk control (Bohannon 1995; Franchignoni and others
1997). In this case, proximal stabilization for the gener-
ation of arm movements might require a greater cortical
activation for the control of axial muscles. Because axial
muscles receive bilateral inputs from many sites along
the neuraxis (Kuypers 1981), more vigorous proximal
stabilization might require increased bilateral activation.
Similarly, the increased trunk movement used to com-
pensate for decreased arm movements in some stroke
patients (Cirstea and Levin 2000) might require
increased activation of the bilateral neural network
involved in axial control during movement production.

Studies in rats provide additional support for the asso-
ciation of plasticity in the contralesional hemisphere with
the development of compensatory strategies. After spon-
taneous recovery from an injury to the forelimb repre-
sentation, an increase of dendritic arborization is observed
in the contralesional hemisphere (Jones and Schallert
1992). However, this dendritic arborization can be hin-
dered by the restriction of the less affected forelimb with
a jacket during the recovery period (Jones and Schallert
1994). Alternatively, such forced use of the less affected
forelimb in sham-operated animals does not increase the
dendritic arborization. Therefore, the changes observed in
the contralesional hemisphere following a cortical lesion
are initiated by the infarct but must be supported by
increased use of the less impaired limb. The anatomical
reorganization within the contralesional hemisphere
might thus support increased reliance on the less affected
arm consequent to the hemiparesis. Moreover, Bury and
Jones (2002) associated the dendritic plasticity found in
the contralesional cortex with enhancement of learning
capacity for the less impaired forelimb. In this experi-
ment, the animals spontaneously developed an increased
reliance on the less impaired forelimb, and the neuronal
structural changes in the opposite motor cortex occurred
in the absence of any additional behavioral manipulations.
It is well known that hemiparetic subjects also tend to
increase their reliance on the less affected limb after
stroke (Taub and others 2002). This increased reliance in
humans may also be accompanied by comparable struc-
tural reorganization. The increase of contralesional activ-
ity after stroke might not be related to the production of
movements of the more impaired arm but simply reflect
an amplification of the contralesional network to support
learning of the less affected arm.

In conclusion, although our knowledge of the plastic
events occurring within the contralesional hemisphere
has progressed considerably in the past few years,
understanding the specific contributions of the contrale-
sional hemisphere to recovery of the more impaired
hand following stroke requires further study. It appears
that some of the plastic changes in the contralesional
hemisphere play a role in the generation of movement of
the more affected limb. Additional changes may be more
related to other phenomena of general motor recovery
that support the compensatory potential of less affected
parts of the body.

Reorganization of the Ipsilesional Cortex

Plasticity in the Premotor Areas

Reorganization of ipsilesional premotor areas and perile-
sional cortical activity has also been shown using a vari-
ety of neuroimaging techniques. In humans, behavioral
recovery from severe stroke is accompanied by increased
activation of the cingulate motor area, SMA, and the 
premotor cortex (for review, see Seitz and others 2005).

Following striato-capsular strokes, motor performance
of the recovered hand is accompanied by increased acti-
vation in the anterior cingulate cortices (Weiller and oth-
ers 1992). Activation of SMA also correlates with faster
or better motor recovery following stroke (Loubinoux and
others 2003). In this study, the pattern of fMRI activa-
tion generated by passive flexion/extension of the
paretic wrist was documented in well-recovered patients
and compared to the pattern of activation of poorly
recovered and control subjects. Early activation (11 days
after stroke) of the inferior parietal cortex and SMA was
predictive of good recovery whereas no activation in
these areas was predictive of slow or poor motor recov-
ery. At the second fMRI, well-recovered patients showed
a pattern of activation that was closer to normal. The
increased activation of SMA to passive movement of the
wrist suggests that an intensification of sensory inputs to
the ipsilesional SMA following stroke is favorable. Such
amplification of sensory inputs to SMA may be used to
reprogram motor commands according to the novel
peripheral and central conditions after stroke.

The increased role of the lateral premotor cortex (PMd
and PMv) in control of the recovered limbs following a
lesion has also been suggested. For example, patients
with middle cerebral artery strokes that damaged the lat-
eral premotor cortex have greater functional deficits than
do patients in whom this cortical area is spared (Miyai
and others 1999). Changes of brain activation associated
with locomotor recovery were also documented (Miyai
and others 2003) using an optical imaging system.
Following intense rehabilitation resulting in an improve-
ment of gait performance, sensorimotor cortex activity
shifted from the contralesional to the ipsilesional side,
and lateral premotor cortex activity increased on the
ipsilesional side. In chronic stroke patients with a lesion
involving M1 corticospinal projections, postrecovery
inactivation of the ipsilesional PMd using rTMS gener-
ated delays in reaction time (Fridman and others 2004).
These delays were longer than those induced by the inac-
tivation of the PMd in the contralesional hemisphere of
these patients or in healthy subjects. Inactivation of the
contralesional PMd was more disruptive in patients with
greater impairment.

In animal studies, the remodeling of other secondary
motor areas following a cortical infarct in M1 has also
been well documented. Aizawa and collaborators (1991)
found that after a lesion in the M1 of macaques, neuronal
activity in SMA increases and occurs earlier in relation to
movement onset, suggesting that it plays a role in the
reacquisition of motor tasks. In another experiment per-
formed in squirrel monkeys, following intracortical
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microstimulation (ICMS) mapping to identify the location
and size of M1 and PMv, a lesion using electrocoagula-
tion of surface blood vessels was done to destroy the
majority of the M1 hand representation. Three months
following spontaneous recovery from infarcts, ICMS was
repeated to document changes in PMv, revealing an
increase in the size of the hand representation in all cases
(Frost and others 2003; Fig. 4). Finally, Liu and Rouiller
(1999) trained macaque monkeys to perform a precision
grip task. A permanent lesion of the sensorimotor cortex,
including both M1 and part of the S1 hand representation,
was made with ibotenic acid. A spontaneous recovery
period followed in which monkeys progressively regained
partial function of their more impaired hand. Nine months
after the lesion, ICMS stimulation of the ipsilesional M1
did not evoke any movement, and inactivation of that area
did not generate any movement deficits of the recovered
hand, confirming destruction of the M1 hand representa-
tion. Next a GABA agonist was applied to transiently
inactivate different cortical areas of the ipsilesional and
contralesional hemisphere (Liu and Rouiller 1999).
Inactivation of the contralesional M1 did not result in any
behavioral deficit of the recovered hand. However, inacti-
vation of the ipsilateral premotor cortex reinstated the
deficits caused by the lesion. It can thus be concluded that
in large lesions destroying the entire forelimb representa-
tion in M1, the premotor cortex plays an increased role in
the generation of movement.

Plasticity in the Perilesional Cortex

More recently, reorganization within the ipsilesional sen-
sorimotor cortex has been described in humans. Several
fMRI studies have reported positive correlations between
behavioral recovery and greater activation of the ipsile-
sional sensorimotor cortex (Jang and others 2003; Zemke
and others 2003). Within the sensorimotor cortex, a pro-
gressive shift of activity in comparison to controls can
occur over time (Jaillard and others 2005). This shift of
movement-associated activation can be interpreted as
reorganization within M1, similar to that described in
nonhuman primates following lesions confined to M1.

In this series of experiments done in squirrel mon-
keys, motor-mapping procedures were conducted to pre-
cisely define functional boundaries in M1. Then, a small
ischemic infarct limited to ∼30% of the hand representa-
tion was placed in M1. Following the infarct, the ani-
mals were allowed to recover spontaneously (i.e., no
behavioral intervention postinfarct; Nudo and Milliken
1996). Several weeks after infarct, the adjacent portion
of the M1 hand representation that had been spared by
the lesion was reduced a further 50% from preinfarct
values. In contrast, monkeys that underwent daily repet-
itive training of the more impaired limb while wearing
jackets that restricted the use of the less impaired limb
regained hand representations of normal size after
postinjury behavioral training (Nudo and others 1996).
On average, there was a net gain of approximately 10%
in the total hand area adjacent to the lesion, in contrast
to a nearly 50% decrease after spontaneous recovery.

Mechanisms Underlying the Physiological
Reorganization in the Ipsilesional Hemisphere

In general, similar mechanisms found to occur in the con-
tralesional cortex have also been found in distant ipsile-
sional areas. Accordingly, diminution of GABAergic
inhibition (Witte and Stoll 1997), reduction of GABAA
receptor binding, increased NMDA receptor binding (Qu
and others 1998), and hyperexcitability (Buchkremer-
Ratzmann and others 1996) were also reported in the
remote ipsilesional cortex.
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Fig. 4. Reorganization of the premotor area following
primary motor cortex lesion. Cartoon illustrating the
interaction between the size of lesion in the primary
motor cortex (M1) and the physiological reorganization
in the ventral premotor cortex (PMv). A, Organization of
M1 (rectangles) and PMv (circles) prior to the cortical
lesion. In both areas, the distal forelimb representation
(red) is surrounded by proximal representation (blue). B,
If there is an incomplete lesion in the M1 distal forelimb
representation (<∼60%) following spontaneous recovery
(i.e., no treatment or training), only a small increase of
the PMv distal forelimb can be observed (small red
arrow). C, When a large lesion destroys the majority of
M1 distal representation, a large increase of PMv distal
forelimb representation is observed (large red arrow).
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Support for anatomical reorganization and axonal
sprouting in distant areas of the ipsilesional hemisphere
has also been provided. Indeed, anatomical reorganization
of PMv following spontaneous recovery from an M1
lesion was recently documented in squirrel monkeys
(Dancause and others 2005). In these animals, injection of
biotinylated dextran amine (BDA) in PMv revealed atyp-
ical orientation of labeled axons near the lesion border,
which was significantly different than that of control cases
(Fig. 5). In addition, quantitative examination of the ter-
minal fields of PMv intracortical fibers revealed an anom-
alous cluster of PMv terminal boutons within the primary
somatosensory cortex (S1). Specifically, these anomalous
terminals were located in the area 1-2 hand representation
(Fig. 5). Thus, as a result of a cortical lesion, remote isp-
silesional areas also undergo major reorganization of their
connections. Increased connectivity and formation of con-
nections with novel areas could certainly explain some of
the functional alterations that are observed in distant areas
following stroke.

Comparable anatomical reorganization has also been
proposed to occur in the perilesional tissue. In rats,
Carmichael and colleagues (2001) investigated axonal
sprouting in the somatosensory barrel cortex of rats fol-
lowing ligation of distal branches of the MCA. At 21 days
postinfarct, BDA was injected into the peri-infarct cortex
and allowed to retrogradely label neurons for another 7
days (Carmichael and others 2001). Peri-infarct neurons
showed a pattern of connections that differed from that of
neurons at comparable locations in controls. Furthermore,
the overall number of horizontal connections in ipsile-
sional versus contralesional hemispheres increased signif-
icantly. Neurons in the perilesional cortex thus appear to
undergo significant reorganization of their horizontal con-
nections through axonal sprouting, a phenomenon poten-
tially related to recovery.

Thus, many areas within the ipsilesional hemisphere
also are involved in recovery from stroke. The reason why
the site of most intense reorganization within the premo-
tor areas (and in parietal areas as well) varies among dif-
ferent studies remains unclear. Some of the variation can
be attributed to the use of different motor tasks. To limit
motion artifacts, imaging studies use rather restricted
tasks such as finger tapping, thumb-finger opposition
sequences, or passive movements of the wrist. The activa-
tion patterns underlying the generation of such move-
ments might not be reflective of patterns associated with
the generation of complex movements involving distal
and proximal interjoint coordination that most daily activ-
ities require. Because of the limited array of tasks used,
our current view of brain activation related to movement
production might be narrow. Our understanding of the
specific role of each premotor area in recovery might
require the elaboration of more diverse tasks, which of
course poses technical challenges.

Evolution of Brain Activation following Stroke

Longitudinal studies of brain activation have recently
been conducted in humans. These studies provide
insight into the variation of the pattern of activation over

time within subjects. The behavioral recovery of a given
subject can be correlated with the changes of activation,
generating crucial information concerning the functional
relevance of these changes. Using such an experimental
paradigm, many studies have reported progressive
behavioral improvement associated with an increase of
the activity in the ipsilesional compared to the contrale-
sional sensorimotor cortex (i.e., a shift of hemispheric
activation pattern). Such shifts of activity have been
described for the sensorimotor cortex (Marshall and oth-
ers 2000), premotor cortex (Jaillard and others 2005),
and SMA (Carey and others 2006).

Recently, different evolving patterns of activation have
been identified in well- versus poorly recovered patients
(Carey and others 2006). For each subject, an initial PET
scan was done relatively early after stroke (≤ 50 days)
and a second scan was done at 6 months postlesion. At
the 6-months follow up, only the well-recovered patients
showed significant changes of activation pattern. In this
group, there was an initial increase in SMA activity that
was greater than that found in healthy controls or poorly
recovered patients. The well-recovered subjects showed a
reduction of SMA activation at the second scan and an
activation pattern that was comparable to healthy con-
trols. In poorly recovered patients, no significant change
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Fig. 5. Injury-induced sprouting following M1 lesion.
Cartoon depicting the reorganization of the cortical net-
work following an M1 lesion in adult squirrel monkeys. A,
In control animals, M1 receives extensive projections from
both the ventral premotor area (PMv) and S1. B, Following
the lesion, PMv projections would sprout, forming novel
connections with S1. Note the atypical orientation of the
PMv projections at the rostral border of the lesion.
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of activation occurred over this time period. Again, these
results support the notion that a progressive decrease of
activity in the premotor areas of the contralesional hemi-
sphere is associated with recovery. In addition, the return
of a normal pattern of activation and absence of late
ipsilesional increased activation of SMA were also asso-
ciated with recovery. These results are somewhat reminis-
cent of the increased activation of premotor areas
associated with the augmentation of task difficulty
(Winstein and others 1997; Kuhtz-Buschbeck and others
2003) and diminution of activity with repetition and
automation of the task (Aizawa and others 1991) observed
in healthy controls. Accordingly, the lowering of ipsile-
sional SMA activation to control levels in well-recovered
patients would reflect that the execution of a simple motor
task is not more demanding for them than for normal sub-
jects. These results suggest that the increased activation of
the premotor cortex described in some studies might
reflect a persistent difficulty in producing successful or
accurate motor outputs for a given task.

Results from a longitudinal study of patients with
lesions sparing M1 reached a similar conclusion (Ward
and others 2003). The only consistent change across
cases in fMRI activation measured as subjects per-
formed a dynamic isometric hand grip on the recovered
side was a correlation between progressive reduction in
task-related recruitment over sessions and the recovery
scores of individual patients. Inconsistent increases of
activity in some areas, such as the ipsilesional ventrolat-
eral premotor cortex and the anterior cingulate cortex,
were associated with recovery in some patients.

Although there are some exceptions (see Calautti and
others 2001), longitudinal human studies thus appear to
show a general tendency for focusing the movement-
associated network with recovery and a decrease of con-
tralesional activity. The late activation of some areas,
particularly in the premotor cortex, suggests that these
areas might play a different role in the generation of
movement in the reorganized network. However, less
than fully recovered patients are more likely to activate
a number of primary and nonprimary motor regions over
and above the normal population. In contrast, motor-
related activation patterns indistinguishable from the
normal population are seen in subjects with complete
recovery. These recent results call into question the rela-
tionship between good recovery and vicarious function
of the premotor cortex after lesions of M1. The recruit-
ment of additional areas for a specific task instead may
reflect either that 1) insufficient neural tissue remains in
M1 or 2) the remaining tissue is unable to reorganize
appropriately. Although involvement of distant cortical
areas would be necessary and beneficial in the first case,
the same involvement could be either an epiphenomenon
or actually unfavorable to recovery in the second case,
which raises the possibility of suboptimal vicarious
process after CNS lesion.

In support of the first hypothesis, animal studies have
shown that the reorganization of a premotor area (PMv)
is related to the lesion size in M1 (Frost and others
2003). In fact, there appears to be a linear relationship

between the size of lesion in the M1 hand representation
and the subsequent increase of that representation in
PMv. Infarcts destroying about 60% of the M1 hand area
in squirrel monkeys result in very little change in PMv,
whereas complete destruction generates a 50% increase
in the PMv hand representation. Similarly in rats, the
involvement of the contralesional cortex in the behav-
ioral recovery of the more affected arm is seen only after
larger lesions (Biernaskie and others 2005). Thus, results
in animal studies also suggest that with small lesions,
when a substantial portion of the M1 hand representa-
tion is spared, reorganization limited to the perilesional
cortex might be optimal for functional recovery.

The linear relationship observed between the size of
lesion in M1 and PMv reorganization is reminiscent of
Lashley’s (1929, 1930) classic description of the rela-
tionship between cerebral mass and behavioral change.
Lashley proposed the concept of equipotentiality, sug-
gesting that each portion of a given cortical area is able
to encode or produce behavior normally controlled by
the entire area. Consistent with this principle, following
incomplete lesions of M1, reorganization of the remain-
ing tissue within M1 would be more beneficial than the
assumption of vicarious function by premotor areas.
These areas would take over the role of M1 only after
larger lesions, when the surviving tissue in M1 would be
insufficient or simply nonexistent (see Fig. 5).

In support of the second hypothesis, the relation
between lesion size and behavioral deficits in humans is
rather controversial. The volume of the lesion or the ini-
tial ischemic area does not correlate with motor recovery
(Binkofski and others 1996; Furlan and others 1996). 
In addition, changes in lesion size do not correlate with
changes in motor function over time after stroke
(Binkofski and others 2001). If reorganization processes
of equal quality would occur in all cases, the relationship
between lesion size and recovery should be rather
straightforward.

In the situations in which the involvement of distant
cortical areas is necessary, one might ask which area(s)
is best? Recruitment of a particular area might be more
beneficial to recovery than others. For example, follow-
ing an M1 lesion, PMd may have better potential than
SMA to perform certain M1 functions vicariously.
Hence, increased activation of the SMA could reflect
suboptimal or detrimental plasticity. As discussed above,
recruitment of distant areas with recovery does not
appear to be consistent across patients or studies. The
reasons underlying this variability are unclear. Lesion
location might be a crucial factor. If so, careful selection
of patients with comparable lesions might be necessary
to address this issue, an approach that has been imple-
mented only recently in such studies (e.g., see
Loubinoux and others 2003). Alternatively, the learning
strategies used by the subject may affect selection of the
additional area(s) that would have the most beneficial
impact in recovery. Addressing these challenges will be
a vital step for understanding stroke recovery and will be
essential for optimizing our interventions to favor acti-
vation of certain brain areas.
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Shaping Vicarious Processes as a 
Treatment Strategy

If a suboptimal vicarious process exists, can we modify it
with diverse approaches? The effect of forced use on the
recovered limb of chronic stroke patients suggests that
this is possible. It is now well documented that the addi-
tional training of the more impaired limb obtained with
constraint of the less impaired limb results in a sustainable
increase of motor performance (Taub and Uswatte 2003).
Experiments using fMRI and TMS have shown that reor-
ganization of motor representation was associated with
the behavioral improvement resulting from such forced-
use treatments (Liepert and others 1998; Kopp and others
1999; Liepert, Bauder, and others 2000; Levy and others
2001; Liepert and others 2001).

More recently, paired-pulse stimulation using TMS in
humans was shown to result in the expansion of that
muscle representation (McKay and others 2002). Using
this technique, it may be possible to enhance or facilitate
cortical reorganization following brain injury, which
may lead to improved functional outcomes. Cohen and
collaborators (Hummel and Cohen 2005; Hummel and
others 2005) recently supported this hypothesis in a
chronic stroke patient. In this study, TMS was applied to
the ipsilesional cortex. The treatment resulted in an
increase of cortical excitability and an increase of pinch
force in the recovered hand.

The application of subthreshold electrical stimulation
using an indwelling surface electrode (Northstar
Neuroscience, Seattle, WA) implanted over the peri-
infarct cortex is also currently under investigation. The
low-level electrical stimulation can influence physiolog-
ical reorganization and behavioral recovery following
ischemic cortical lesions. Following a cortical lesion,
behavioral training combined with stimulation for about
an hour each day for several days was shown to enhance
behavioral improvement in rats (Adkins-Muir and Jones
2003) and to increase the expansion of cortical repre-
sentational maps in nonhuman primates (Plautz and oth-
ers 2003). This treatment has now been implemented in
humans with comparable behavioral results (Brown and
Barbaro 2003; Brown and others 2006).

Clearly, these novel approaches based on the stimulation
of physiological reorganization are showing promising
results. They also provide for the first time the possibility
of promoting or impinging the reorganization of specific
areas within the cortex following stroke. Although our
knowledge of plasticity following injury to the CNS has
evolved impressively in the past few years, the demystifi-
cation of the specific areas and time at which reorganiza-
tion is most beneficial is well begun but as yet incomplete.
Extending our understanding of the specific rules that
determine the vicarious processes most beneficial for
recovery from CNS lesions is momentous and particularly
timely now that we are beginning to apply novel therapies
that allow us to modulate brain activation patterns.

Note

1. Callosal connections have not yet been documented for the cin-
gulate motor areas.
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