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Abstract In this study, we used positron emission
tomography (PET) at two different time points to study the
temporal evolution of reorganization in patients with good
and those without motor recovery from hemiplegia after
the occurrence of a stroke. Ten hemiplegic patients with a
first subcortical stroke and five healthy control subjects
were scanned during passive and active movements at an
interval of 8 weeks. PET1 was performed 22.8 + 7.8 days
after the index stroke. At PET2, 8 weeks later, patients
were dichotomized to either good recovery or no recovery
according to the upper extremity motor component of the
Fugl-Meyer score. Increases of regional cerebral blood
flow (rCBF) and comparison between groups at PET1 and
PET2 were assessed using statistical parametric mapping.
At PET 1, activation was found bilaterally in the inferior
parietal cortex. Eight weeks later, patients with good
recovery showed maximum activation in the contralateral
primary somatosensory cortex and overactivation of the
contralateral inferior parietal cortex. Patients with poor
recovery showed bilateral activation with a maximum in
the somatosensory cortex. Studies correlating activation
patterns with quality of recovery may identify the neuro-
anatomical substrates that subserve improved motor
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function. Such studies may also guide the development of
more effective rehabilitative interventions after the occur-
rence of stroke.
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Introduction

Most patients who survive an acute ischemic stroke expe-
rience some functional recovery in the weeks to months
following the injury. While ambulatory function recovers
in many patients even after dense hemiplegia, restoration
of upper extremity motor skills is less complete. Only 20%
of patients who remain flaccid 2 weeks after a stroke regain
some functional use of their hand [1]. Return of voluntary
arm movements is one of the most important goals during
stroke rehabilitation to avoid long-term disability in
activities of daily living (ADL) function.

Functional imaging and electrophysiologic brain map-
ping techniques have provided substantial insight into the
adaptive changes of cerebral networks associated with
recovery from brain damage. Recruitment of areas adjacent
to the brain lesion or of ipsilateral motor regions has been
described after complete recovery from upper extremity
motor impairment [2]. Furthermore, dynamic reorganiza-
tion of both motor and sensory structures occurs in parallel
with improvement of upper extremity motor function [3].
Given the close temporal correlation between these
sequential alterations of cerebral activity and return of
voluntary motor control, many of the dynamic changes
observed in the cerebral cortex may have a restorative
function. The evolution of brain activation after a stroke in
patients with variable motor recovery has been studied with
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PET [4] and fMRI [5, 6]. One consistent finding of these
prospective studies was a sustained increased activation of
bilateral primary and secondary motor areas in patients
with poor motor recovery after a stroke. In patients with
better motor recovery return of motor function was coupled
with decreasing neural activity over time. Patients with
good or complete recovery showed activation patterns
similar to that of healthy control subjects [4, 7]. More
recent data has also emphasized the integrity of the corti-
cospinal tract for successful motor recovery [8, 9]. It is less
clear, however, how brain activation of patients with severe
hemiparesis or hemiplegia at stroke onset changes over
time. This question is important to better understand the
relationship between reorganized brain activity and
recovery of neurologic function.

The aim of this study was to compare changes of brain
activation patterns in patients with good and those with no
motor recovery after a subcortical, ischemic stroke causing
hemiplegia. We hypothesized that patients with good
recovery show more contralateral activation compared to
patients with poor recovery. Subcortical lesions were
selected for this study because the morphological structure
of the cortex is usually preserved in these patients. The
severe hemiparesis of our patients precluded any active
motor tasks during functional imaging at baseline. There-
fore, we used passive forearm movements as an additional,
performance-independent activation paradigm. Cortical
activation during passive movements is induced by pro-
prioceptive input and shows similar patterns compared to
active movements [10]. All patients underwent two PET
activation studies each during the first 12 weeks after the
occurrence of a stroke.

Methods
Subjects

Ten stroke patients and five control subjects were enrolled
in this study. Patients with (a) first subcortical ischemic
stroke causing severe contralateral hemiparesis defined as
NIH stroke scale [11] question 5 score >3, (b) pure motor
deficit without sensory impairment, (c) no prior stroke with
sensory or motor deficits, and (d) no signs or history of
other neurological or psychiatric diseases were included in
the study. Lesion volumes in all patients did not exceed
1 x1x1cm in all subjects. Exclusion criteria were
defined by the following NIH stroke scale questions:
decreased level of consciousness (questions 1a, 1b, 1c; each
>0), aphasia (question 9; score >2), or neglect (question
11; score >2). No patient had evidence of spasticity or joint
stiffness. Sensory modalities such as pin prick, light touch
and proprioceptive function were intact in all patients. CT

or MR images of the brain were performed in all patients to
document type and location of stroke. Five age-matched
control subjects (63.0 £ 3.0, three females) were recruited
through local advertisement. All control subjects were
healthy volunteers with no history of neurological or psy-
chiatric disease. The purpose of examining healthy indi-
viduals was to demonstrate that the pattern of brain
activation over time is stable. Prior to each PET, a full
neurological exam including the Fugl-Meyer scale (motor
component for upper extremity) was obtained for each
subject (range 0-66, normal score: 66 points) [12]. The
Fugl-Meyer scale has shown high reliability and validity
for the assessment of motor function in hemiparetic stroke
patients [13]. Handedness was evaluated according to the
Edinburgh Handedness Inventory [14]. All stroke and
control subjects were right-handed. Informed consent was
obtained from all patients and volunteers. This study was
approved by the Ethics Committee of the University of
Essen. Permission was granted from the German Com-
mission of radiation protection.

Design and procedures

Ten hemiplegic patients with a first subcortical stroke and
five healthy control subjects were scanned twice using the
[150]H20 bolus injection technique. The first PET scan
(PET1) was performed within 4 weeks (22.8 & 7.8 days)
after the index stroke. The second PET scan (PET2) was
performed exactly 8 weeks later in every subject. At PET2,
patients were dichotomized to either good recovery or no
recovery according to the upper extremity motor compo-
nent of the Fugl-Meyer score. Patients with clinically sig-
nificant improvement of at least 20 points on the Fugl-
Meyer motor scale were classified as well recovered.
Regional cerebral blood flow (rCBF) was measured during
rest and during passive elbow movements of the plegic arm
at PET1, and, in addition, during active movements at
PET?2. Significant differences of rCBF between each con-
dition and comparison between groups at PET1 and PET2
were assessed using statistical parametric mapping (SPM).

PET Data acquisition and reconstruction

The data were acquired in two-dimensional mode on an
ECAT EXACT HR+ PET scanner (CTI, Inc., Knoxville,
TN). Head movements were minimized with foam rubber
pads on each side of the head. For each subject, six con-
secutive scans of the rCBF during rest (condition A) and
during passive elbow movements (condition B) were
obtained in alternating order (ABABAB) at baseline. Eight
weeks later, patients received a second PET with nine
consecutive scans, including active movements (condition
C). At PET 2, all patients were able to perform some active
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flexion and extension of elbows, with reduced range of
motion in patients with poor recovery. Five healthy sub-
jects were scanned twice at a 3-week interval. No reha-
bilitative manipulation was performed in healthy
individuals. Healthy subjects were scanned to examine the
stability of brain activation patterns in a longitudinal PET
study. Subjects kept eyes closed at all times during mea-
surements. The plegic arm was abducted at the shoulder
level to 70° and placed in a forearm brace that was con-
nected to a torque motor. Passive forearm movements of
the plegic arm (right arm in healthy subjects) with an
amplitude of 0-90° flexion/extension of the elbow and a
frequency of 0.5 Hz were generated using a torque motor.
During active movements, the same range and velocity of
forearm movements were generated by subjects. Timing
was controlled by verbal cues.

Prior to the start of the first activation scan, a 10-min
transmission scan was acquired to provide measured
attenuation correction. The regional cerebral blood flow
was measured using the ['>O]JH,O bolus injection tech-
nique. Specifically, for each scan, 700 MBq were injected
using an automatic injector system. The interval between
injections was 10-11 min. During this interval, the
['®OJH,0 activity in the brain decayed to a background
level that was at most 10% of the peak counts of the next
scan. A bolus of about 10-20 ml of 0.9% sodium chloride
solution over a period of 50 s was administered. After
administration of [15 O]H,0, the measurements lasted 90 s
and started only shortly before the rise of the head curve.
The uncertainty of the injected activity is approximately
+10%.

The images were reconstructed with filtered backpro-
jection without smoothing (see section “Data analyses”)
and with a cut-off at the Nyquist frequency. The recon-
struction zoom was 2.0 and the image matrix 128 x 128.
The images were corrected for attenuation using the mea-
sured transmission scan. Standard corrections for scatter
and dead time were applied.

Data analyses

PET data were analyzed using statistical parametric map-
ping (SPM, Wellcome Department of Cognitive Neurol-
ogy, London, UK). Images were realigned to the first
volume, normalized to the standard anatomical space cor-
responding to the atlas of Talairach and Tournoux [15]
using a least-square fitting program, and then smoothed
(low-pass 3-D Gaussian filter; 15 x 15 x 9 mm® at
FWHM) [16]. This smoothing parameter reveals the same
final image resolution for all subjects. Statistical parametric
maps were then generated for each subject. Global flow
differences were normalized voxel by voxel to a mean of
50 ml dI™' min~' by proportional scaling. Because the
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majority of patients had a right-sided infarct, all lesions
were assigned to the right side of the brain. Three patients
with a left-sided lesion were inverted about the midsagittal
plane. Thus, for analytical purposes, the hemiplegic arm
was always on the left.

Statistics

Assessment of significant rCBF changes were performed
using SPM’99. Statistical inferences were based on group
effects using a fixed-effects model. Voxel-by-voxel com-
parison using the general linear model and ¢ statistics cal-
culated differences of rCBF between passive or active
movements and rest (within-group analysis). The ¢ statistics
for every voxel was transformed into a unit normal distri-
bution such that ¢(Z) = Y(¢), where ¢(Z) is the standard
normal cumulative density function and () is the Student
t distribution with the appropriate degrees of freedom given
by the experimental design. The resulting statistical para-
metric map SPM(Z) was subsequently used to assign
p values (to voxels and also to clusters), that are corrected
for multiple, non-independent comparisons [16]. Signifi-
cant differences of activation were accepted at p < 0.01.
Small patches of activation, expected to appear by random
fluctuations, were excluded by setting a spatial cluster
extent level at 10 voxels.

In order to test of relative increases of rCBF in patients
with good versus bad recovery, the same model was used
(between-group analyses). Differences of activation were
considered significant at p < 0.01 and if their spatial
extend was >10 voxels. All results of statistical analyses
showing areas of significant rCBF increases are displayed
by superimposing statistical parametric maps onto three-
dimensional Talairach-Tournoux normalized, high-resolu-
tion T,-weighted MRI brain scan. Differences between the
mean NIHSS and Fugl-Meyer scores in both groups were
calculated with a Student’s ¢ test.

Results

Clinical and demographic data of patients are summarized
in Table 1. At baseline PET, all patients were unable to
move the forearm or distal parts of the upper extremity.
Two patients had recovered voluntary control of shoulder
elevation and abduction. The first PET scan was performed
within 4 weeks after a stroke in all ten patients. At base-
line, the mean (£SD) Fugl-Meyer score of all patients was
7.6 £ 3.4 points and NIHSS score was 8.9 & 2.4 indicat-
ing severe hemiparesis. At PET 2 8 weeks later, patients
with good motor recovery of the affected upper extremity
had a Fugl-Meyer-score of 43.4 £ 9.4 points and NIHSS
score 1.4 4 0.8 points. In patients without motor recovery,
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Table 1 Clinical and
demographic data of stroke Good recovery (n = 5) No recovery (n = 5)
patients Age 54-85 48-78 ns.
Sex 1 female 3 female
4 male 2 male
Stroke localization 3 basal ganglia 3 basal ganglia
1 pons 2 pons
Side of hemiparesis 2 right 1 right
3 left 4 left
FMS baseline 9.2 +£35 6.0 3.5 n.s.
FMS Fugl-Meyer scale,
mean + SEM FMS at follow-up 434 £ 94 72 +£6.0 p <0.05
the Fugl-Meyer-score remained unchanged in three  Stroke patients with good motor recovery at follow-up

patients and showed a small increase of three points
without functional gains in two other patients. The NIHSS
was unchanged in three patients and decreased by 1 point
(improvement) in two other patients. All control subjects
had normal motor and sensory function with a NIHSS score
of 0 and a Fugl-Meyer score of 66 at time of both PET
studies.

Normal subjects (passive movements Vvs. rest)

At PET 1, most significant increases of rCBF were found
in the contralateral sensorimotor cortex at 64 mm above
the ACPC line. The maximum activation was centered on
the posterior bank of the central sulcus (Brodmann areas
1, 2, 3), but activation also covered the precentral gyrus
(Brodmann area 4) and supplementary motor area
(Brodmann area 6) and cingulate gyrus (Brodmann area
24). Strong bilateral increases of rCBF were also observed
in the inferior parietal cortices (Brodmann area 40). At
PET 2, 3 weeks later, there was almost identical activa-
tion in the contralateral sensorimotor cortex, supplemen-
tary motor area, and bilateral inferior parietal cortex
compared to PET 1. In a direct comparison of rCBF
increases during PET 1 and PET 2 (between-group anal-
ysis) no areas of activation were found. There was thus no
statistical significant difference in the location or amount
of activated areas between PET 1 and PET 2 in normal
subjects.

Stroke patients at baseline

At baseline, significant increases of tCBF were observed
bilaterally in the inferior parietal cortex (Brodmann area
40), stronger in the contralateral hemisphere with a maxi-
mum at 42 mm above the ACPC line. This cluster also
extended into the superior parietal lobe (Brodmann area 7).
Activation of the ipsilateral inferior parietal cortex was
located between 34 and 48 mm above the ACPC line
(Table 2, Fig. 1).

Eight weeks later, patients showed predominant activation
of the contralateral primary somatosensory cortex (Brod-
mann areas 1) during passive movements. No ipsilateral
activations were found during passive movements
(Table 3a, Fig. 2). During active movements, the most
significant activation was located in the contralateral pri-
mary somatosensory cortex. Small increases of cerebral
blood flow were also found bilaterally in the dorsolateral
prefrontal cortex (Table 3b, Fig. 2).

Stroke patients with poor motor recovery at follow-up

During passive movements, patients with poor or no motor
recovery showed predominant bilateral activation. Stron-
gest increases of cerebral blood flow were found in the
contralateral postcentral gyrus (Brodmann areas 1-3).
There was also bilateral activation of the superior temporal
gyrus and the cerebellum. Ipsilateral activations were
found in the inferior parietal cortex (Table 4a, Fig. 3).
During active movements, there was again bilateral
activation with most significant increases of cerebral blood
flow in the contralateral primary somatosensory cortex.
Similar to activation areas during passive movements, we
observed contralateral activation of the medial temporal
gyrus and ipsilateral activation of the superior temporal
gyurs and cerebellum. Ipsilateral activations were again
found in the inferior parietal cortex (Table 4b, Fig. 3).

Relative overactivation in patients with good recovery
(between-group comparisons)

To identify areas that were relatively more activated in
patients with good motor recovery versus those with poor
recovery, we directly compared increases of tCBF obtained
from PET 2 in both groups (between-group comparison).
This was achieved by subtracting increases of rCBF during
active movements of the poor recovery group from those
with good recovery. Relative overactivation during active
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Table 2 Sites of activation in stroke patients at baseline (within-
group analysis)

Region X y z BA Z score

Contralateral activations
Inferior parietal cortex 60 —40 42 40 5.1
Inferior parietal cortex 50 -32 26 40 4.1
Ipsilateral activations
Inferior parietal cortex —62 —42 34 40 4.3
Inferior parietal cortex —14 —60 48 40 3.2

Anatomical areas indicated on statistical parametric maps showing
increases of rCBF during passive movements of the hemiplegic arm
in stroke patients (within-group study; p < 0.01). Talairach coordi-
nates are in mm and correspond to the stereotactic conventions of the
atlas of Talairach and Tournoux [14]. Z-scores reflect signal intensity

BA Brodmann area

movements in patients with good motor recovery was
found in contralateral Brodmann Area 40 of the inferior
parietal cortex (x = 60, y = —46, z = 20, Z-score 3.5) and
in Brodmann area 19 (x = 30, y = —82, z = —8, Z-score
3.5; Fig. 4).

Conversely, areas with relatively more activation in
patients with poor recovery compared to those with good
recovery were identified by subtracting increases of rCBF
of the poor recovery group from those of the good recovery
group. In this analysis, no foci of activation were found
above threshold.

Discussion

In this study, serial PET imaging was used to evaluate
differences in brain activation between patients with dif-
ferent degrees of recovery from hemiplegic stroke. We did
not find any statistical significant differences between PET
1 and PET 2 in healthy individuals suggesting that the

pattern of brain activation during passive movements is
very stable across time in serial PET of normal subjects.
The observed stability of brain activation in our and other
serial PET experiments of healthy subjects is an important
property of this methodology and helps in the interpretation
of sequential functional imaging results in patients [17].

All patients included in this study had a dense flaccid
hemiplegia and were unable to perform active forearm
movement at time of inclusion into the study. We therefore
selected passive forearm movements as an activation par-
adigm that is independent of the patients’ motor skills. At
baseline, the most significant increases of rCBF were found
in the bilateral inferior parietal cortex. This pattern of brain
activation in hemiplegic stroke patients prior to clinical
recovery corroborates results from previous study of
severely affected stroke patients [3].

Eight weeks after baseline PET, we found different
patterns of brain activation in patients with good recovery
compared to those without recovery. The brain activation
maps of patients with good recovery showed recruitment of
additional areas in the contralateral parietal cortex includ-
ing the occipitoparietal association cortex compared to
those with poor or no recovery. To exclude the possibility
that the patterns of brain activation differed at PET 1 we
also compared rCBF increases between both groups at PET
1 and did not find any statistical significant differences in
the activation of motor or sensory systems. Stroke patients
of both groups were closely matched in the initial degree of
motor deficit and did not differ in demographic or clinical
parameters such as age, sex, or stroke topography. Because
contralateral overactivation of the parietal somatosensory
cortex was seen only in patients with good recovery, this
area may play an important role in recovery of upper
extremity motor function. A predominantly contralateral
(ipsilesional) activation in patients with good recovery has
also been reported in well-recovered patients of a longi-
tudinal PET-study by Carey et al. [4]. In our study,

Fig. 1 Activation during passive movements at baseline. Increases of
regional cerebral blood flow (rCBF) during passive movements of the
plegic (leff) arm in stroke patients (passive movements vs. rest,
within-group analysis, p < 0.01). Surface view of statistical paramet-
ric maps. All lesions were assigned to the right side of the brain.
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Three patients with a left-sided lesion were inverted about the
midsagittal plane. Thus, for analytical purposes, the hemiplegic arm
was always on the left. Areas of activation are superimposed onto a
T;-weighted MRI brain scan
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Table 3 Sites of activation in stroke patients with good recovery
(within-group analysis)

Region X y z BA Zscore
(a) Passive movements
Contralateral activations
Primary somatosensory cortex 54 =34 44 1 6.1
Primary somatosensory cortex 38 —46 60 1 6.1
Primary somatosensory cortex 68 —38 20 1 6.0

No ipsilateral activations
(b) Active movements
Contralateral activations

Primary somatosensory cortex 40 —44 60 1 7.1

DLPFC 26 56 60 9 32
Ipsilateral activations
DLPFC -50 36 30 9 3.1

Anatomical areas indicated on statistical parametric maps showing
increases of rCBF during active and passive movements of the
hemiplegic arm in stroke patients with good recovery (within-group
study; p < 0.01). Talairach coordinates are in mm and correspond to
the stereotactic conventions of the atlas of Talairach and Tournoux
[14]. Z-scores reflect signal intensity

BA Brodmann area

however, recruitment of additional areas was found in the
contralateral parietal cortex, a finding that was not reported
in previous longitudinal functional imaging studies com-
paring different degrees of motor recovery [4-8]. The
severe hemiparesis at stroke onset of our patients and the
use of forearm movements as an activation paradigm may

Fig. 2 Sites of activation in
stroke patients with good
recovery. Increases of regional
cerebral blood flow (rCBF)
during passive movements
(upper panel) and active
movements (lower panel) of the
plegic (left) arm in stroke
patients with good recovery
(within-group analysis,

p <0.01)

explain the activation of the contralateral parietal cortex
observed in our study.

Activation of the parietal cortex has been associated
with preparation and redirection of movements and
movement intentions [18]. Areas contributing to motor
attention such as the posterior parietal cortex may help to
recover lost motor function when efferent fibers from pri-
mary motor areas are damaged by ischemic lesions. Post-
central cortex activation is similar during passive and
active forearm movements in normal subjects suggesting
that this activation is largely mediated by processing of
proprioceptive information in different population of cells
within the same area [10, 19]. Brodmann area 40 has an
important function in proprioceptive integration. Neuro-
anatomical studies have shown that secondary sensory
cortical regions, such as BA 40, are interconnected with the
postcentral gyrus (SI, area 3b), the posterior parietal cortex
and prefrontal cortex, a distributed network involved in
processing somatosensory inputs [20]. BA 40 (including
SII) is involved in high-level sensory processing and sen-
sorimotor integration [21]. Increased reliance on structures
normally involved in processing somatosensory informa-
tion may be an integral part for reorganization of sensory
systems and subserve motor recovery. The importance of
the somatosensory cortex for motor recovery has also been
confirmed in a recent study that used fMRI in the first days
after the occurrence of a stroke: the authors found brain
activation of the postcentral gyrus that correlated with
subsequent motor recovery [22].

In contrast, patients with poor recovery maintained
ipsilateral inferior and superior parietal activation during
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Table 4 Sites of activation in stroke patients with poor recovery
(within-group analysis)

Region X y z BA  Z score
(a) Passive movements
Contralateral activations
Primary somatosensory cortex 36 =32 70 1 52
Superior temporal gyrus 58 10 2 22 34
Ipsilateral activations
Inferior parietal cortex —66 —42 38 40 42
Primary somatosensory cortex —30 —48 74 1 34
Superior temporal gyrus -52 8 2 22 33
(b) Active movements
Contralateral activations
Primary somatosensory cortex 14 —40 80 1 48
Cerebellum 10 —-60 —11 4.1
Medial temporal gyrus 42 34 2 21 4.1
Ipsilateral activations
Medial temporal gyrus -26 —18 -4 21 4.6
Superior temporal gyrus —40 =38 8 22 36
Inferior parietal cortex —62 —40 38 40 33
Cerebellum —44  —58 —42 3.6

Anatomical areas indicated on statistical parametric maps showing
increases of rCBF during active and passive movements of the hemiplegic
arm in stroke patients with poor recovery (within-group study; p < 0.01).
Talairach coordinates are in mm and correspond to the stereotactic con-
ventions of the atlas of Talairach and Tournoux [14]. Z-scores reflect
signal intensity

BA Brodmann area

Fig. 3 Sites of activation in
stroke patients with poor
recovery. Increases of regional
cerebral blood flow (rCBF)
during passive movements
(upper panel) and active
movements (lower panel) of the
plegic (left) arm in stroke
patients with poor recovery
(within-group analysis,

p < 0.01)
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passive movements. No other additional motor or sensory
areas were recruited in the poor recovery group. A strong
area of increased cerebral blood flow was also found in the
somatosensory cortex, similar to that observed in patients
with good recovery. During active movements, patients
with poor recovery showed predominant activation of
parietal and temporal cortical areas. No activation was
found in the somatosensory cortex, as observed in patients
with good recovery.

In this group of patients, the ischemic lesion involved
the basal ganglia and the pons and was balanced between
both groups. More recent studies have linked defined
regions such as the area leading from the corona radiate to
the corticospinal tract as critical for restoration of upper
extremity motor performance after a stroke [23]. Stroke
location was not different between patients with good and
those with bad or no recovery. We therefore do not believe
that differences in the location of the lesion alone explain
the observed patterns of brain activation in patients with
good and those without or with poor recovery. Our data
indicate a relationship between task-related activation of
predominantly sensory systems and degree of motor
recovery after a stroke.

In conclusion, stroke patients with different degrees of
recovery have different patterns of brain activation. Good
recovery was associated with relatively more contralateral
brain activation of secondary somatosensory areas. The
sample size in the dichotomized groups at follow-up is
small. Comparisons where therefore based on a fixed-

Passive movements
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Fig. 4 Sites of relative
overactivation in patients with
good recovery. Increases of
regional cerebral blood flow
(rCBF) during active
movements of the plegic (leff)
arm in stroke patients with good
recovery compared to patients
with bad recovery (between-
group analysis, p < 0.01)

effects model that does not permit any generalization to the
stroke population. However, we carefully selected patients
with comparable stroke pathology and loss of motor con-
trol. It is challenging to find patients with homogenous
neurologic functional deficits. Future studies on a larger
sample size correlating activation patterns with quality of
recovery are needed to identify the neuroanatomical sub-
strates that subserve improved motor function. Such studies
may also guide the development of more effective reha-
bilitative interventions after a stroke.
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