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Abstract

Using functional magnetic resonance imaging, the brain activation related to unilateral sequential finger-to-thumb opposition was studied
in six children with a right congenital hemiplegia of cortical origin. They were compared to six age-matched controls. In the control group,
movements with either hand asymmetrically activated the sensorimotor cortex and premotor areas in both cerebral hemispheres with a
typical contralateral predominance. By contrast, paretic finger movements activated both hemispheres in the hemiplegic patients, with a
strong ipsilateral predominance favoring the undamaged hemisphere. The activation induced by nonparetic finger movements was restricted
to the contralateral undamaged hemisphere. Furthermore, the level of activation in the undamaged cortex was partly related to residual finger
dexterity, according to covariance analysis. These activation patterns indicate an adaptive reorganization of the cortical motor networks in
this group of patients, with a prominent involvement of the undamaged hemisphere in the control of finger movements with either hand.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

In primates including humans, one of the most harmful
consequences of an acquired injury of the corticospinal
tract is the impairment of highly skilled hand abilities
requiring the performance of relatively independent fin-
ger movements (Forssberg et al., 1999). Moreover, the
development of fine manipulative skills is irremediably
impaired in monkeys subjected to such an injury during
the perinatal period (Lawrence and Hopkins, 1976; Pass-
ingham et al., 1983; Rouiller et al., 1998). This has been

observed despite a dramatic functional recovery of the
other motor behaviors, such as climbing or jumping.
Similarly, in man, a unilateral intrauterine or perinatal
brain injury of the motor cortical areas or their cortico-
spinal projections results in congenital hemiplegia which
is characterized by spasticity and by various motor dis-
abilities (Aicardi and Bax, 1998). Children affected by
hemiplegic cerebral palsy can exhibit prominent impair-
ment in the realization of skilled voluntary movements.
In particular, the precision grip between the thumb and
index pads requiring the performance of precise indepen-
dent finger movements can be notably impaired (Forss-
berg et al., 1999; Eliasson and Gordon, 2000).

A profound functional and structural reorganization of
the central nervous system— commonly referred to as
cerebral plasticity — can occur in the adult central ner-
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vous system in response to a brain injury. Positron emis-
sion tomography and functional magnetic resonance im-
aging (fMRI) studies in adult hemiparetic patients who
recovered from a unilateral stroke indicated that the un-
damaged hemisphere may be involved in the functional
recovery of the ipsilateral paretic hand (Chollet et al.,
1991; Cramer et al., 1997). Using combined fMRI and
task disruption by transcranial magnetic stimulation
(TMS) during finger movements in adult stroke patients,
Johansen-Berg et al. (2002a) showed that the dorsal pre-
motor cortex of the undamaged hemisphere was directly
involved in functional recovery of the ipsilateral paretic
hand, particularly in the more impaired patients. Such an
interhemispheric functional reorganization might be even
more pronounced after early brain injury, leading to the
suggestion that the undamaged hemisphere could take
over the control of the ipsilateral paretic hand in patients
with congenital hemiplegia (Carr et al., 1993; Cao et al.,
1994; Müller et al., 1998a, 1998b; Nirkko et al., 1997;
Macdonell et al., 1999; Thickbroom et al., 2001; Staudt et
al., 2002). This is in accordance with the generally ad-
mitted hypothesis that the immature brain has a greater
potential for functional reorganization thanks to the dra-
matic ease of the immature neurons in modifying their
connections (Payne and Lomber, 2001, and references
therein). However, the functional relevance of the acti-
vation of the undamaged hemisphere during paretic hand
movements could be obscured by the frequent occurrence
of mirror movements (MM) in the passive nonparetic
hand and/or by a possible imbalance between the tran-
scallosal inhibitory connections (Boroojerdi et al., 1996;
Staudt et al., 2002; Vandermeeren et al., 2002a). The
origin of MM, which can be seen in young children
(Woods and Teuber, 1978) and in patients with congen-
ital hemiplegia (Carr et al., 1993), unilateral brain mal-
formation (Holloway et al. 2000) or Kallmann’ s syn-
drome (Krams et al., 1997; Mayston et al., 1997) is
uncertain. Since most studies excluded a significant re-
organization of the spinal cord circuitry to account for
MM in the nonparetic hand, two main hypotheses have
been formulated to explain the MM in patients with
congenital hemiplegia. First, a strengthening of the ipsi-
lateral connections that are present from childhood could
have been promoted by the functional demand, due to the
contralateral brain damage. Accordingly, the undamaged
hemisphere would have taken over the control of the
paretic hand through ipsilateral corticospinal projections,
whereas the concomitant recruitment of crossed projec-
tions from the same hemisphere would induce MM in the
contralateral, nonparetic hand. Such a hypothesis would
predict a preferential activation of the undamaged pri-
mary motor cortex during voluntary movements of the
paretic hand. Second, MM may result from a reduction of
transcallosal inhibitory activity from the damaged hemi-
sphere during cortical maturation through childhood, re-
sulting in simultaneous activation of both motor cortices

during intended unilateral movement. Such a hypothesis
would predict a bilateral activation of brain motor areas,
with a significant contribution of the damaged hemi-
sphere in the control of paretic hand movement, provided
the lesion is not too diffuse (Holloway et al., 2000). To
what extent the undamaged and damaged hemispheres of
congenital hemiplegics are respectively involved in the
fine control of independent finger movements of the pa-
retic hand or in the generation of MM is thus still a matter
of debate. In addition, since both hemispheres are in-
volved in the performance of skilled finger movements
with either hand in normal subjects (Kim et al., 1993;
Chen et al., 1997; Nirkko et al., 2001), it is likely that an
early brain injury may induce a reorganization of the
cortical network involved in the control of the nonparetic
finger movements as well. This issue has not received
much attention in previous functional brain imaging stud-
ies about stroke or congenital hemiplegia. Most often, the
activation pattern related to nonparetic hand movements
has been reported to be roughly comparable to that ob-
served in control subjects (Chollet et al., 1991; Sabatini
et al., 1994; Cramer et al., 1997; Cao et al., 1998; Müller
et al., 1998b), although its has repeatedly been demon-
strated that a unilateral brain damage also impairs the
function of the nonparetic upper limb in either congenital
hemiplegics or adult stroke patients (Jones et al., 1989;
Gordon et al., 1999).

To gain further insight into these questions, we investi-
gated the fMRI activation patterns elicited by paretic and by
nonparetic finger movements in a group of children with
congenital hemiplegia who were affected by unilateral cor-
tical lesions. The activation patterns were compared with
those obtained during finger movements in a group of age-
matched control children, with a special emphasis on the
relationships with mirror movements and digital dexterity.
In particular, in an attempt to uncover the actual involve-
ment of the damaged and undamaged hemispheres in the
control of paretic finger movements in hemiplegic patients,
covariate analyses between the fMRI activation and the
residual digital dexterity or the intensity of mirror move-
ments were computed.

Materials and methods

Subjects

Six children with congenital hemiplegia (12.3 � 3.4
years, mean � SD) and six sex- and age-matched control
subjects (12.7 � 3.2 years, t � �0.17, P � 0.86) were
included in this study. A right hemiplegia detected during
the first postnatal year and resulting from a left cortical
injury was the inclusion criterion for the patients. All the
procedures were approved by the Ethical Committee of the
Université Catholique de Louvain. Both parents of each
subject gave written informed consent before the study.
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The history and clinical descriptions of hemiplegic chil-
dren are listed in Table 1. Briefly, the perinatal history was
negative except for premature birth in cases 4 and 6. Early
mental and speech development was normal (i.e., with sen-
tences before 2.5 years). At the time of this study, mild to
moderate motor weakness (Claeys et al., 1983) and dys-
praxia of the right hand were observed in all cases, as well
as mirror movements in the left hand (Table 1). Pyramidal
symptoms such as hyperreflexia, involving upper and lower
limbs, and a Babinski sign were present in all patients. In
addition, patients 1, 3, and 4 were affected by a well-
controlled partial complex epilepsy. There were no left-
handed subjects among parents or relatives.

Anatomical MRI showed a left cortical or cortico-sub-
cortical lesion with mild left ventriculomegaly in all pa-
tients. Patient 2 had a left frontal, closed-lip schizencephalic
cleft lined by abnormally thickened cortex with white mat-
ter trabecula, suggesting a polymicrogyria. The other pa-
tients exhibited cystic lesions compatible with perinatal
infarctions (Table 1).

The controls were normal on neurological examina-
tion; they were all right-handed (Olfield, 1971), had a

normal MRI, and had a normal school level at the time of
study.

Clinical evaluations

In each subject, the limb spasticity was evaluated using
the Ashworth scale (Ashworth, 1964) (see Table 1). The
degree of sensorimotor impairment in the upper limb was
evaluated by means of the Brunnstrom Scale (Brunnstrom,
1966) and the Melbourne Assessment, a test recently de-
signed for children with neurological impairment, which
scores reaching, grasping, releasing, or manipulating ob-
jects (Randall et al., 2001). The impairment of highly skilled
finger movements of each hand was evaluated by the Purdue
Pegboard Test (PPT), which scores the maximal number of
small pegs inserted into the holes of a board in 30 s using
one single hand (Mathiowetz et al., 1986). The PPT is
currently considered one of the most reliable estimates of
the digital dexterity both in normal subjects and patients
(Backman et al., 1992) and in school-age children (Smith et
al., 2000). In the present study, each subject (control or
patient) was tested with the PPT and the mean result of three

Table 1
Patients with congenital hemiplegia: clinical and MRI descriptions

Patient Sex Age
(years)

History Clinical description Clinical scores Cerebral lesions (MRI)

1 M 9 BW 4.500, walk 15, SL
borderline

R hemiparesis, R hand
disuse, epilepsy, spasticity
(3-3), MM (0-2-1/2-2-3)

FIM 123, Brunn 36, Melb
55, PPT 0.3/11.3

Deep L MCA lesion with
MCE of the lenticular and
caudate nuclei, internal and
external capsula, with L VM
and L thalamus hypotrophy

2 M 10 BW 3.460, walk 16, SL
normal

R hemiparesis with equinus,
R hand disuse, spasticity
(1-2), MM (3-2-2/4-3-4)

FIM 124, Brunn 65, Melb
70.5, PPT 1.3/14.7

Closed-lip schizencephaly in
the L central sulcus, lined by
polymicrogyria, mild L VM
and L thalamus hypotrophy

3 M 10 BW 3.500, walk 15, SL
normal

R hemiparesis, R hand
disuse, epilepsy, spasticity
(1-2), MM (3-3-3/3-2-3)

FIM 124, Brunn 21, Melb
NA, PPT 0/12

Large L MCA lesion with
MCE in the frontoparietal
cortex and insula, mild L
VM, L hemisphere and
thalamus hypotrophy

4 F 12 PB 29 weeks, BW 1.500,
walk 17, SL normal

R hemiparesis, R hand
disuse, epilepsy, spasticity
(2-3), MM (0-0-1/2-3-1),
astereognosis

FIM NA, Brunn 44, Melb
NA, PPT 1/11

L MCA lesion with MCE in
the frontoparietal cortex,
mild L VM, mild L
hemisphere hypotrophy

5 F 16 BW 3.170, walk 14, SL
normal

R hemiparesis with equinus,
R hand disuse, spasticity
(1-3), MM (1-1-1/1-3-2)

FIM 126, Brunn 69, Melb
86, PPT 2.3/15.3

L MCA lesion with MCE in
the frontoparietal cortex,
mild L VM, L hemisphere
and thalamus hypotrophy

6 F 17 PB 30 weeks, BW 1.400,
walk 24, SL normal

R hemiparesis with equinus,
spasticity (1-2), MM (0-0-0/
0-1-1)

FIM 126, Brunn 89, Melb
100, PPT 11/17.3

L MCA lesion with MCE in
the temporoparietal cortex,
mild L VM

PB, premature birth; BW, birth weight (kg); walk, age at walking acquisition (months); SL, school level at the time of fMRI; R, right; L, left; scoring for
spasticity (upper–lower limb) was on a 0 to 4 basis (Ashworth scale) and refers to the limb part mostly affected; MM, mirror movements score (0–4) observed
in paretic/nonparetic hand during movement (finger tapping, fist rotation, sequential opposition) of the opposite hand; FIM, functional independence measure
(normal value, 126); Brunn, Brunnstrom score (normal value, 90); Melb, Melbourne score (normal value, 100); PPT, score for digital dexterity in the Purdue
Pegboard Test is the mean number of small pegs inserted in board holes in 30 s using the paretic/nonparetic hand (normal values obtained in control children
were 16.4 � 1.2 and 15.1 � 1.2, respectively, for the right and left hands); NA, not available; MCA, middle cerebral artery territory; MCE, macrocystic
encephalomalacia; VM, ventriculomegaly (see text for additional details).
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trials with either hand was used as individual score for
digital dexterity of the related hand. MM in the passive
upper limb were scored from 0 (absent) to 4 (identical to the
voluntary movements of the intended hand) during finger
tapping, fist rotation, and sequential fingers-to-thumb oppo-
sition (Woods and Teuber, 1978). In addition, the level of
global disability was assessed by means of the Functional
Independence Measure (FIM) (Keith et al., 1987), which
scores the degree of assistance in daily life activities such as
locomotion, dressing, and feeding. The results of the sen-
sorimotor impairment scores we observed in our patients are
presented in Table 1.

fMRI task and EMG recording

Before the fMRI session, the subjects were allowed to
practice the activation task, a self-paced repetitive fingers-
to-thumb opposition with the elbow flexed at about 90°, in
the supine position with eyes closed. The rate of movement
was not recorded inside the magnet. Despite the spasticity
and motor impairment, all patients were able to achieve the
task with the fingers of the paretic hand, although with
slowness and progressive tiredness.

Surface electromyography results (EMG) of both the
flexor digitorum superficialis (FDS) and abductor pollicis
brevis (APB) or first dorsal interosseous (FDI) were bilat-
erally recorded outside the magnet during sequential finger
opposition. EMG was amplified (gain, 500–2000, cutoff
frequency, 5–2.500 Hz, Neurolog, Digitimer, UK) and dig-
itized at 5 kHz using a personal computer with a 1401
interface (Cambridge Electronic Design, UK) for offline
analysis.

3D MRI and fMRI acquisition

Structural brain imaging was obtained in all subjects by
3D MRI in the axial plane orientation on a 1.5-T unit (GE
Signa, Milwaukee, WI, USA) using a T1-weighted gradient
echo sequence (SPoiled GRass, TR, 25 ms; TE, 6 ms; flip
angle, 25°; slice thickness, 1.5 mm). The head was re-
strained by chin and front straps and by foam pads.

Blood oxygen level-dependent (BOLD) fMRI data were
acquired using a multislice gradient echo–echo planar im-
aging (GE-EPI) sequence (TR, 4500 ms; TE, 50 ms) with 31
axial slices, 3.8 mm slice thickness (isotropic voxel), in the
AC–PC orientation (i.e., in the plane of the anterior and
posterior commissures, Talairach and Tournoux, 1988). The
matrix was 64�64 and the field of view was 240 mm.

The fMRI paradigm consisted of 14 alternating epochs of
self-paced repetitive sequential fingers-to-thumb opposition
and rest (27 s per epoch, six repetitions, except for the first
epoch, which lasted 36 s, with eight repetitions). Each hand
was assessed in a separate run while the eyes remained
closed, always beginning with the nonparetic (dominant)
hand. The cue to start and to stop unilateral finger move-
ments was a gentle touch on the leg ipsilateral to the target

hand. Investigators visually checked the task performance
and the presence of mirror movements in the passive hand
that was manually restrained in patients by one investigator,
throughout the run, in attempt to minimize the motion
artifacts.

fMRI processing

The first 4.5 s of each fMRI acquisition was discarded
due to unsteady magnetization. The individual 3D SPGR
volume was realigned to the first remaining fMRI scan of
the corresponding subject using an interactive homemade
image display software (Michel et al., 1995) implemented in
IDL language (IDL Research Systems, Inc.), using the dual
exchanged isocontours procedures (Pietrzyk et al., 1994).
Using SPM99 (The Wellcome Department of Cognitive
Neurology, London, UK, implemented in Matlab; Math-
works Inc.), the 3D SPGR volume was then spatially nor-
malized into the referential defined by the atlas of Talairach
and Tournoux (1988) and the MRI template supplied by the
Montreal Neurological Institute (MNI), following a proto-
col described previously (Vandermeeren et al., 2002b). Spe-
cial care was taken to avoid “overnormalization” of the MRI
by masking the area of the lesion and of the deformed
structures, excluding these brain regions from the normal-
ization process (Brett et al., 2001). The fMRI data were then
spatially realigned using a least squares approach to esti-
mate a six-parameter rigid body transformation for each
scan (SINC interpolation) (Friston et al., 1995a) and further
spatially normalized in one single step using the normaliza-
tion parameters derived from the 3D SPGR normalization.
This procedure resulted in normalized fMRI scans with a
cubic voxel size (2�2�2 mm) for group analysis. These
images were further spatially smoothed with an isotropic
Gaussian kernel (4 mm full width at half maximum,
FWHM) in order to reduce the residual anatomical and
functional variability between subjects.

Statistical analysis

The condition effect [activation–rest] was separately es-
timated for each hand of each subject using the general
linear model (Friston et al., 1995b). In a single subject
analysis, statistics were computed with SPM99 for each
voxel using a delayed boxcar function as the reference
waveform for modeling the haemodynamic responses. Sta-
tistical parametric maps (SPM) of the t values (SPM {t})
were transformed in the unit normal distribution (SPM {Z}).
Voxels with a level of statistical significance of P � 0.05
(corrected for multiple comparisons) were considered sig-
nificantly activated and only voxels clusters with an extent
(k) superior to 20 voxels were considered.

A fixed effect (FFX) analysis was carried out to show the
activation patterns related to voluntary movements of the
fingers in the two groups. First, the condition effect [acti-
vation–rest] of the right (paretic in patients) and left (non-
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paretic) fingers were computed separately in each group.
Second, these patterns were compared between the controls
and patient groups for each hand. The related condition
effect [activation–rest] was used as inclusive mask for each
of these last comparisons (i.e., the contrast [Patients–Con-
trols] was masked by [activation–rest] in the patients group
to ensure that all activated voxels in [Patients–Controls]
were due to real activation above the basal resting state in
Patients and not to deactivation in Controls).

A random effect (RFX) analysis was also carried out
since this second level analysis is generally considered the
gold standard for fMRI group analysis and allows us to
make inferences at the population level (Holmes and Fris-
ton, 1998). The SPM “contrast” images, which summarized
the fMRI activation related to each hand of each individual
subject in FFX analysis, were fed in the appropriate statis-
tical models provided by SPM99 for RFX analyses. First,
differential activation between the patients and control sub-
jects was computed (two-sample t test), respectively, for the
right and left hands, in order to confirm the differential
activation between groups that was disclosed by the first
level (FFX) analysis. Second, a RFX covariate analysis was
carried out (linear regression) to examine whether a sub-
stantial part of the fMRI activation could be explained by
the influence of (1) age, (2) mirror movement in the passive
hand (using the sequential fingers opposition MM subscore
of the passive hand as a covariate), or (3) digital dexterity of
the active hand (using the Purdue Pegboard Test score,
which shares with sequential finger opposition (fMRI task)
the performance of relatively independent finger move-
ments).

Results

Clinical results

The patients with congenital hemiplegia showed a vari-
able functional impairment of the right upper limb
(Brunnstrom score, 54 � 24.8; mean � SD, n � 6, normal
value, 90), this impairment ranged from severe (55/100) to
absent (100/100) as reflected by the Melbourne score (Table
1). However, the patients were relatively independent (FIM
range, 123–126/126). All patients also had poor scores at
the Purdue Pegboard Test with the right paretic hand (num-
ber of pegs inserted in board holes in 30 s, 2.6 � 4.2, mean
� SD), whereas the score of the left nonparetic hand was
13.6 � 2.5; this reflected a severe impairment of digital
dexterity in the paretic hand (t � �10.3, P � 0.001, paired
t test). By contrast, the control subjects realized a mean PPT
score of 16.4 � 1.2 with the right hand and of 15.1 � 1.2
with the left hand (t � 2.5, P � 0.06). The group difference
was significant for the right hand (t � �9.2, P � 0.001) but
not for the left hand (t � �1.79, P � 0.133), although the
scores obtained by all patients but one (No. 6) with their left
nonparetic hand were lower than those observed in controls

with their right dominant hand (t � 3.8, P � 0.01). Patient
6 differed from the other cases by the absence of functional
impairment on the Melbourne test. In the patient group, this
patient also had the highest scores on the PPT but still
scored at � 3 SD from controls for the right paretic hand
(Table 1).

Most of the patients exhibited strong MM in the passive
nonparetic and paretic upper limbs, including during the
fMRI task performance (see Table 1). A clear mirroring
EMG activity during sequential finger opposition was ob-
served in patients 2 and 3. In the two youngest controls,
scarce and intermittent MM were observed in the right
(grade 1) and left (grade 1 to 2) upper limb but no consistent
mirroring EMG activity was recorded in these subjects.

fMRI pattern during right dominant hand movements in
controls

In the control group, right sequential finger opposition
activated a bilaterally distributed network of cortical areas
with a leftward predominance (FFX analysis, Fig. 1). This
network included bilaterally the primary sensorimotor cor-
tices (S1M1, Brodmann areas (BA) 1, 2, 3, and 4) and the
premotor cortices (PM, lateral BA 6) (Table 2). The right
and left supplementary motor areas (SMA, mesial BA 6),
the left thalamus, the right superior parietal lobule (SPL, BA
7), and the left inferior parietal lobule (IPL, BA 40) were
also activated. Both cerebellar hemispheres were also acti-
vated (right more than left).

The RFX covariate analysis did not reveal any correla-
tion between the cerebral activation evoked by right sequen-
tial finger opposition and age, MM score in the left hand, or
Purdue Pegboard Test score of the right hand (threshold for
analysis, P � 0.001, uncorrected).

fMRI pattern during right paretic hand movements in
hemiplegic patients

In the patient group, the activation pattern elicited by
paretic finger movements engaged both hemispheres as in
controls. However, this activation was more widespread and
showed a strong right, ipsilateral predominance (FFX anal-
ysis, Fig. 1). The most significantly activated peak (Z score
� 8) was centered over the right M1S1 in a large voxel
cluster (6567 voxels) that also encompassed the right and
left SMA (Table 2). The second cortical activation focus
included the right PM cortex (185 voxels, Z score �8). Both
thalami were activated, as well as the right and left cere-
bellar hemispheres and the right striatum. Additional acti-
vation foci were also observed in the left insula, BA 22, BA
39, BA 43, and the right hippocampus, BA 9-44 and insula.
Patient 6, who had a normal score on the Melbourne test,
did not differ from other cases in terms of activation pattern.
In addition, a similar activation pattern was observed in
epileptic patients (patients 1, 3, and 4) and in nonepileptic
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Fig. 1. Statistical parametric maps (SPM{t}) showing the brain activation during sequential finger opposition as contrasted to rest. The patterns of activation
related to finger movements as contrasted to rest in controls (a–c) and patients with congenital hemiplegia (b–d) are projected onto glass brains (lateral,
posterior, and superior views; R, right side of the brain). Only the voxels exceeding a threshold of P � 0.05 (corrected for multiple comparisons, minimal
voxels cluster size, 20 voxels) are shown; the darker the voxel the stronger its statistical weight. In each SPM {t} the cursor indicates the voxel with the most
significant activation (as listed in Table 2). Coordinates (a) refer to the referential defined by the atlas of Talairach and Tournoux (1988) and the MNI template
(see materials and methods). In addition, each activation map is also superimposed on a surface view of a normal, spatially normalized MRI shown here for
reference. (a) During finger movements of the right dominant hand, the brain activation is distributed to both hemispheres in the control group, with a
contralateral left predominance. (b) During finger movements of the right paretic hand the brain activation is also distributed to both hemispheres in the patient
group, but with a right ipsilateral predominance; the main activation focus is located in the right undamaged sensorimotor cortex. (c) The activation pattern
for finger movements of the left nondominant hand in controls involves mainly the right contralateral hemisphere, although motor/premotor areas and SMAs
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patients (patients 2, 5, and 6) when data from these sub-
groups were analyzed separately.

The RFX covariate analysis did not reveal any correla-
tion between the cerebral activation evoked by right paretic
finger opposition and age (threshold for analysis, P � 0.001,
uncorrected). There was a trend for a correlation between
fMRI activation and MM score of the left nonparetic hand
in a small voxel cluster centered over the right M1S1 (22

voxels; 32, �24, 44 (x, y, z coordinates); Z score � 3.81;
threshold for analysis, uncorrected P � 0.001). In addition,
the RFX analysis showed a correlation between fMRI acti-
vation and PPT score of the right paretic hand in four brain
regions activated by right finger opposition (threshold for
covariate analysis, uncorrected P � 0.001 (voxel level) and
corrected P � 0.05 at the cluster level, Fig. 2). This corre-
lation between residual digital dexterity and fMRI activa-

are activated bilaterally (see Table 2). The contralateral predominance during left finger opposition is more marked than that for right finger movements. (d)
In the patient group, the pattern of activation related to left nonparetic finger movements is restricted to the right contralateral hemisphere. The main activation
focus in this condition involves the right undamaged sensorimotor cortex with the same coordinates as during right paretic finger movements.
Fig. 2. Correlation between activation and digital dexterity in the right paretic hand. The second level (RFX) covariate analysis shows the foci with a
significant correlation between fMRI activation evoked by right paretic finger movements and digital dexterity as assessed by the Purdue Pegboard Test in
patients with congenital hemiplegia. SPM {t} are superimposed on axial sections of an averaged normalized MRI from the six patients (R, right side of the
brain; Z refers to the slice level (mm) above the intercommissural plane). Only the voxels exceeding a threshold of P � 0.001 (uncorrected) and P � 0.05
(corrected for multiple comparisons, cluster level) are shown and the color scale codes for the T value. From left to right, a significant covariation between
PPT and fMRI activation was observed in the right premotor cortex (BA 6, arrow), right superior parietal lobule (SPL, BA 7, arrow), left supplementary motor
area (SMA), and right inferior parietal lobule (IPL, BA 40).

Table 2
Mean fMRI activation during sequential finger opposition in Controls and Patients

Group Right sequential finger opposition Left sequential finger opposition

Area Coordinates Z score Volume
(voxels)

Area Coordinates Z score Volume
(voxels)

x y z x y z

Controls L. M1S1 �34 �26 66 �8 1293 R. M1S1 42 �22 52 �8 2197
R. cerebellum 22 �52 �24 �8 843 Bilateral SMA 6 2 60 �8 430
Bilateral SMA 6 4 60 �8 423 L. cerebellum �14 �52 �16 �8 415
R. S1 56 �24 42 �8 450 R. thalamus 18 �20 6 �8 127
L. thalamus �12 �20 8 �8 119 R. cerebellum 24 �58 �18 7.50 80
R. M1/PM 38 �14 60 �8 243 R. SPL 28 �58 60 7.31 38
R. PM 62 2 32 �8 67 L. M1 �38 �16 60 7.02 36
R. SPL 28 �58 60 7.63 31 R. BA 22 64 �26 16 6.89 51
L. cerebellum �16 �58 �8 7.62 22 L. cingulate gyrus �6 16 38 6.62 30
L. PM �60 �2 28 7.05 32 R. insula 36 �8 �2 6.59 26
L. IPL �58 �22 18 6.43 37 R. IPL 32 �42 42 6.18 25

L. M1/PM �60 0 26 5.68 23

Patients R. M1S1a 36 �26 52 �8 6567 R. M1S1 36 �28 52 �8 2662
Bilateral SMAa �2 �2 52 �8 L. cerebellum

(� vermis)
�14 �52 �14 �8 411

Bilateral cerebellum
(�vermis)

4 �58 �10 �8 1065 R. SMA 10 2 50 �8 275

R. PM 64 4 22 �8 185 R. PM 60 6 20 7.15 45
L. BA 43 �50 �12 20 �8 118
L. BA 22 �44 �42 12 �8 42
L. insula �24 �8 26 �8 349
R. hippocampus 36 �40 �2 7.68 79
L. thalamus �10 �20 2 7.20 66
R. striatum 18 2 0 7.08 21
R. thalamus 18 �8 8 6.86 99
L. BA 39 �32 �52 28 6.59 25
R. insula 32 �6 24 6.17 22
L. BA 39 �36 �58 12 6.03 20
R. insula 26 �12 16 6.02 23
R. BA 9–44 30 8 32 5.98 50

R, right; L, left; M1, primary motor cortex (BA 4); S1, primary somatosensory cortex (BA 1, 2, 3); PM, premotor cortex (lateral BA 6); SMA,
supplementary motor area (mesial BA 6); IPL, inferior parietal lobule (BA 40); SPL, superior parietal lobule (BA 7); cingulate gyrus (BA 32 and/or 24).
Threshold for analysis, corrected P � 0.05, minimal cluster extent, 20 voxels.

a Belonging to the same voxel cluster.

295Y. Vandermeeren et al. / NeuroImage 20 (2003) 289–301



tion involved the right IPL (33 voxels; 52, �36, 38 (x, y, z
coordinates); Z score � 4.75), left SMA (154 voxels; �2,
�14, 52; Z � 4.74), right PM cortex (38 voxels; 16, �14,
68; Z � 4.69), and right SPL (80 voxels; 28, �50, 66; Z �
4.35).

fMRI pattern during left nondominant hand movements in
controls

In the control group, the performance of sequential finger
opposition with the left hand resulted in a bilateral activa-
tion, though strongly lateralized to the right contralateral
hemisphere (FFX analysis, Fig. 1). Significant fMRI acti-
vation was observed in the right M1S1, thalamus, SPL, BA
22, insula, IPL, and PM cortex as well as in a voxel cluster
encompassing both SMAs (Table 2). Smaller activation foci
were also found in the left M1, cingulate, and PM cortex as
well as bilaterally in the cerebellar hemispheres (left more
than right).

The RFX covariate analysis did not reveal any corre-
lation between the cerebral activation evoked by left
sequential finger opposition and age, MM score in the
right fingers, or PPT score of the left hand in any acti-
vated brain area (threshold for analysis, uncorrected P �
0.001).

fMRI pattern during left nonparetic hand movements in
hemiplegic patients

In the patient group, the activation evoked by sequential
finger opposition with the left nonparetic hand was re-
stricted to the contralateral — undamaged — hemisphere
and included the right M1S1, SMA, and PM cortex (FFX
analysis, Fig. 1, Table 2). The left cerebellar hemisphere
and vermis were also activated. A similar activation pattern
was observed in epileptic and in nonepileptic patients, as
well as in patient 6.

The RFX covariate analysis did not reveal any significant
correlation between fMRI activation and age, MM score in
the right passive hand, or PPT score of the left nonparetic
hand in any region activated by left sequential finger oppo-
sition (threshold for analysis, uncorrected P � 0.001).

Differential activation in patients and controls during
right hand movements

In FFX analysis, the [Patients–Controls] contrast showed
a stronger activation in the patient group than in the control
group in a large voxel cluster encompassing the right M1S1
and PM cortex, as well as in the left SMA (Table 3). There
were also additional activation foci on the left side, i.e., IPL,
SPL, insula, and BA 37, that were more activated in patients

Table 3
Differential activation during sequential finger opposition between Patient and Control groups

Differential activation with right finger movements Differential activation with left finger movements

Area Coordinates Z score Volume
(voxels)

Area Coordinates Z score Volume
(voxels)

x y z x y z

[Patients–Controls]
(mask : Patients)

R. S1M1/PM 36 �26 50 �8 885 R. M1S1 34 �28 50 �8 247

L. SMA �6 �22 52 �8 571 R. M1/PM 28 �16 60 �8 47
L. SPL �18 �48 58 �8 88 R. SMA 12 0 50 6.45 32
L. IPL, S1 �60 �10 18 �8 85 R. SPL 28 �48 68 6.15 21
L. SPL �28 �56 56 �8 44 R. IPL 54 �22 28 5.90 27
Cerebellar vermis 2 �58 �10 7.82 58
L. IPL �38 �36 54 7.38 79
L. Cerebellum �14 �48 �14 7.20 22
L. BA 22 �44 �42 12 7.18 32
L. BA 37 �40 �62 8 6.90 26
L. Insula �36 �10 20 6.84 31
L. S1, IPL �26 �26 46 6.31 23

[Controls–Patients]
(mask : Controls)

L. M1S1 �38 �12 60 �8 291 R. M1S1 46 �16 44 �8 483

R. SMA 6 4 60 �8 69 R. SMAa 6 4 60 �8 175
L. PM �56 0 34 �8 35 L. SMAa �2 �2 64 6.30 —

R. PM 36 �14 64 7.49 40
L. PM �58 0 26 7.45 86
L. IPL/S1 �50 �24 36 7.11 41
R. cerebellum 22 �62 �18 6.80 49

R, right; L, left; M1, primary motor cortex (BA 4); S1, primary somatosensory cortex (BA 1, 2, 3); PM, premotor cortex (lateral BA 6); SMA,
supplementary motor area (mesial BA 6); IPL, inferior parietal lobule (BA 40); SPL, superior parietal lobule (BA 7). Threshold for analysis, corrected
P � 0.05, minimal cluster extent, 20 voxels, differential activation masked by activation minus rest (see materials and methods).

a Belonging to the same voxel cluster.
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than in controls. The left cerebellum and the vermis were
also more significantly activated in the patient group. The
second level (RFX) analysis showed a similar pattern,
though to a nonsignificant level (P � 0.001, uncorrected). In
particular, the fMRI activation during right finger move-
ments was stronger in the patient group than in the control
group in the left SMA (64 voxels; �8, �16, 54; Z score �
4.28) and the right precentral gyrus (M1/PM, 27 voxels; 24,
�18, 64; Z � 3.77).

Conversely and as revealed by the [Controls–Patients]
contrast in FFX analysis, the left M1S1 and PM cortex and
the right SMA were more strongly activated in the control
than in the patient group (Table 3). These small foci were
not observed in the RFX analysis (P � 0.001, uncorrected),
maybe due to the reduced number of subjects.

Differential activation in patients and controls during left
hand movements

In FFX analysis, the [Patients–Controls] contrast showed
that several brain areas, all located in the right, undamaged
hemisphere, were more significantly activated in the patient
group than in the control group during left sequential finger
opposition. These foci encompassed the right M1S1, PM
cortex, SMA, SPL, and IPL (Table 3). The RFX analysis
failed to show a significant differential activation between
the patient and control groups (P � 0.001, uncorrected).

The inverse contrast [Controls–Patients] revealed that
bilateral regions were more activated in the control than in
the patient group during left finger movements. These re-
gions included a part of the right M1S1 (Table 3), which
was located more laterally and anterior to the M1S1 region
shown by the [Patients–Controls] contrast. Stronger activa-
tion in the control group was also found in the right PM
cortex (more laterally than in the reverse contrast), in the
right and left SMA, in the left PM, IPL/S1, and in the right
cerebellum. The RFX analysis failed to show a significant
differential activation between the patient and control
groups (P � 0.001, uncorrected).

Discussion

The fMRI activation correlating with movements of the
right fingers was bilaterally distributed in both the hemiple-
gic patient and control groups, but a strong right ipsilateral
predominance was observed in the patient group, in oppo-
sition to the leftward contralateral predominance disclosed
in the control group. This may indicate a relatively stronger
implication of the undamaged hemisphere during task per-
formance with the ipsilateral paretic hand, further supported
by a covariation between this activation and the residual
digital dexterity (PPT). During left finger movements, the
bilateral fMRI activation was strongly asymmetric in favor
of the right contralateral hemisphere in the control group,

whereas an exclusive activation of the right undamaged
hemisphere was observed in the patient group.

Methodological considerations and limitations

In the present study, a self-paced sequential finger op-
position was chosen to uncover the cerebral activation re-
lated to the execution of discrete finger movements with
either hand at a preferred and spontaneous rate. One poten-
tial problem in using a self-paced movement is that presum-
ably the control group produced a larger number of move-
ments in each epoch than did the patient group. One could
have expected that this would lead to larger activation of the
contralateral hemisphere in the control group. However, a
large number of contralateral activation foci was observed
in the patient group, including nonmotor areas in the dam-
aged hemisphere. Moreover, despite the presence of spas-
ticity, cocontractions, and motor impairment, the patients
were able to achieve the task with the paretic fingers, even
if they had to make greater efforts, especially to maintain
their performance throughout the fMRI session. This may
have resulted in the recruitment of additional areas in con-
genital hemiplegic patients (Staudt et al., 2002). Therefore,
although the task difficulty was obviously different for pa-
tients and controls, there was no attempt to correct the task
performance for rhythm or subjective effort that could in-
fluence the activation patterns (Sadato et al., 1996, 1997a;
Jäncke et al., 1998) and accordingly, the widespread acti-
vation including both hemispheres in the patient group may
be related, at least partly, to the nonspecific recruitment of
additional areas during the performance of more demanding
movements in patients compared to control subjects.

The Purdue Pegboard Test is considered a reliable quan-
titative measure of digital dexterity (Mathiowetz et al.,
1986; Backman et al., 1992; Smith et al., 2000). The PPT
and the sequential finger opposition task are different tasks
and are supposed to involve partly different cortico-subcor-
tical circuits. However, both tasks require the performance
of complex, finely tuned, and independent finger move-
ments that are known to engage a common network of
premotor and primary sensorimotor areas, especially M1
and its corticospinal projections, at least in normal subjects.
For this reason, the PPT score was used as a covariate in
statistical analysis to unveil the brain areas wherein the
fMRI activation elicited by unilateral finger movements was
positively correlated with digital dexterity.

The isometric half-flexion of the elbow during finger
movement required the contraction of proximal muscles and
this could have contributed to the bilateral activation of
sensorimotor areas (Nirkko et al., 2001) in addition to that
induced by unimanual sequential finger opposition (Kim et
al., 1993; Sadato et al., 1996). However, there was no
obvious difference between patients and controls in the
elbow flexion during the task. Since the passive hand was
continuously restrained in patients to reduce motion arti-
facts due to mirror movements, we cannot definitely rule out
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that some increased somatosensory input from the passive
restrained hand resulted in additional activation.

The fMRI activation patterns reported previously during
cognitive, motor, or sensory tasks in children older than 5
years of age elicit patterns of activation similar to those in
adults with only minor differences (Gaillard et al., 2001). In
the present study, dealing with subjects aged from 9 to 17
years, the RFX covariate analysis failed to show any cor-
relation between fMRI activation and age. Moreover, since
patients and control subjects were matched for age, these
developmental effects are unlikely to account for the differ-
ences between groups.

Finally, the number of subjects in RFX analysis was too
small to get significant results in order to make inferences at
the level of the population (Holmes and Friston, 1998). For
this reason, the conclusions of the present FFX analysis are
mostly restricted to the subjects under study.

fMRI activation evoked by right sequential finger
opposition

In the control children, the fMRI activation related to
finger movements of the right dominant hand was distrib-
uted in both hemispheres. The contralateral left hemisphere
was more extensively and more significantly activated, as
repeatedly described in previous studies carried out in right-
handed adults (Kim et al., 1993; Kawashima et al., 1993;
Catalan et al., 1998). By contrast, although the fMRI acti-
vation was also bilaterally distributed in the patient group,
by far the most significant and largest activation foci ob-
served during movement of the right paretic fingers were
located in the ipsilateral undamaged hemisphere. This is in
accordance with previous studies (Cao et al., 1994; Nirkko
et al., 1997; Macdonell et al., 1999; Thickbroom et al.,
2001; Staudt et al., 2001; Johansen-Berg et al., 2002a).
Moreover, the present study disclosed a correlation between
the residual digital dexterity of the paretic hand and the
intensity of the activation in the premotor and parietal cor-
tices of the undamaged hemisphere, as indicated by the
covariate analysis. It is thus sensible to hypothesize that the
undamaged hemisphere played a significant role in func-
tional recovery in our patients. On the one hand, a recruit-
ment of the ipsilateral premotor cortex has been observed in
adult stroke patients studied by fMRI and using TMS as a
temporary interference technique (Johansen-Berg et al.,
2002a), especially in the more impaired patients. On the
other hand, in recent fMRI studies carried out in right-
handed adults, the ipsilateral intraparietal cortex was in-
volved in the sensorimotor integration required for the con-
trol of fine fingertip forces during precision grip with the
right dominant hand (Ehrsson et al., 2001). Accordingly, it
could be hypothesized that the ipsilateral intraparietal cortex
may play a role during the realization of relatively indepen-
dent finger movements and that, in patients with congenital
hemiplegia, the premotor and the parietal cortices of the

undamaged hemisphere could significantly contribute to
functional recovery.

Alternatively, the activation of the undamaged hemi-
sphere, especially in M1S1, could also be related to the
motor output resulting in mirror movements in the nonpa-
retic hand (Staudt et al., 2002) or to increased somatosen-
sory inputs due to its restrain during the fMRI procedure.
The activation of M1S1 in the undamaged hemisphere may
also be due to an imbalance between the transcallosal in-
hibitory connections as suggested in adult stroke patients
(Weiller et al., 1992; Boroojerdi et al., 1996). In the present
study, the most significant and largest activation foci were
centered over almost identical coordinates in M1S1 and PM
cortex of the undamaged hemisphere during task perfor-
mance with either the right or left fingers in the patient
group. This brings support to the hypothesis of MM-related
activation. The RFX covariate analysis also disclosed a
trend for a correlation between MM in the nonparetic pas-
sive hand and the M1S1 activation observed in the undam-
aged hemisphere during paretic finger movements. For
these reasons, it is likely that a part of the ipsilateral M1S1
activation during paretic finger movements could be as-
cribed to MM in the passive nonparetic hand in addition to
interhemispheric transfer of function (Cao et al., 1994;
Nirkko et al., 1997; Macdonell et al., 1999; Thickbroom et
al., 2001; Staudt et al., 2002). This suggests, but does not
prove, that a part of the M1S1 activation in the undamaged
hemisphere may be due to the recruitment of crossed cor-
ticospinal projections leading to MM and/or to sensory
feedback from the involuntary mirroring hand (Krams et al.,
1997) rather than to a lack of transcallosal inhibition.

In the damaged hemisphere, the premotor and parietal
areas can also underlie functional recovery after an injury of
M1 or of its corticospinal projections (Chollet et al., 1991;
Cao et al., 1994; Staudt et al., 2001; Johansen-Berg et al.,
2002b). Accordingly, the widespread activation of the left
damaged hemisphere in the present study may be related to
compensatory recruitment of the SMA and parietal areas of
the damaged hemisphere, as previously suggested in con-
genital hemiplegics and adult stroke patients (Cao et al.,
1994; Johansen-Berg et al., 2002b). The gradient of inter-
hemispheric transfer, ranging from partial to complete,
might depend on the location and extent of injury (Staudt et
al., 2002) as well as on other factors, such as the timing of
insult relative to the cerebral development (Carr et al., 1993;
Holloway et al., 2000; Staudt et al., 2002). It has been
suggested that somatosensory processes remained preferen-
tially located in the affected hemisphere, whereas the con-
trol of the paretic hand movements could be relocated in the
undamaged hemisphere in patients with congenital hemiple-
gia (Thickbroom et al., 2001). If such an interhemispheric
dissociation between motor and somatosensory processes
was present in our patients, some part of the fMRI activation
disclosed in the affected hemisphere especially in S1 and
parietal areas, could have resulted from somatosensory in-
put from the paretic hand during movement. However, other
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studies indicated that both motor and somatosensory func-
tions can shift toward the undamaged hemisphere after early
brain injury (Lewine et al., 1994; Macdonell et al., 1999;
Chu et al., 2000; Holloway et al., 2000). In addition, there
was a more diffuse activation of both hemispheres in pa-
tients than in controls, including many nonmotor brain areas
in the damaged hemisphere, as also reflected by the differ-
ential activation between patient and control groups. Part of
this widespread activation including both hemispheres in
the patient group could be related, at least partly, to the
nonspecific recruitment of additional areas due to the diffi-
culty of the task, which was larger for hemiplegic patients
than for controls. In the present study, the SMA was the
only area of the damaged hemisphere wherein the fMRI
activation correlated positively with the residual digital dex-
terity of the paretic hand. Interestingly, this is consistent
with the repeatedly reported association of SMA activation
with complexity of movement and responsiveness to inter-
nal cueing of movement (Catalan et al., 1998, and refer-
ences therein). Finally, since the cerebral lesions were not
identically located in our patients and since the clinical
deficit was not uniform, it is likely that such a trend toward
an increased reliance over the undamaged hemisphere for
sensorimotor processing was not uniformly distributed
across the patients. This may further account for the more
widespread bilateral activation in the patient group com-
pared to the controls.

fMRI activation evoked by left sequential finger
opposition

In the control group, sequential finger opposition with
the left nondominant hand resulted in bilateral activation,
albeit with a smaller volume of activation in the ipsilateral
hemisphere than did right finger movements. This finding
stands in contrast with the currently admitted notion that the
left dominant hemisphere is much more involved than the
right nondominant hemisphere in the control of the ipsilat-
eral upper limb movements in normal right-handed subjects
(Kawashima et al., 1993; Kim et al., 1993; Li et al., 1996;
Baraldi et al., 1999). In our control group, there was no
obvious difference in fMRI task performance by either hand
nor in digital dexterity as assessed by the PPT test. Addi-
tional activation studies in a larger group of children are
needed to infer the present results at the level of the popu-
lation. Nevertheless, it is tempting to suggest that the bias of
ipsilateral motor control in favor of the left dominant hemi-
sphere in right-handed adults could not be the rule in chil-
dren and that maturation effects could account for this
subtle difference. Maturation effects also account for the
ability to shift hand dominance and for mirror movements
that are observed in children until the age of 10 years
(Woods and Teuber, 1978).

In contrast with the bilateral activation observed in con-
trols, sequential finger opposition with the left nonparetic

hand resulted in an exclusive activation of the contralateral
undamaged hemisphere in hemiplegic patients. Previous
studies with functional imaging brought discrepant results
regarding the activation pattern evoked by movements of
the nonparetic hand in adult or pediatric hemiparetic pa-
tients. A lack of difference between patients and control
subjects has been reported (Chollet et al., 1991; Sabatini et
al., 1994; Cramer et al., 1997; Cao et al., 1998; Müller et al.,
1998b), as well as a relative overactivation of the unaffected
hemisphere in the hemiparetic group (Marshall et al., 2000;
Staudt et al., 2002). The present results indicate the absence
of significant involvement of the damaged hemisphere in
the execution of ipsilateral movements with the nonparetic
fingers in children with congenital hemiplegia. Subtle but
indubitable functional impairment of the nonparetic hand
has been repeatedly reported both in adult stroke patients
and in congenital hemiplegics (Colebatch and Gandevia,
1989; Jones et al., 1989; Gordon et al., 1999; Marshall et al.,
2000; Duque et al., 2003). The present study is in accor-
dance with these observations if one admits that the best
performance of the patients, using their nonparetic hand at
the Purdue Pegboard Test, was slightly inferior to that
obtained by the control subjects with their dominant hand.
Mercuri et al. (1999) suggested that the impairment of the
nonparetic upper limb in congenital hemiplegics may be
explained by the frequent occurrence of bilateral parenchy-
mal lesions. However, these functional deficits are also
consistent with the fact that each cerebral hemisphere is at
least partly involved in the control of the ipsilateral upper
limb (Kim et al., 1993; Chen et al., 1997; Cramer et al.,
1999; Nirkko et al., 2001). Therefore, it is likely that the
functional integrity of both hemispheres is required for the
performance of highly skilled movements (Gordon et al.,
1999). We hypothesize that a part of the subtle impairment
observed in the nonparetic hand could be reflected by the
unilateral fMRI activation pattern, restricted to the undam-
aged hemisphere and related to an excessive lateralization
of the motor control.

Conclusions

Although these findings may not be applicable to all
types of congenital hemiplegia, the present observations
suggest an overall increased reliance upon the undamaged
hemisphere during the realization of independent finger
movements with either the paretic or nonparetic hand. This
indicates a partial interhemispheric transfer of the motor
function in hemiplegic children, with the undamaged hemi-
sphere having taken over the control of the ipsilateral pa-
retic hand after early brain injury. Additional studies would
investigate further whether the activation pattern abnor-
mally confined to the undamaged hemisphere is related to
the subtle impairment observed in the nonparetic upper limb
of patients with congenital hemiplegia.
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