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ABSTRACT Functional magnetic resonance imaging was
used to map the hand sensorimotor area of hemiparetic ado-
lescents and young adults who had suffered unilateral brain
damage in the perinatal period. Unlike normal subjects, who
exhibit cortical activation primarily contralateral to voluntary
finger movements, the hemiparetic patients’ intact hemi-
spheres were equally activated by contralateral and ipsilateral
finger movements. Our findings are consistent with previous
clinical observations and animal experiments which suggest
that the immature brain is able to reorganize in response to

focal injury.

Many observations suggest that the immature human brain is
characterized by ‘‘plasticity’’: i.e., it is capable of major
functional reorganization in response to external and internal
stimuli. For example, children will recover language skills
after sustaining a large insult or even hemispherectomy on
the speech-dominant side if the damage occurs before age 7
or 8 (1). Similarly, if a child with strabismus is forced to use
the squinting eye by patching of the good eye before about
age 7, permanent visual loss in the squinting eye (amblyopia)
can be prevented (2, 3). The sensorimotor system also
demonstrates plasticity. Children with large unilateral brain
lesions can learn to reach out and grasp an object and can
walk, although with a limp (4). Movements of the paretic
hand in these children are often accompanied by ‘‘mirror’’
movements on the opposite side (5, 6). Such parallel move-
ments are much more prominent when brain injury occurs
before 1 year of age (6). These observations suggest that
motor function might be represented in the hemisphere
ipsilateral to the weak hand if injury is incurred early in life.

Similar effects have been found in animal models: e.g., the
reaction of the rodent motor system to postnatal hemi-
spherectomy. In this model, it has been shown that the
remaining hemisphere develops a new, uncrossed cortico-
spinal tract to the ipsilateral spinal cord in addition to the
usual crossed one (7). Huttenlocher et al. (8, 9) have suc-
ceeded in making separate cortical maps of the neurons
forming the aberrant (uncrossed) and normal (crossed) tracts.
The neurons which are ‘‘recruited’’ to form the uncrossed
tract are found in the same areas as the usual ‘‘crossed’
neurons, as well as in the adjacent cortex. Thus, these
cortical mapping experiments suggest that a limited popula-
tion of multipotential neurons might be involved in brain
plasticity. The mechanisms of neural reorganization in the
human brain are not well understood (10) but may involve the
unmasking of existing pathways (11, 12), competition for
synaptic space (13), or axonal migration and sprouting along
chemical gradients (14).
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Although ample clinical observations (1-7) and animal
experiments (8, 9, 15) suggest that the human brain demon-
strates plasticity, there are few studies that provide brain
mapping evidence for cortical reorganization after motor-
cortex lesions. A single case report utilizing magnetoenceph-
alography suggested reorganization in the somatosensory
cortex, with increased ipsilateral representation after neona-
tal middle cerebral artery distribution infarction (16). Weiller,
Chollet, and coworkers (17, 18) have reported functional
reorganization of the brain after striatocapsular infarction in
adults that includes the activation of ipsilateral cortical
regions. We are not aware of similar data concerning the
reorganization of motor and somatic sensory representations
after congenital lesions, where plasticity is likely to be greater
than in the adult brain. In this article, we report brain
mapping experiments on a group of hemiparetic patients who
had suffered unilateral brain damage in the perinatal period
19).

In the last 2 years, functional magnetic resonance imaging
(fMRI) techniques (20-24) have been developed to detect
functional changes in the brain. The most widely used of
these fMRI techniques is based on detecting local changes in
blood deoxyhemoglobin concentration in active regions of
the brain (25, 26). We used this fMRI technique to create
functional maps of the hand sensorimotor areas of adoles-
cents and young adults who have been hemiparetic since
birth. The active brain regions were displayed and charac-
terized by use of integrated three-dimensional models of the
brain structure and function of each subject. We compared
the fMRI-derived cortical maps of the intact hemispheres of
hemiparetic patients with similar maps (27) of the dominant
(left) hemispheres of right-handed controls. We also pro-
duced fMRI-derived cortical maps of the motor areas of the
damaged hemispheres of hemiparetic subjects. We found
that the sensorimotor area in the intact hemispheres of the
hemiparetic patients was substantially activated by ipsilateral
(paretic) finger movement, suggesting reorganization of sen-
sqrimotor cortex in the human brain after neonatal brain
injury.

METHODS

Subjects. We studied six patients with unilateral brain
damage in the perinatal period (mean age, 15 years; range,
7-22 years; four males and two females). Five of these
patients had damage to the left sensorimotor cortex, while
one had injury to his right sensorimotor cortex (Table 1).
Three patients had porencephaly; they most likely experi-
enced destructive lesions secondary to intrauterine or peri-
natal stroke. The other three had diffuse cortical atrophy with

Abbreviation: fMRI, functional magnetic resonance imaging.
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Table 1. Summary of anatomical features, impairment, and fMRI results of the six patients
Time for 20
thumb-to-four-digit
Age, Injured Lesion size,* mm oppositions, sec Activated volume#
Patient years  hemisphere S-I L-R A-P P (MM)t N MMt I C 1/C8
1 22 Left (Diffuse atrophy) 92 (yes) 40 (yes) 0.07 0.07 0.95
2 15 Right 41 43 50 9 (no) 18 (no) 0.44 0.18 2.49
3 16 Left 51 42 45 120 (yes) 41 (yes) 0.15 0.64 0.23
4 17 Left (Diffuse atrophy) — (no) — (yes) 0.12 0.11 1.03
5 15 Left 59 33 76 46 (no) 37 (yes) 0.74 1.25 0.59
6 7 Left (Diffuse atrophy) T (yes) 41 (yes) 1.33 3.74 0.36
(Mean
+ SEM) 15 0.47 £ 0.20 1.00 * 0.58 0.94 + 0.34

*Longest dimensions of the lesion in superior-inferior (S-I), left-right (L-R), and anterior-posterior (A-P) directions are given.
TP and N indicate paretic and normal hands, respectively; MM, mirror movement.
$Absolute volume in the Rolandic region of the intact hemisphere activated by ipsilateral (paretic) (I) and contralateral (normal) (C) hand

movements expressed in an arbitrary unit.

$Volume ratio (I/C) of fMRI signals in the Rolandic zone of the intact hemisphere of hemiparetic patients during ipsilateral (I) and contralateral

(C) hand movements.

fPatients 2 and 6 were unable to move the last two digits of their paretic hands. During the fMRI scan, they were instructed to sequentially touch

their thumb to the second and third digits only.

a general decrease in size, sparse subcortical white matter,
and enlargement of the lateral ventricle in the left hemisphere
(patients 1, 4, and 6). Patients 4 and 6 had genetically based
maldevelopment of the left hemisphere, the two being first
cousins. Only patient 1 had epilepsy, controlled by anticon-
vulsant medication. All patients had significant impairment of
voluntary movements on the paretic side but were able to
carry out individual finger movements. The impairment in
finger movement was most severe for patients 2 and 6, who
could only oppose the thumb and the second and third digits;
was intermediate for patients 1, 3, and 4; and was mild for
patient 5, who had good voluntary finger control in all five
digits. The degree of impairment was measured by the time
required to carry out 20 sequential thumb-to-four-digits op-
positions. In the group of patients who were able to carry out
this task, this time varied from 46 to 120 sec on the paretic
side versus 18 to 41 sec on the normal side (see Table 1). The
control group consisted of eight normal right-handed adults
(age range, 22-45; seven men and one woman) from our
previous study (27).

Motor Task. During the fMRI scans, the subjects were
instructed to perform a repetitive finger opposition task in
which the thumb sequentially touched each of the four digits.
Patients 2 and 6 were unable to move the last two digits of
their paretic hand and were instructed to sequentially touch
their thumb to the second and third fingers only. All subjects
were instructed to perform the task as rapidly as possible.
The instructions for the subjects to start and stop the task
were given through the scanner-room intercom. Task per-
formance was verified through a camera in the scanner room.

MRI. All MRI experiments were performed on a 1.5-T
clinical scanner with a quadrature head coil (Signa, GE
Medical Systems, Milwaukee, WI). First, the hand sensori-
motor region was located on multislice coronal T;-weighted
images of brain anatomy. To increase signal-to-noise during
the fMRI scan, a gradient echo pulse sequence (GRASS) was
modified to produce images with low spatial resolution (64 X
128 matrix over a 24 cm field-of-view) and narrow receiver
bandwidth (+8 kHz) (27). During the fMRI study, this
modified GRASS was used to acquire four axial sections with
7- to 8-mm thickness during 14 sec (Tr/Tg = 50/39 msec; flip
angle, 35°; and one excitation), followed by an 8-sec delay.
The fMRI scan protocol consisted of a baseline scan period
followed by scans during four to eight alternating periods of
task performance and rest. Each period lasted about 1-2 min;
the whole fMRI protocol lasted about 7 min. In the baseline
period, subjects were in a resting condition and images

acquired were not affected by residual signal from previous
tasks. This protocol was repeated twice for each hand.
Finally, a T;-weighted volumetric gradient echo pulse se-
quence (SPGR) was used to produce 60 contiguous 3-mm
sagittal images of cranial anatomy, which were used to create
a three-dimensional model of the brain anatomy of each
subject. During the scan the subjects wore ear plugs and were
instructed to keep their eyes closed. To reduce head motion,
each subject’s head was packed firmly in the head coil with
Styrofoam pads, and the forehead was held down by surgical
tape. Before the scan, the patients were instructed to practice
the task until they could confidently perform it. The whole
protocol lasted about 1 hr.

Data Analysis. Identification of significant signals during
brain activation. Student’s ¢ test was applied to identify
pixels containing significantly different baseline and acti-
vated signal intensities (27). Those pixels with high ¢ values
(¢ > 4.58) were further tested by temporal cross-correlation
with a sine wave having the periodicity of the motor-task
protocol (28). Pixels having cross-correlation coefficients
greater than 0.725 were considered to represent significant
functional activity. The total volume of activated brain tissue
was then computed by summing the volumes of these signif-
icant pixels.

Image display. The volumetric images were reformatted to
produce T;-weighted axial images of anatomy at the same
planes scanned with fMRI. Significant fMRI signals were
then overlaid on these images to produce integrated cross-
sectional images of brain structure (gray scale) and function
(color coded). The volumetric images were also used to
create a three-dimensional model of the subject’s gyral anat-
omy (29). Then, the significant functional signals were pro-
jected onto these three-dimensional models to produce inte-
grated three-dimensional images of each subject’s brain
structure and function.

Spatial distribution of functional signals. To study the
brain organization of hemiparetic patients, we sought to
characterize the spatial distribution of the functional signals
in the intact hemispheres of these patients. The three-
dimensional model of each subject’s brain was used to
identify anatomic landmarks, such as the central sulcus and
pre- and postcentral gyri. Coordinates of these landmarks
were transferred to the integrated cross-sectional images of
each subject. These landmarks were used to divide each
undamaged hemisphere into Rolandic and non-Rolandic
zones: the Rolandic zone was defined as the region between
the anterior margin of the precentral gyrus and the posterior
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margin of the postcentral gyrus; the remainder of the hemi-
sphere was termed the non-Rolandic zone. In each intact
hemisphere, every voxel with significant functional signal
was identified as being in either the Rolandic or non-Rolandic
zone. In the Rolandic zone of the hemiparetic patients we
computed the ratio (I/C) of the volume of significant func-
tional signal from ipsilateral (paretic) hand movement to that
from contralateral (normal) hand movement. The corre-
sponding I/C volume ratio in the left hemisphere of the
right-handed normal subjects was also computed. The I/C
volume ratio of the hemiparetic patients was then compared
to that of the control group. We also computed the ratio
(NR/R) of the volume of signal in the non-Rolandic zone of
the undamaged hemisphere to that in the Rolandic zone
during paretic hand movement. This was compared to the
NR/R ratio in the left hemispheres of normal subjects during
left (ipsilateral) hand movement.

Statistical analysis. A nonparametric y? test was applied to
examine the primary contrast between the average I/C ratios
in the patient group and in the control group. A similar
analysis was applied to the average NR/R ratios in the
hemiparetic and control group.

RESULTS

Significant increases in fMRI signal in both hemispheres were
observed during both normal and paretic hand movements for
the six patients. For example, Fig. 1-shows two integrated
cross-sectional images of brain structure and function from a
patient with left-hemisphere injury during task performance
with the normal (left) and paretic (right) hands (patient S in
Table 1). The functional activation was also observed in the
other three slices during both hand movements. Fig. 2 shows
two representative time courses of the fMRI signals obtained
from the patient in Fig. 1. The fMRI signals, which passed the
double criteria of ¢ > 4.58 and cross-correlation coefficient >
0.725, demonstrate the dynamic response of the sensorimotor
cortex to the finger movement (Fig. 2). Fig. 3 shows three-
dimensional images of brain structure and function of the
same patient, including the functional signals from all four

FiG. 1. Integrated cross-sectional images of brain structure (gray
scale) and function (color) of patient 5 with left hemisphere damage
during movements of the fingers of the normal (left) hand (Left) and
the paretic (right) hand (Right). These two images are at the same
anatomic location, which is one of the four planes acquired during the
fMRI scan. fMRI signals were detected in the intact (right) hemi-
sphere during movements of both the normal and paretic hands. The
functional signals were distributed around the lesion in the damaged
hemisphere (Right). Filled arrowheads denote the edge of the lesion.
White arrows indicate the central sulcus in the intact hemisphere.
Dotted lines indicate regions of interest A and B whose time courses
are plotted in Fig. 2. The color bar represents the percentage change
(scale from 1% to 15%) in the fMRI signal between task performance
and baseline scans.
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FiG. 2. Time courses of the functional signals of patient S5
(expressed as percentage of baseline signal intensity) observed
during the motor-task protocol, which consisted of alternating task
and rest periods. A and B show the fMRI signals from regions of
interest A and B found in Fig. 1 Left and Right, respectively. Error
bars indicate the SEM.

slices. During left (normal) hand task performance, fMRI
signals were observed only in the right (intact) hemisphere;
i.e., the normal hand was linked primarily to the contralateral
hemisphere. However, during movement of the right
(paretic) hand, fMRI signals were observed in both hemi-
spheres; i.e., the paretic hand was linked to both the con-
tralateral and ipsilateral hemispheres. During paretic hand
movement, the fMRI signal distribution in the damaged
(contralateral) hemisphere was distributed around the site of
the lesion, whereas the intact (ipsilateral) hemisphere showed
a large volume of signals in the non-Rolandic zone, mainly
posterior to the central sulcus. The distribution and location
of the fMRI signals were evaluated from maps of this type.
Fig. 4 shows integrated three-dimensional images of brain
anatomy and function of another patient with damage to the
right hemisphere (patient 2 in Table 1). In this patient, with
a large cortical lesion, there was a near absence of fMRI
signals in the damaged hemisphere and a large volume of
ipsilateral signals in the intact hemisphere during movement
of the paretic hand. As with patient 5 (Figs. 1 and 3), the
functional signals during paretic hand movement were more
widely distributed than in the normal subjects (Fig. 5), with
reorganization largely in areas posterior to the Rolandic zone.
Fig. 5 shows a representative example of integrated three-
dimensional images of function and anatomy of a right-
handed normal subject.

Table 1 lists the averaged I/C ratios over two trials in the
intact hemispheres of the hemiparetic patients; this ratio is a
measure of the relative amount of contralateral and ipsilateral
activation in the dominant hemispheres. As noted in Table 1,

F1G. 3. Superior-view three-dimensional maps of brain surface
anatomy (gray scale) with projected sensorimotor functional signals
(color) of patient 5 during movements of the fingers of the normal
(left) hand (Left) and the paretic (right) hand (Right). The volumes
of fMRI signals observed in the intact hemisphere during both normal
and paretic hand movements were larger than those in the left
hemisphere of the control subjects (see Fig. 5). The fMRI signals in
the intact hemisphere during paretic hand movement were posterior
to the Rolandic zone. Arrows indicate the right central sulcus.
Arrowheads indicate the lesion in the left hemisphere.



Neurobiology: Cao et al.

FiG. 4. Integrated three-dimensional brain models of patient 2,
with right hemisphere injury, displaying gyral anatomy and sensori-
motor functional signals during movement of the fingers of the
normal (right) hand (Lef?) and the paretic (left) hand (Right). A large
volume of ipsilateral functional signals was mapped in the intact
hemisphere during paretic hand movement (Right). In this patient,
with a large cortical lesion, there were only minimal fMRI signals in
the damaged hemisphere during movement of the paretic hand.
Arrows indicate the left central sulcus. Arrowheads indicate the
lesion in the right hemisphere.

voluntary movement of the paretic hand was accompanied by
minor involuntary movement of the intact hand in five
patients. These involuntary mirror movements were also
observed in the paretic hand of three patients when they were
instructed to move their normal hand. The average value of
the I/C ratio in the hemiparetic group was 0.94 = 0.34 (n =
6), 7 times larger than the average I/C ratio of the left
hemisphere of the control subjects (mean value, 0.14 = 0.05;
n = 8). This difference was statistically significant at the P <
0.02 level. In addition, we found no significant absolute
difference in contralateral signal volumes in the Rolandic
region between the intact hemispheres of the patients and the
left hemispheres of the normal subjects during contralateral
hand movement. Furthermore, no significant difference be-
tween the left and the right hemispheres of the control
subjects was found; specifically, the average volume I/C
ratio of the right hemisphere was 0.13 + 0.06 (n = 8).

The NR/R ratio was evaluated in order to measure the
spatial distribution of the fMRI signals within each hemi-
sphere. A large value of the NR/R ratio indicates a wide
signal distribution. During paretic hand movement, the intact
(ipsilateral) hemispheres of the hemiparetic patients had an
average NR/R ratio equal to 0.49 + 0.20 (n = 6). This was
twice the average NR/R ratio (0.23 = 0.12) of the left
hemisphere of normal subjects during left (ipsilateral) hand
movements. This difference was not statistically significant

F1G. 5. Three-dimensional brain maps of a right-handed normal
subject displaying gyral anatomy with projected sensorimotor func-
tional signals during movement of the right hand (Left) and the left
hand (Right). A small volume of ipsilateral fMRI signal was observed
during left hand movement. Arrows indicate the central sulci. A,
anterior; P, posterior.
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(P > 0.1). However, two of the hemiparetic patients (patients
5 and 6) had a particularly wide distribution of fMRI signals,
with NR/R ratios 6.0 and 3.5 times the average observed for
the normal subjects. Their absolute volumes of activation
within the Rolandic region of the intact hemisphere during
paretic hand movement were also larger than those of the
other four patients (Table 1). In addition, there was no
significant difference between the average NR/R ratios in the
intact hemisphere of the group of patients during normal hand
movement and in the dominant left hemisphere of the control
group during right hand movement (P > 0.1).

DISCUSSION

We have employed fMRI to map reorganization of brain
sensorimotor function in a group of patients with neonatal
unilateral brain damage. The results indicate that their intact
hemispheres have approximately equal volumes activated
during contralateral and ipsilateral finger movements. In
contrast, the left hemispheres of right-handed normal sub-
jects had little ipsilateral sensorimotor activation (17, 18, 27).
Our study of patients with neonatal hemiparesis suggests that
their intact hemispheres are much more strongly linked to the
ipsilateral hand than is the case in the normal group. Although
most of this ipsilateral activation involved the Rolandic zone
of the intact hemisphere, regions distant from the central
sulcus, especially the parietal cortex, were activated by
finger movement in some hemiparetic patients. These find-
ings are similar to the results of positron emission tomogra-
phy studies of the motor system after striatocapsular infarc-
tion in adults, where increased ipsilateral motor activation
and the recruitment of the inferior parietal cortex and the
anterior aspects of the insula were observed (17, 18). Our
findings also resemble the pattern of reorganization of the rat
motor cortex after neonatal hemispherectomy (8).

Although early investigations found only contralateral mo-
tor and somatic sensory representation (30-33), there are
recent reports of ipsilateral activation of the motor and
sensory cortex of normal subjects (10, 34, 35). We found
slight ipsilateral sensorimotor activation in the normal right-
handed subjects which was more pronounced during move-
ment of the nondominant hand (27). These results are sup-
ported by anatomic evidence of the existence of 10-15%
uncrossed corticospinal tract fibers in the human (36). Kim et
al. (37) recently reported a much greater degree of ipsilateral
motor activation within the precentral gyrus in normal sub-
jects. In contrast to the right motor cortex, which was
activated only by contralateral finger movements in both
right- and left-handed subjects, they reported that the left
motor cortex was substantially activated by ipsilateral finger
movement, especially in right-handed subjects (I/C = 0.77).
In our study, brain injury in the hemiparetic patients occurred
in the perinatal period. It is therefore unknown what their
handedness would have been had they not incurred brain
injury so that their intact hemispheres became dominant by
default. This raises the question as to which hemisphere of
normal subjects should be used as a control to characterize
sensorimotor function reorganization of the intact hemi-
sphere in the patients. As described in Results, we compared
the average I/C ratio for the intact hemisphere of patients
with ratios for both the left and right hemispheres of normal
subjects.

We observed functional signals in the damaged hemisphere
of all six patients during paretic hand movements (Figs. 3 and
4). However, we did not attempt to characterize the details
of location and distribution of these functional signals, since
they are likely to be strongly affected by lesion size and
location. Furthermore, the central sulcus and other important
anatomic landmarks in the damaged hemisphere were often
difficult to identify for patients in this group. These factors
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make it difficult to determine which signals are due to
reorganization of the damaged hemisphere and which signals
are ‘‘normal.’’ However, these maps still provide functional
information about the damaged hemisphere and may help
surgeons minimize morbidity during surgical procedures on
that side of the brain (e.g., during epilepsy surgery).

For unknown reasons, most neonatal brain damage occurs
in the left hemisphere (5, 38). We studied only one patient
with injury to the right hemisphere. The data collected from
this patient showed several characteristics distinct from the
remaining patients (Fig. 4). For instance, this patient had no
mirror movements in either the normal or the paretic hand.
Furthermore, the I/C ratio for this patient was much greater
than the ratios detected in patients with left hemisphere
injury (Table 1). This patient was one of two subjects who had
the most severely impaired finger movements; he could carry
out the sequential thumb opposition only to digits 2 and 3.
This raises the question of whether an increased effort during
task performance may be related to activation of a large
cortical volume. In our study, no significant correlation
between the degree of impairment and I/C was observed.
This could be due to the small number of patients studied and
to the complex nature of motor impairment and reorganiza-
tion. A study of a larger number of cases with impairments of
varying severity will be needed to answer this question.

In this study, we used a ratio to characterize the reorga-
nization of the intact hemisphere (I/C volume), using the
signal generated in this hemisphere during normal hand
movement as a reference. Using a ratio reduced the effect of
absolute differences in the activated volumes across the
patients (Table 1). Use of a ratio may also have reduced the
effect of variations in the activated volume caused by the
differences in age between the patient and control groups. In
this study, we did not observe a consistent pattern of acti-
vation in the region of the supplementary motor cortex of the
patients. This may be due to the increased noise in the region
of the inter-hemispheric fissure causing reduced pixel ¢ values
(39). Due to the placement of our slices, we did not record
functional signals from the thalamus or cerebellum in this
study.

Our results suggest other interesting topics for future
investigation. Certainly, it will be desirable to study a larger
number of hemiparetic patients, including those with right
hemisphere damage. The control subjects should be chosen
from a neurological normal population with matching age, IQ,
and handedness. Finally, in addition to mapping finger sen-
sorimotor function, it would be interesting to map the reor-
ganization of finger sensory function in the same group of
patients.
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