
Authors:

Charles E. Levy, MD
Deborah S. Nichols, PhD
Petra M. Schmalbrock, PhD
Paul Keller,† PhD
Donald W. Chakeres, MD

Affiliations:

†Deceased.

Affiliations:

From the North Florida/South
Georgia Veteran’s Health System and
the Department of Orthopaedics and
Rehabilitation (CEL), the University
of Florida, Gainesville, Florida; the
Department of Physical Medicine and
Rehabilitation (CEL), the Physical
Therapy Division, The School of
Allied Medical Professions (DSN), and
the Department of Radiology (PMS,
DWC), The Ohio State University
Medical Center, Columbus, Ohio; and
Barrow Neurological Institute (PK),
St. Joseph’s Hospital and Medical
Center, Mercy Healthcare, Phoenix,
Arizona.
Presented, in part, at the 60th Annual
Meeting of the American Academy of
Physical Medicine and Rehabilitation,
October 1998, Seattle, Washington.

Reprints:

All correspondence and requests for
reprints should be addressed to
Charles E. Levy, MD, Chief, Physical
Medicine and Rehabilitation Service,
North Florida/South Georgia Veterans
Health System, 1601 SW Archer
Road, Gainesville, FL 32608.

Disclosures:

Supported, in part, from the Veterans
Affairs Brain Rehabilitation Research
Center.

0894-9115/01/8001-0004/0
American Journal of Physical
Medicine & Rehabilitation
Copyright © 2001 by Lippincott
Williams & Wilkins

Functional MRI Evidence of Cortical
Reorganization in Upper-Limb Stroke
Hemiplegia Treated with Constraint-
Induced Movement Therapy
ABSTRACT

Levy CE, Nichols DS, Schmalbrock PM, Keller P, Chakeres DW:
Functional MRI evidence of cortical reorganization in upper-limb stroke
hemiparesis treated with constraint-induced movement therapy. Am J
Phys Med Rehabil 2001;80:4–12.

Objective: The purpose of this pilot study was to test constraint-induced
movement therapy for chronic upper-limb stroke hemiparesis and to inves-
tigate the neural correlates of recovery with functional magnetic resonance
imaging (MRI) in two subjects. Both subjects had been discharged from
traditional therapy because no further improvement was anticipated.

Design: Constraint-induced movement therapy consisted of 6 hr of
daily upper-limb training for 2 wk; a restrictive mitt was worn on the
nonparetic limb during waking hours. Functional MRI was performed
on a 1.5-T MRI with echo-planar imaging; at the same time, the subjects
attempted sequential finger-tapping.

Results: Compared with baseline, performance time improved an aver-
age of 24% immediately after training and also continued to improve up to
33% 3 mo after training. Lift, grip strength, and Motor Activity Log scores
likewise improved. Initially, on functional MRI, subject 1 activated scat-
tered regions in the ipsilateral posterior parietal and occipital cortices.
Subject 2 showed almost no areas of significant activation. After training,
subject 1 showed activity bordering the lesion, bilateral activation in the
association motor cortices, and ipsilateral activation in the primary motor
cortex. Subject 2 showed activation near the lesion site.

Conclusion: Constraint-induced movement therapy produced signif-
icant functional improvement and resulted in plasticity as demonstrated
by functional MRI.

Key Words: Stroke, Constraint-Induced Movement Therapy, Func-
tional Magnetic Resonance Imaging, Plasticity
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Stroke is the third leading cause
of death in the western world, trailing
only behind heart disease and cancer.
More than one-half million new
strokes occur in the United States
annually. Approximately 60% to 80%
of patients with stroke survive. In the
United States, about 1.7 million sur-
vivors with disabilities incur health-
care costs of more than $7 billion per
year.1

Hemiparesis is the most com-
mon deficit after stroke, affecting
.80% of subjects acutely and .40%
chronically.2 Rehabilitation techniques
have been more successful in restoring
function in the lower limb than in the
upper limb.3 Unfortunately, upper-
limb function is more important for
independent living and self-esteem.4, 5

The time course of upper-limb recov-
ery has been placed at 11 wks post-
stroke. If functional recovery has not
occurred by the 11th week, Nakayama
and colleagues6 reported that “further
recovery of upper extremity function
should not be expected.”

A challenge to the accepted
dogma that little can be done to re-
store function in the paretic upper
limb in the postacute or chronic state
has been offered by Taub et al.,7–9

proponents of constraint-induced
movement therapy (CI) to treat up-
per-limb hemiparesis after stroke. CI
has its roots in animal experiments.
When the monkeys’ forelimbs were
deafferented by severing the dorsal
roots innervating that limb, the mon-
keys ceased to use the affected limbs.
This nonuse was “unlearned” by re-
stricting the intact limb with a sling.7

Restriction for 1 to 2 wk resulted in
restoration of use of the previously
ignored limb. Taub et al.7–9 posited
that a component of upper-limb
hemiparesis in humans was learned
nonuse, which was amenable to re-
versal by intensive physical therapy
that incorporated restriction of the
able limb with a sling or a mitt.

In a series of studies involving
post-stroke upper-limb hemiparesis, a

total of 27 subjects, 1 to 18 yrs post-
stroke, were enrolled in a CI proto-
col.7–9 Five control subjects received
sham therapy emphasizing a passive
range of motion exercises. These sub-
jects were exhorted to use the paretic
limb in as many new activities as pos-
sible. Sixteen patients were divided
equally into four groups: (1) sling and
supervision; (2) sling and shaping; (3)
half-glove and shaping; or (4) no re-
straint with shaping alone. A fifth
group of six patients received an inten-
sive course of physical therapy, 6 hr per
day for 10 consecutive week-days with-
out any restraining device. All subjects
were evaluated using the Wolf Motor
Function Test (WMFT), the Arm Motor
Activity Test, and the Motor Activity
Log (MAL). All of the experimental sub-
jects showed significantly improved
performance compared with baseline
across measures, and most subjects
maintained these gains 2 yrs after
training. The control subjects showed
only minor improvements in the out-
come measures which were lost by the
2-yr follow-up.

Recently, a group including Dr.
Taub has successfully applied CI to an
additional 15 patients in Germany.10

Six of these patients were also studied
with transcortical magnetic stimula-
tion; they were found to have greater
areas of motor excitability and
greater amplitudes of motor evoked
potentials after therapy.11

In the current pilot study, two
individuals with upper-limb hemipa-
resis as a result of stroke were en-
rolled in a 2-wk CI program to inde-
pendently verify Taub and Wolf’s
clinical findings. Functional mag-
netic resonance imaging (fMRI) was
used to detect the anatomic corre-
lates to the improvements in func-
tion predicted by the previous CI
studies.

SUBJECTS AND METHODS

Subjects. The two subjects were en-
rolled in a pilot study of CI training
with pre- and posttraining fMRI

scans. These subjects met the follow-
ing criteria: (1) age between 21 and
80 yr, with an upper-limb hemipare-
sis secondary to the first stroke; (2)
the ability to extend their paretic
wrist 20° and at least two of their
fingers and their thumbs 10° at the
metacarpal-phalangeal joints, in ac-
cordance with previous CI protocols;
and (3) 3-month duration from the
onset of the stroke.

The first subject was a 48-yr-old,
right-handed gentleman who sus-
tained a right frontoparietal, sub-
arachnoid hemorrhage, the result of
a complication from a biopsy of a 2.5
3 2 cm lesion that proved to be an
oligodendroglioma. Besides this le-
sion, a previous magnetic resonance
imaging (MRI) showed a lesion ,2
cm at the frontoparietal junction and
an additional lesion ,1 cm near the
falx. Before the biopsy, this gentle-
man had experienced gradually ad-
vancing upper-limb weakness for 2
mo but no loss of coordination or
range of movement.

As a result of the stroke, the pa-
tient sustained a severe left hemipa-
resis, affecting the upper limb more
severely than the lower limb. He was
admitted to an acute inpatient reha-
bilitation service where he received
traditional physical and occupational
therapy at least 2 hrs per day for 17
days. By the time of discharge, he was
a functional ambulator. However, his
severe upper-limb paresis was resis-
tant to treatment, and he remained
weak with Medical Research Council
Scale scores of 2/5 in the hand intrin-
sics, wrist extensors, and flexors. Af-
ter 4.5 mo, when he enrolled in the
study, he had not gained functional
use of the left upper limb, despite two
1-hr sessions per week of outpatient
occupational therapy for 10 wk,
which was discontinued before par-
ticipation in the study because his
upper-limb function had plateaued.
The therapy administered was tradi-
tionally based amalgam including el-
ements of motor learning and Bobath
techniques. The plegic upper limb
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was not being incorporated into ac-
tivities of daily living at the time of
admission to the study protocol.

The second subject was a 49-yr-
old left-handed woman with a history
of hyperthyroidism and hypertension
who sustained a right brain parietal,
intraparenchymal hemorrhage mea-
suring about 2 3 2 cm in the region
of the sensorimotor cortex 9 mo be-
fore enrolling in the pilot study. She
was admitted to an acute inpatient
rehabilitation hospital 3 days post-
stroke. She received traditional phys-
ical and occupational therapy at least
2 hr per day for 24 days. Here the
subject’s gait improved from an in-
ability to walk on rehabilitation day 1
to walking 150 feet with a wide-based
quad cane at the time of discharge.
Speech also responded to therapy.
This subject was then enrolled in a
standard outpatient physical and oc-
cupational therapy program based on
motor learning and neurodevelop-
mental treatment principles twice a
week for 8 wk. She eventually mas-
tered independent ambulation with
an ankle-foot-orthosis on the left. Al-
though she gained independence for
all activities of daily living, she relied
on the “normal” hand. The left hand
remained weak and was not incorpo-
rated into her daily repertoire.

Both subjects were enrolled in an
Institutional Review Board-approved
protocol and gave informed consent
to participate in our study.

Training. CI consisted of 6 hr of in-
tensive upper-limb training 5 days
per week for 2 wk, during which pe-
riod each subject was challenged to
perform a series of activities to train
the hemiparetic limb. Tasks included
bean bag toss at target, reaching,
grasping, and carrying selected ob-
jects, stacking blocks, moving blocks
from one container to another, turn-
ing the pages of a magazine, card
activities, writing activities, food
preparation, ironing, vacuuming,
folding paper and laundry, and feed-
ing. Participants were instructed to

wear a restrictive mitt on the nonpa-
retic hand during 90% of their wak-
ing hours. A behavioral contract was
developed with each subject, which
defined activities for which the mitt
could be removed (e.g., carrying hot
beverages, bathroom activities, and
dressing) The mitt was also removed
four times a day for 5-min intervals.
During this time, the participants
were instructed to perform a range of
motion exercises on the fingers and
wrist to avoid limitations caused by
disuse. If cramping and numbness of
the fingers occurred as the subjects
wore the mitt at other times of the
day, the mitt was to be removed and
the same exercises were to be per-
formed. Participants were instructed
to keep a log of the times and the
duration of mitt removal. A staff of six
volunteers was recruited and trained
to administer the CI. This staff con-
sisted of graduate students in physi-
cal therapy and practicing physical
therapists.

Functional Imaging. At baseline and
after the 2-wk training period, the
subjects were evaluated with fMRI as
they attempted to sequentially tap
the thumb to the index, middle, ring,
and fifth fingers.

Behavioral Testing. The WMFT8 and
the MAL were administered at base-
line and at the completion of the
training. The MAL was also adminis-
tered daily before the training ses-
sion. The WMFT consists of 17 tasks,
which include the performance of ba-
sic limb movements, grip strength,
tolerance to lift a weight from the
table to shoulder height in sitting,
and simple tasks such as turning a
key in a lock, lifting a pencil, paper-
clip, and pop can, and folding a towel.
The MAL8 is an activity log that fo-
cuses on actual upper-limb use in
daily living situation and consists of
30 common and important activities
of daily living such as feeding, dress-
ing, and grooming. Each activity is
scored on a 6-point scale (0–5),

where a score of 0 indicates that the
subject did not use the paretic limb
for the task at all and a score of
5 indicates that the subject uses
the paretic arm as he or she did be-
fore the stroke. Both quality of move-
ment (QOM) and functional ability
(amount of use or AOU) are measured
by the MAL, with subscores measured
for each.

One of the authors (DSN) of this
article was trained to administer
these tests in a CI Laboratory at the
University of Alabama at Birmingham
supervised by Dr. Taub and his staff.

Functional Magnetic Resonance Im-
aging. Images were acquired in the
clinical 1.5 T MRI unit (Signa, General
Electric, Milwaukee, WI) equipped with
a high-speed gradient system, using a
gradient echo planar imaging method.
The fMRI data were acquired with TR/
TE/flip angle of 3000 ms/40 ms/90°, 20
cm field of view, 64 3 64 matrix size,
and 5-mm slice thickness. Eight axial
sections (slices) were acquired in an
interleaved fashion during each TR
time interval (i.e., 8 slices/3 sec). This
was repeated eight times resulting in
an acquisition of 64 images every 24
sec. This protocol is similar to tech-
niques previously described in the
literature.

The subjects were placed in the
MRI system; they were verbally in-
structed via the MRI system inter-
com. The subjects were instructed to
attempt to perform sequential finger-
tapping of the thumb to the index,
middle, ring, fifth fingers at a com-
fortable rate at the same time as the
first 64 images (eight slices, eight
repetitions) were acquired. Next, the
subjects were instructed to rest dur-
ing the acquisition of the following
eight images. This was repeated for
an acquisition of a total of 512 im-
ages. After all data were collected for
the affected hand, the routine was
repeated for the nonparetic hand. For
the second subject, during the base-
line scans, a computer failure oc-
curred and only 384 images were col-
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lected although the affected hand
attempted the task.

Data Analysis. The images were
transferred to a SUN SPARC 10 work-
station for postprocessing. The work-
station was equipped with Interactive
Data Language (RSI, Boulder, CO)
and the analysis software was devel-
oped in this language. Data were an-
alyzed slice by slice. The first image
of each set of eight images had to be
discarded because it showed irregular
contrast acquired before the MRI sig-
nal had reached an equilibrium state.
Thus, the final data set consisted of
four cycles of seven task and seven
rest images for a total of 56 images. A
56-point task function was defined as
“1” during the task and “0” during
rest (i.e., 11111110000000 repeated
four times). Next, the correlation co-
efficient between this task function
and each image pixel was computed.
(There were 56 images; thus, for each
pixel, there is a data array of 56
points.) In this fashion, an image was
created in which the color (red, or-

ange, or yellow) represented the cor-
relation coefficient. The color red sig-
nified r $ 0.78; the color orange r $

0.75, r , 0.78; yellow r $ 0.70, r ,

0.75. A greater correlation between
the task function and the MRI signal
(i.e., increased signal during finger
tap, decreased signal during rest) re-
sulted in a larger value for r. The
voxels with a greater r value were
regions for which the blood oxygen
level-dependent (BOLD) signal en-
hancement caused by the change in
blood oxygenation occurred in accor-
dance with the task.

Functional MRI has been vali-
dated as a method to study cerebral
activation during upper-limb motor
tasks in normal persons. Simple, self-
paced flexion and extension of the
fingers generate signal primarily in
the contralateral motorstrip, whereas
more complex tasks activate the con-
tralateral and (to a lesser extent) the
ipsilateral primary motor cortex, the
contralateral supplementary motor
area (SMA), bilaterally in the premo-

tor cortex, and the contralateral so-
matosensory cortex.12, 13 These find-
ings are in accordance with positron
emission tomography (PET) data.14

Increasing the rate of flexion-exten-
sion from 1 to 5 Hz in the right hand
of right-handed individuals was
found to be related linearly to the
percentage of signal change gener-
ated in the contralateral primary mo-
tor cortex.15 Test-retest reliability has
been established in fMRI specifically
in a thumb/finger opposition task.16

RESULTS

Behavioral Recovery. Both subjects
showed marked improvement on
both the WMFT (Table 1) and MAL.
Subject 1 improved his performance
on 13 of 17 tasks on the WMFT. He
was unable to complete two tasks in
the 2 min allotted both before and
after training, and his performance
remained the same on one item and
declined on another. The average per-
centage of improvement (decrease in
time to perform the task or increase

TABLE 1
Wolf Motor Function Test results

Task

Subject 1 Posttest
3 3 mo

Subject 2 Posttest
3 3 moPretest Posttest Pretest Posttest

Lift forearm to table 1.20 s 0.86 s .78 s 2.36 s 1.26 s .90
Lift forearm to box 1.81 s 1.24 s 1.12 3.65 s 2.98 s 1.67
Extend elbow (side) 1.14 s 0.83 s 0.72 2.58 s 1.30 s .97
Extend elbow (push 1 lb) 0.80 s 0.54 s 0.59 1.80 s 1.18 s .63
Hand to table (front) 1.49 s 0.98 s 1.12 2.10 s 1.54 s 1.19
Hand to box (front) 1.50 s 1.00 s 1.07 2.08 s 1.88 s 1.45
Weight to box (lb) 7 12 10 5 5 8
Reach and retrieve 1 lb wt 0.86 s 0.80 s 0.53 1.06 s 0.98 s 1.02
Lift pop can 8.66 s 8.70 s 46.47”a 120.00 sb 12.88 s 10.53
Lift pencil 94.31 s 101.28 sc 46.47” 13.30 s 32.48c 47.95c

Lift paper clip 120.00 sb 120.00 sb 120b 9.83 s 17.19c 12.80c

Stack checkers 120.00 sb 120.00 sb 41.1” 120.00 sb 120.00 sb 120b

Flip cards 43.40 s 41.34 s 28.66” 31.70 s 20.98 s 19.21
Grip strength (kg) 6 9 14 5.7 8 7.7
Turn key in lock 57.01 s 20.27 s 26.1 91.60 s 20.59 s 52.54
Fold towel 21.60 s 8.88 s 10.37 23.51 s 13.84 s 10.66
Lift basket with 3 lb wt 25.60 s 21.55 s 14.18 14.33 s 10.86 s 8.73

aOutlier, excluded from calculations.
bSubject was unable to complete in the time allotted; task was terminated at 120 sec.
cDemonstrates a decrement in performance from pretest to posttest.
s, sec.
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Figure 1: Finger-tapping pre- and postconstraint-induced movement therapy (CI). Echoplanar functional magnetic
resonance imaging axial images of subjects 1 and 2 attempting to finger-tap before and after CI. The superior parietal
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in strength) for the tasks completed
was 25.5%. Strength improved from
a maximum of 7 lbs lifted initially to
12 lbs after 2 wk of training. Grip
strength likewise improved from 6 to
9 kg (Table 1).

His scores on the MAL also im-
proved over the 2-wk period. At base-
line, his MAL QOM subscore was 1.1,
whereas the AOU subscore was 1.2. At
1 wk, these scores reached 1.7 and
1.9, respectively. In the second week
of training, the subject experienced
the death of a close friend. He admit-
ted to having a problem with compli-
ance with wearing the mitt when un-
supervised during this week, and he
also was more despondent. His scores
dropped to 1.4 and 1.6, respectively,
at the end of 2 wk, but this still re-
flected an overall improvement con-
sistent with the previously reported
improvement.

At 3 mo, subject 1 had improved
on a total of 15 of 17 tasks in the
WMFT. His average improvement
was 44% compared with baseline (ex-
cluding one outlier). Lift remained
above baseline at 10 lbs; grip im-
proved to 12 kg. MAL QOM and AOU
improved to 1.7 each.

Subject 2 improved her perfor-
mance on 13 of 17 items in the
WMFT. A decrement in performance
(an increase in the time to perform
the task) was noted in two tasks. Av-
erage improvement on all completed
tasks equaled 22.8%. Weight lifted re-
mained at 5 lbs, but grip strength
improved from 5.7 to 8 kg (Table 1).
On the MAL, her AOU and QOM sub-
scores improved from 0.2 to 1.7 from

the pretest to posttest, again consis-
tent with published data.7–11

At 3 mo, subject 2 had improved
on a total of 14 of 17 tasks in the
WMFT. Her average improvement
was 23% compared with baseline. Lift
improved to 8 lb; grip remained
above baseline at 7.7 kg. MAL QOM
and AOU improved to 2.5 each.

Functional Brain Maps. Figure 1
shows the echoplanar fMRI images
with an overlay of the BOLD regions
of activation for subjects 1 and 2 dur-
ing the finger-tapping task. The large
areas of signal void present in subject
1 are attributed to artifacts caused by
residual blood and hemosiderin de-
posits in the area of the stroke. When
the images are viewed with less con-
trast, more brain tissue is apparent.
These regions show infarcted brain
tissue and tumor in conventional
MRIs for subject 1.

Both subjects had great difficulty
performing finger-tapping of the af-
fected limb at the time of the first
fMRIs. This condition improved sig-
nificantly in terms of rate and range
of motion by the second fMRIs.

Before CI training, subject 1 dis-
plays scattered activation mainly in
the hemisphere ipsilateral to the pa-
retic hand and contralateral to the
lesion. It is difficult to assign these
areas of activation to functional ana-
tomic landmarks. Movement artifact
is evident at the posterior skull. Sub-
ject 2 shows few areas of significant
activation.

After training, subject 1 shows
an abundance of activity in the re-

gions bordering the lesion. These re-
gions are not in the classic distribu-
tion of the motor strip. There is also
extensive activation in the sensori-
motor cortex, supplementary motor
area, and the premotor area, more so
in the unlesioned cortex. Movement
artifact is evident to a lesser extent at
the skull. Subject 2 after training
shows large areas of activation near
the lesion site and in the supplemen-
tary motor area near the lesion. Some
of the activity seen at the posterior
lateral rim of the brain in the inferior
slices may represent movement
artifact.

DISCUSSION

Behavioral Recovery. These results
indicate that our subjects experi-
enced significant improvement of
motor function in the paretic limb in
response to CI, despite the fact that
before enrollment both subjects had
been discontinued from traditional
therapy programs because they had
reached plateaus and were judged to
have no more potential to improve.
Both subjects were at least 3 mo post-
stroke, after the period that Na-
kayama et al.6 identified as the outer
borders for return of hand function
after stroke. Subject 1, at 4.5 mo
post-stroke, was enrolled in the study
earlier than subjects previously re-
ported (6 mo). This suggests that the
window of opportunity for improve-
ment with CI may lie earlier in the
postacute phase. The improvement
noted is of similar magnitude as that
of previous reports, supporting the

region corresponding to the motor strip is represented in these slices. Low signal intensity is related to the infarction.
Upper left, subject 1 attempting to finger-tap before CI. No activity is seen surrounding the infarction, and very little
activity is detected in the right (lesioned) hemisphere. Movement artifact is seen at the posterior occiput. Upper right,
subject 1 attempting to finger-tap after 2 wk of CI. Activity is evident in the peri-infarction area (red arrow), and the
contralateral sensorimotor cortex in a slightly anterior, superior, and lateral position (green arrow), and in the supple-
mentary motor areas bilaterally (blue arrow). Lower left, subject 2 attempting to finger-tap before CI. Only a few
scattered areas of activation are evident. No activity is seen surrounding the infarction. Lower right, subject 2 attempting
to finger-tap after 2 weeks of CI. Activity is evident in the peri-infarction area (black arrow), and in posterior regions not
normally associated with motor activity (red arrow). Some of this latter activity may represent movement artifact (yellow
arrow). The correlation coefficient (r) for each pixel is indicated according to color, as shown in the key at the bottom of
the illustration.
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effectiveness of CI in the recovery of
upper-limb function after stroke.
This study was conducted at a site
completely independent of Taub and
Wolf,7 thereby verifying the benefits
of CI.

Changes in Brain Activation as De-
tected by FMRI. PET and fMRI are
attractive methods to investigate
brain function because they allow
functional imaging of the entire
brain with superior temporal and an-
atomic detail. A review of the existing
literature is useful to establish con-
text for the neuroimaging results
produced by this study. Four notable
studies have used either PET or fMRI
to examine individuals who experi-
enced robust recovery of upper-limb
function after hemiplegia caused by
stroke. This study builds on the re-
viewed studies by documenting
changes in patterns of cerebral acti-
vation in response to a specific ther-
apy regimen.

Chollet et al.17 used PET scan-
ning to study six individuals who had
recovered hand function after hemi-
paresis or hemiplegia secondary to a
first, single, middle cerebral artery,
ischemic stroke. Five of the six per-
sons had left hemispheric lesions,
whereas one subject had a right
hemispheric lesion. The side of the
lesioned hemisphere was standard-
ized to the left. Regional cerebral
blood flow (rCBF) associated with the
“normal” hand activity was compared
with the recovered hand during a
4-min repetitive sequential thumb-
to-fingers opposition task. When the
“normal” fingers were moved, rCBF
increased significantly in the con-
tralateral primary sensorimotor cor-
tex, and in the ipsilateral cerebellar
hemisphere. When the recovered fin-
gers were moved, significant rCBF in-
creases were noted in both the con-
tralateral and ipsilateral primary
sensorimotor cortex, in both cerebel-
lar hemispheres, the insula, inferior
parietal, and premotor cortex. These
findings were interpreted as evidence

that neuroplasticity had occurred and
that ipsilateral motor pathways may
play a role in the recovery of motor
function after ischemic stroke.

A follow-up study from this same
group included two of these patients
in a sample of ten patients who had
recovered upper-limb function after
striatocapsular infarctions.18 Half of
the subjects had a complete recovery,
whereas the other half complained of
mild clumsiness in performance of
the thumb to finger opposition task.
The rCBF generated was compared
between the “normal” hand, the af-
fected hand, and the rCBFs of normal
control subjects completing the same
tasks. Activation during the task in
the recovered hand was equivalent to
that found in normal control subjects
in contralateral motor areas and the
ipsilateral cerebellum. However, acti-
vation was greater in both insulae,
the inferior parietal, prefrontal, and
anterior cingulate cortices, the ipsi-
lateral premotor cortex and basal
ganglia, and the contralateral cere-
bellum. Cerebral activity accompany-
ing finger tapping of the “normal”
hand was also found to differ from
that of the control subjects. Patients
activated the insula, striatum, and
lateral prefrontal, premotor, inferior
parietal, cortices in the hemisphere
ipsilateral to the recovered hand
more than control subjects. The au-
thors postulated that the striatocap-
sular lesions caused a functional dis-
inhibition of the contralateral
premotor cortex and caudate nu-
cleus, implying a functional inhibi-
tion of these areas in normal condi-
tions. The bilateral activation of
motor pathways, the recruitment of
the inferior parietal cortex, and the
anterior aspects of the insula after
striatocapsular infarction along with
motor recovery suggested that the
higher-order areas of sensorimotor
cortex have a greater potential for
plasticity than do the primary areas.

A third investigation from this
group studied eight subjects, five of
whom had been reported in a previ-

ous work.19 All had complete recov-
ery from striatocapsular infarctions.
The patterns of cerebral activation in
each individual patient were com-
pared with the pattern found in a
representative sample of ten normal
subjects. The tasks that they per-
formed were described. A new statis-
tical method allowed the study of
each subject individually, whereas
the previous articles had studied the
patients as a group. Averaging of the
data had been necessary to detect the
small differences in local brain acti-
vation. The new method consisted of
generating maps of Z scores and
comparing the change of the individ-
uals’ rCBF within each image voxel to
the mean rCBF change of ten healthy
control subjects. Greater activation
was seen in variable combinations in
the supplementary motor areas, the
insula, the frontal operculum, and
the parietal cortex. Structures be-
longing to motor pathways ipsilateral
to the recovered limb were activated
to a greater extent in the experimen-
tal subjects. Four subjects who exhib-
ited mirror movements of the unaf-
fected hand when executing the task
in the affected hand showed addi-
tional activation of the ipsilateral
sensorimotor cortex.

Cramer et al.20 studied ten indi-
viduals with a history of nonhemor-
rhagic, hemiparetic stroke affecting
the upper limb. Each patient had
good motor recovery (resolution of
synkinesis, improvement in wrist ex-
tensor and interossei strength by at
least one level on the Medical Re-
search Council Scale, and a final
strength in those muscles rated at
least 41/5). The fMRI was performed
at rest and during a finger-tapping
exercise using echoplanar imaging in
a 1.5-T instrument. Brain activation
in those patients with strokes was
compared with that of nine normal
control subjects. In normal subjects,
the following regions were activated:
the contralateral sensorimotor, the
ipsilateral cerebellum, the ipsilateral
SMA, and the contralateral SMA.
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These same areas were activated
when those individuals with strokes
performed finger taps with the af-
fected hand. Furthermore, they acti-
vated the ipsilateral sensorimotor
cortex to a greater degree than that
seen in the controls in six of nine
patients. Lesser increases were also
noted at either SMA, the ipsilateral
premotor cortex, and the contralat-
eral cerebellum. Three of five patients
who had cortical strokes showed in-
creased activation at the rim of the
infarction. The areas of activation
noted in this study were similar to
those seen in the PET studies of
Chollet et al.17 Weiller et al.18, 19

Thus far, both the PET and fMRI
studies suggest three processes asso-
ciated with motor recovery: (1) in-
creased activation of the sensorimo-
tor areas; (2) increased activation of
the association cortices; and (3) in-
creased activity at the rim of the in-
farction in cortical strokes.

Figure 1 represents the echopla-
nar activation maps from the two
subjects. Clearer anatomic resolution
could have been obtained if the areas
of activation obtained during echop-
lanar imaging had been superim-
posed on conventional anatomic im-
ages. The movement artifact could
have been reduced by better stabili-
zation of the head and a more sophis-
ticated data analysis. Despite these
weaknesses, fMRI scans reveal mark-
edly increased cerebral activity, in-
cluding the regions surrounding the
infarcted tissue, as seen in those pa-
tients who experienced a more spon-
taneous recovery from stroke hemi-
paresis. This suggests that CI can
reverse stroke hemiparesis in se-
lected individuals, but that it can also
accomplish this by using neurologic
mechanisms similar to those encoun-
tered in individuals who have enjoyed
a more rapid and usual recovery.

The findings of subject 1 are par-
ticularly interesting. The activation
at the rim of the infarction, as well as
increased bilateral sensorimotor cor-
tex, matches the descriptions of those

with upper-limb hemiparesis as a re-
sult of stroke who experienced good
recoveries (all received standard “mo-
tor rehabilitation therapy”), as de-
scribed by Cramer’s group.20 Cramer
and colleagues21 also described the
location of activation of the cortex
ipsilateral to the hand performing the
task. They described a site that is
superior, lateral, and anterior to that
of the site activated in the contralat-
eral cortex. An area similar to this
can be seen in subject 1’s scan (Fig.
1). Bilateral activation has also been
described in those with brain tumors
of the sensorimotor cortex.22 In nor-
mal subjects, simple finger-tapping is
associated with activation of the con-
tralateral primary cortex, whereas the
more demanding tasks are associated
with additional activation of the con-
tralateral and (to a lesser extent) the
ipsilateral primary motor cortex, the
contralateral SMA, bilaterally in the
premotor cortex, and in the contralat-
eral somatosensory cortex.12, 13 The
pattern of activation in subject 1, per-
forming the relatively simple finger-
tapping task, resembles the activation
patterns of normal subjects performing
complex tasks, suggesting that higher
levels of activation are needed to drive
his damaged motor system. In contrast
to the findings in subject 1, cerebral
activation in response to finger-tapping
is almost exclusively confined to the
damaged hemisphere in subject 2. Al-
though it is tempting to conclude that
these differences in activation patterns
suggest that each subject is relying on
a different strategy to produce motor
output, it is also possible that our meth-
ods were not sensitive enough to detect
ipsilateral activation in subject 2.

The typical person who acquires
upper-limb hemiparesis after a stroke
is older than our subjects were at
presentation, and would have had a
nonhemorrhagic event. However, al-
though acute mechanisms of recov-
ery may differ between hemorrhagic
and nonhemorrhagic stroke, there is
nothing to indicate that the post-
acute course of a relatively fixed def-

icit differs significantly. On initial in-
spection, subject 1, with a stroke as a
secondary complication of a brain tu-
mor, does not present with a “pure”
stroke. The fact that subject 1 also
had a brain tumor makes his progress
under CI even more remarkable. This
pilot work must be verified by larger
trials of patients with strokes of var-
ious etiologies before these results
can be generalized to patients with all
types of stroke.

The success of CI suggests that
learned nonuse may underlie seem-
ingly intractable deficits, and that in-
tensive training and practice may re-
lease previously undetected function.
It would be interesting to explore
whether learned nonuse could also
play a role in other realms of dysfunc-
tion, such as cognitive deficits after
stroke or traumatic brain injury. Novel
approaches to cognitive or behavioral
remediation may be constructed.

This study also suggests poten-
tial applications of fMRI in rehabili-
tation medicine. Functional MRI is
believed to be virtually without risk
(excluding metal fragments, instru-
mentation, some implantable de-
vices, and claustrophobia), is ana-
tomically precise, and is repeatable.
BOLD fMRI can be implemented on
most commercial 1.5-T MRIs.23 Add-
ing echoplanar imaging reduces the
acquisition time of an MRI brain slice
with good anatomic resolution to
,50 msec. Although this adds about
15% to the cost of a scanner, echop-
lanar imaging is being introduced
rapidly in clinical centers because it
reduces motion artifact in the tho-
racic and abdominal region and aids
in the acquisition of accurate imaging
of agitated patients.23 Unlike PET scan-
ning, fMRI could evolve to be a routine
procedure in any well-equipped medi-
cal center. Protocols using fMRI could
be instituted wherever medicine is
practiced, above a certain level of tech-
nical sophistication.

Patient selection for participa-
tion in experimental trials of physio-
therapy or pharmacotherapy based
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on fMRI could improve the homogene-
ity of the tested population, improving
the yield of treatment effects. Serial
monitoring of such patients with fMRI
might help to explain treatment suc-
cesses and failures. The ability to iden-
tify activation patterns and correlate
them to functional deficits could allow
more accurate prognostication. Therapy
programs could be more precisely tar-
geted not only according to gross func-
tion but to neuroanatomic activity.
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