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Abstract Background: Stroke often leads to permanent neurological deficit despite extensive therapeutic and
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rehabilitative efforts; and in chronic stages, it is difficult to restore neurological function. Recently,

bipolar and intermittent cortical stimulation combined with rehabilitation has been reported to be

effective in chronic hemiparetic stroke. However, optimal parameters of cortical stimulation for

chronic stroke have not been determined to restore neurological function in chronic stages of stroke.

Case descriptions: We report 2 cases of chronic stroke whose neurological functions were improved

by continuous, unipolar cortical stimulation combined with rehabilitation. Patient 1 presented motor

and language deficit associated with cortical infarct in the left middle cerebral artery territory, which

occurred 18 months before admission. Patient 2 presented motor deficit associated with subcortical

infarct in the internal capsule 8 months before admission. Unipolar electrodes were implanted

epidurally to cover the contralateral premotor and motor cortex in both cases, and an additional

electrode was implanted over the Broca area in patient 1. Follow-up evaluation after 4 months of

stimulation and concurrent rehabilitation showed improvement of Fugl-Meyer and FIM scores in

both patients, and of speech and articulation in patient 1, whose electrode covered the Broca area. No

adverse effects were observed during the period of treatment.

Conclusion: Unipolar and continuous cortical stimulation with rehabilitation is beneficial for

improving neurological deficit in selected cases of chronic stroke.
D 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Stroke is a disastrous event that often leads to

mortality and disability despite advances in therapeutic

methods. Recent experimental studies indicate that

electrical stimulation of the motor cortex might be useful
nt matter D 2008 Elsevier Inc. All rights reserved.
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in augmenting recovery from motor dysfunction in stroke

patients [1,7,13,14]. Although the exact mechanisms by

which this treatment improves motor deficits is not fully

understood, adaptive plasticity mediated by rehabilitation

and electrical stimulation is thought to activate functional

residual neuronal connections (plastic cortex) to compen-

sate for the neurological loss [12]. Seven cases have

been recently reported where bipolar and intermittent

cortical stimulation, administered in patients with chronic

stroke, led to reasonable improvement in motor function

[2,3].

We herein report 2 cases of UCCS to improve motor and

language function in chronic stroke patients.
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2. Case 1

A 39-year-old female patient presented an 18-month

history of motor deficit in the right side, aphasia, and severe

dysarthria. She was diagnosed with cortical infarct in the

middle cerebral artery territory on her initial MRI exami-

nation (Fig. 1A), with progressive improvement of her

neurological symptoms; yet neurological deficits still

persisted. Arm Fugl-Meyer score was 8/66 and FIM was

96/126. She had marked limitation of speech (articulation

error rate, 45%) and severe aphasia (not testable). The fMRI

during a flexion-extension task of the right hand showed

activation of motor cortex in both sides; but activation of the

left motor cortex moved anterosuperiorly, compared with

that of the right motor cortex (Fig. 1B). Two 4 � 4 cm–sized

paddle electrodes (Oscor, Palm Harbor, Fla) were epidurally

implanted through craniotomy opening to cover the upper

portion of motor and premotor cortex corresponding to the

activation area in fMRI and the Broca area after motor

mapping (Fig. 1C). Epidural electrodes were fixed to the

dura by securing 3 anchoring holes in the corners, leaving

no dead space between the dura and the paddle electrode.

Electrode leads were subcutaneously tunneled to the anterior

chest area where an implantable pulse generator was

connected. Unipolar and continuous cortex stimulation

was given at 1 V, for 200 As of pulse duration, at 50 Hz a

week after the surgery. The amplitude was progressively

increased to 5 Vover 4 weeks. At the same time, the patient

was encouraged to undergo active rehabilitation training for

2 hours every day. Follow-up examination after 4 months of

treatment showed improved motor and language perfor-

mance. The Fugl-Meyer score had improved from preoper-

ative value of 8 to 27/66. The FIM score was improved from

96 to 117/126, especially in the subscales of self-care,

mobility, locomotion, and communication. An articulation

screening test revealed improved visual response times for
Fig. 1. A: T1-weighted axial view of MRI demonstrates cortical infarct including m

nucleus. B: The fMRI of flexion-extension task of right hand showed activation

anteriorly and superiorly, compared with activation of right motor cortex. C: Pos

covering premotor-motor cortex area and Broca area.
picture words stimuli (from 13.70 to 2.97 sec) and

articulation error rate (from 45% to 59%). Z scores of

aphasia evaluation were markedly improved for recognition

of common nouns. In addition, the patient showed

improvement in stability and walking gestures. During the

course of UCCS, the patient showed no adverse effects.
3. Case 2

This 51-year-old male patient showed motor deficit in the

left side, which had persisted for the last 8 months. Eight

months before admission, he had small subcortical infarct in

the internal capsule with subsequent motor deficit and

spasticity in right extremities (Fig. 2A). Finger extension

and flexion were incompletely active in the affected hand,

with a moderately spastic arm. His walking was unsteady

and he fell down easily even with a cane. The fMRI of

flexion-extension of the right and left hands showed

activation of left motor cortex; however, activation of right

motor cortex was not observed (Fig. 2B1 and B2). Despite

unclear guidance of fMRI, a paddle electrode was implanted

to cover the upper portion of premotor andmotor cortex in the

right side after motor mapping (Fig. 2C). The UCCS and

rehabilitation were applied likewise in case 1. Follow-up

examination after 4 months of UCCS demonstrated that arm

Fugl-Meyer was improved from 35 to 42/66 and that FIM

scorewas improved from 82 to 95/126 in the subscales of self-

care,mobility, and locomotion. In addition, gait wasmarkedly

improved with no need for the assistance of a cane or

caregiver. He is currently able to drive a nonhandicapped car.
4. Discussion

Described are 2 cases of patients who have had a stroke

and whose neurological deficits were improved by UCCS
otor-sensory cortex and lentiform nucleus insular cortex but sparing caudate

of motor cortex in both sides; yet activation of left motor cortex moved

toperative lateral skull view shows the implantation of 2 paddle electrodes
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and rehabilitative training. Both patients showed improve-

ment of motor function, whereas one patient also showed

improvement in language function. Interestingly, patients

responded to this type of therapy regardless of the location

of infarct, cortical or subcortical. It is surprising to note that

language function was also improved with UCCS and

speech training. The patient could communicate comfort-

ably with other people after treatment. This finding suggests

that language deficit after stroke can be improved with

similar combination of therapy.

Neurological deficit after stroke gradually improves

with modern therapeutic regimes. This recovery has been

attributed to functional reorganization and recruitment of

plastic cortex previously not engaged in a given task [12].

However, neurological recovery stops beyond the critical

time of recovery depending on the severity of infarct. In

line with the trial of Brown et al [3], we tried to improve

neurological deficits in patients whose neurological symp-

toms were fixed for more than 6 months; and it was

surprising to note that cortical stimulation still acted on

reorganization of functional zones even 18 months after

the stroke.

We used anodal and unipolar stimulation techniques that

have been used successfully in animal experiments [7]. Such

stimulation may affect corticofugal projections in the

cortical and subcortical levels [5,9]. Modern anatomical

studies have shown that the pyramidal tract is formed by

many corticofugal systems and that the corticospinal

component of the pyramidal tract originates from a

widespread portion of the cortex. For example, several

arm presentations are found not only in motor cortex but

also in subcortical structures including the brainstem

reticular formation, the red nucleus, and pontine gray matter

[4,8,10,11]. Kleim et al showed that both unipolar and

bipolar stimulation enhanced motor recovery in comparison

to control infarct models. However, unipolar stimulation

was more effective at improving motor performance [7],

suggesting that unipolar stimulation may alter not only

cortical function in peri-infarct area, but also influence the

subcortical structures responsible for motor performance.

This might be attributable to the depth into which the

electric force is exerted by unipolar stimulation, which

affects a deeper region of the cortex than that stimulated by

bipolar method. Interestingly, although the paddle elect-

rode was applied mainly at the wrist-hand area, we observed

postural improvements such as walking stability and

balance. Unipolar stimulation is thought to create an
Fig. 2. A: Diffusion-weighted imaging of MRI performed 8 months before

implantation of electrode shows the subcortical infarct involving posterior

limb of internal capsule. B1 and B2: The fMRI of flexion-extension task of

right and left hand showed activation of left motor cortex; however,

activation of right motor cortex was not observed. C: Postoperative lateral

skull view shows the implantation of a paddle electrode covering premotor

and motor cortex.
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electrical field in the deeper bleg representation areaQ in the

interhemispheric fissure.

Brown et al recommended fMRI to choose the targets for

implanting electrodes [3]. However, in our cases, it was

confusing to select the targets based on the results of fMRI.

Although fMRI provided blocalizingQ information for

paddle placement in the first case, it could not provide

blateralizingQ information in either case. We rather chose the

contralateral motor cortex as target of UCCS because motor

cortex of the contralateral hemisphere has been demonstrat-

ed to play a facilitatory role in motor recovery [6].

Additional studies are required to settle the debates in

selecting targets. In summary, this report supports the

hypothesis that UCCS combined with rehabilitation is a

potential method to improve motor and language function in

late chronic stage stroke patients.
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Commentary

Functional neurosurgeons and neurologists who treat

patients with cerebral infarcts are expanding their ability to

improve care for these patients who have often been

subject to significant functional deficits. Cortical stimula-

tion is one example of emerging applications that combine

our improved understanding of neurophysiology/neuropa-

thology with intracranial implants to affect common

disease processes. These developments provide hope that

with further safety and efficacy studies, certain stroke

patients will have significantly improved clinical outcomes

in the future.
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