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Preface

This supplement of Acta Neurochirurgica is the fourth

in the series of proceedings covering the official biennial

conferences of the Neurorehabilitation Committee of the

World Federation of Neurosurgical Societies (WFNS)

in connection with the 1st congress of the International

Society of Reconstructive Neurosurgery (ISRN) which

was held in Seoul in September 1–3, 2005. This supple-

ment deals with various forms of neuromodulation and

neurorehabilitation therapies in the field of stereotactic

and functional neurosurgery. Recent advances in ste-

reotactic and functional neurosurgery have opened up

an important new area in which neurosurgeons can col-

laborate with basic neuroscientists, engineers, and other

specialists from diverse fields such as rehabilitation,

ENT, eye, orthopaedic surgery etc. I have no doubt that

the authors assembled to address these topics have pres-

ented a balanced and up-to date analysis of the knowl-

edge and approaches in this new era. Furthermore, I am

confident that this supplement has been conceived to

provide timely and pertinent reviews of clinically and

neuroscientifically relevant topics for the practicing neu-

rosurgeons in this field.

I would also like to express my sincere and cordial

thanks to Professor Katayama and Professor Yamamoto

for their heartfelt cooperation and guidance in the ac-

complishment of this supplement and for the successful

meeting. I would also like to thank all the authors for

submitting their original papers for inclusion into this

4th supplement. Finally, I wish to say a special word of

thanks to Professor Steiger, the editor of Acta Neuro-

chirurgica, for his support and aid in achieving this

supplement.

Jin Woo Chang

Congress President

4th Scientific Meeting of the WFNS

Neurorehabilitation Committees

1st Congress of ISRN
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Early rehabilitation of higher cortical brain functioning in neurosurgery,
humanizing the restoration of human skills after acute brain lesions

K. R. H. von Wild
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Summary

Objective. Increasingly more patients after brain damage survive, how-

ever, suffering from severe impairments of higher cerebral functioning.

Methods. Patients after acute brain damage, mainly secondary to TBI,

are referred for early neurosurgical rehabilitation. Our concept follows

the German Guidelines. It is based on a multidisciplinary team approach.

Next-of kin are included in the treatment and caring.

Results. The essential aspect of early neurosurgical rehabilitation is the

integration of disciplines and consistent goal setting to regard individual

patients’ needs. Good structural organization of the team, notice of basic

communication rules, conflict management and a definite decision mak-

ing increase productive interdisciplinary working. The film (shown at the

symposium) shows how to humanize human skills after brain damage.

Discussion. Obviously the impairment of mental-cognitive and neuro-

behavioral functioning and not the loss of physical skills cause the

patients’ loss of life transactions and final outcome after brain damage.

Our concept supports and fosters the individuals’ neural plasticity and

final social reintegration.

Conclusion. Functional rehabilitation is a process whereby patients

regain their former abilities or, if full recovery is not possible, achieve

their optimum physical, mental, social and vocational capacity. Neuro-

surgeons will have to work in close collaboration with the neuropsy-

chologist and all other members of the interdisciplinary team day by day.

Keywords: Concept of early rehabilitation in neurosurgery; traumatic

and nontraumatic brain damage; restoration of neurological and mental-

cognitive, neurobehavioral functioning; team work.

Introduction

‘‘Brain damage has become synonymous with loss of

skills, while rehabilitation of brain damaged individuals

has become known as method to restructure lives within a

social context’’ as Anne-Lise Christensen (3 p XV) quotes.

Severe acute brain damage is a major ethical and

social burden in the industrialized and in the emerging

countries with regard to life-long disability, unnatural

death, and the enormous social-economic costs. Most

patients suffer from cranio cerebral injury (CCI) (mainly

after accident and violence) and nontraumatic brain

lesions secondary to stroke, intracranial subarachnoid

and=or intracerebral hemorrhages, and tumours and

increasingly secondary to cerebral hypoxemia and toxic

insults [1, 2, 5–7, 9, 10, 15, 22, 25, 29, 30]. A head

injury is often complicated by primary extracranial mul-

tiple organ lesions and early secondary complications

requiring an interdisciplinary neurosurgical acute man-

agement and early rehabilitation. Advanced life support,

intensive care treatment and emergency cranial com-

puterized tomography (CCT) has enabled increasingly

more patients to survive, in many cases, however, suffer-

ing from severe impairments of higher cerebral function

[5, 10, 11, 14–16, 18, 23, 25, 28–30]. Mental neuro-

behavioral disability calls for a different degree of ad-

justment than does the need to cope with most physical

disabilities [2, 3, 7, 9, 12, 15, 18, 25, 29]. This is why

nowadays neurosurgeons have become more and more

responsible to start off patient’s holistic rehabilitation

[2, 18], as it can be seen in the spectrum of neurore-

habilitation (Fig. 1) [16, 29]. The author’s concept with a

specially designed department (Fig. 2) that is based on

The German Task Force for Early Neurological Neuro-

surgical Rehabilitation (ENNR) and its Guidelines

has been accepted and meanwhile followed in central

Europe [16, 28]. ENNR is addressed: 1) to refer the

patient as early as possible from the intensive-care unit

(ICU) for ENNR in the same building and 2) to start

the individually designed rehabilitative intervention

very early on, 3) to promote functional recovery, brain

plasticity, and compensation strategies [21], and 4) to

prevent and treat frequent secondary and tertiary com-

plications that keep the patient on the ward.



Patients and methods

The concept of ENNR has been described in detail elsewhere [16,

28, 29]. ENNR interventions require more staff than any other form of

rehabilitation [12]. Staffing requirements for 20 patients are calculated

as follows: 1 (head) neurosurgeon, 1 (rehabilitation) doctor, and 2

ward assistants if not covered by the central neurosurgical services; 20

(intensive care) nurses, 1½ neuropsychologists, 2 speech and lan-

guage, 2 physio- and 2 (massage) physical, 4 occupational, and 2

music therapists, 1 social worker, 1 secretary, 1 technical assistant

(EEG, EVPs, TCMS, EMG, Doppler, Near-infrared diagnostics) [14,

16, 27, 29]. The classic triad of physical therapy, physiotherapy, and

occupational therapy constitute the undisputed basis for motor reha-

bilitation [8]. Neuropsychological, mental-cognitive, language-

speech, and music therapy are becoming ever more critical factors

for the patient’s final outcome [3, 12]. Social services have the task of

psychosocial counselling in economic problems. Electrophysiological

diagnostics help to assess impairments (cerebral coma, prolonged

unawareness, and minimal consciousness, silent epileptic fits, and

recovery of cortical functioning including pharmacological studies

[6, 16, 17, 27, 28].

Results

Patients referred for early neurosurgical rehabilitation

are those with complex impairments of sensorimotor

functioning and=or mental-cognitive, neurobehavioural

impairments. Their level of awareness might vary be-

tween a certain ‘‘cloudiness’’ to severe states of uncon-

sciousness, Apallic Syndrome (AS=VS) (full stage or

early remission stage), and coma [9, 22, 26, 27, 29].

Fig. 1. Spectrum of neurorehabilitation. The patient’s process of functional recovery can be seen in analogy to the solar spectrum with its colours and

characteristic Fraunhofer lines. CCI patients show also typical landmarks of different phases of recovery over time. Spectrum of neurorehabilitation

reflects the interventions for the complex process of holistic functional rehabilitation over time. Rehabilitation starts after the impact to the brain together

with first aid and resuscitation at the site of the brain damage. Emergency management and critical care aims at brain protection via restoration and

stabilization of ventilation and circulation to prevent secondary hypoxic episodes. Emergency surgery for thoracic, vascular or abdominal lesions go first

if of vital importance before operable intracranial haematoma must be evacuated immediately. Intensive-care treatment aims at neuroprotection. This is

why early rehabilitation starts at the ICU with assessment of functional impairments for further rehabilitation interventions. The victim is referred as

soon as possible for ENNR (phase ‘‘B’’), followed by subacute (‘‘B, C’’) and long-lasting rehabilitation (‘‘D’’) including vocational therapy targeted to

reintegrate the victim into family, social life where he or she can enjoy social contacts, job, play, recreation and leisure time, mobility and fun

4 K. R. H. von Wild



The basic work is done by intensive-care nursing staff

[16, 29]. Activating nursing is the fundamental form of

therapy in neurosurgical early rehabilitation. Indepen-

dently from the stage of consciousness and awareness

caring procedures and all therapy stages are explained to

the patient. With the help of basal stimulation by touch-

ing and posturing, the patient’s perception of his body

and motions in connection with personal hygiene and

when being dressed is enhanced in the sense of active

daily-living (ADL) training [13, 20, 24, 26]. These mea-

sures include the changing of wound dressings, and the

laying of gastric tubes, suprapubic urinal catheters, and

tracheostoma. Reposturing helps reduce spasticity and

enhance the patient’s self awareness and sense of his

own body, at the same time promoting local blood cir-

culation. Pressure sores and pathological ossifications of

the major joints can definitely be prevented by these

measures. The rehabilitation management of posturing

includes multiple modalities, such as positioning tech-

niques and bringing the patient in an upright and=or a

standing position influence arousal reactions and are a

highly intensive central acting stimulus. All activities

and observations are dutifully documented.

Physical therapy

Body massage is part of classical physical therapy,

focussed on relaxing and softening tense muscles of the

body and limbs and at the same time stimulating sensorial

perception. Locally it increases the blood supply to the

cutaneous tissue and prevents pressure sores. The risk of

local thrombosis is diminished because of supporting the

venous blood backflow. Physical therapy aims at finding

strategies to overcome sensory motor impairments.

Tremor, clonus, myoclonic and dystonic crises are clin-

ical signs of specific functional lesions of the cortex and

subcortical structures of the brain stem and cerebellum.

Brain damage is frequently associated with an increased

muscle tone and resultant spasticity and rigidity [8].

Because of his consciousness impairments, the anxious

patient might be agitated. Daily warm baths will help the

patient to relax and to decrease spastic movement dis-

orders. Without any additional medication spasticity de-

creases, and the patient will become relaxed, aroused, and

positively motivated for the rest of the day. Therapies in

the swimming pool are an enormous help in stabilizing

the patients’ body control and in enabling him to stand

and to walk again using the water lift. One will notice

here the enjoyment the individual patient derives from

personal attention of the physiotherapist.

Physiotherapy

The assessment of impairments of the musculoskel-

etal system by the doctors and physiotherapists ex-

amines the aspects: Is the muscle spastic to passive

extension? Does the muscle show increased stiffness

when stretched? Does the muscle have fixed shortening?

Careful treatment depends on clinical patterns of motor

dysfunction in order to identify the best method of treat-

ing functional problems as there are: the flexed hip,

scissoring thighs, stiff knees, equinovarus foot, bent

elbow, pronated forearm, bent wrist, clenched fist,

thumb-in-palm deformity. In addition, pharmacological

reduction of spasticity can be achieved by local injec-

tions of phenol for peripheral nerve blocks and today by

the local application of Botulinum toxin, which inhibits

the release of actetylcholine causing flaccid paralysis.

Both techniques are helpful adjuncts for standard use

of casting [15, 16]. Sometimes long-bone and pelvic

fractures that are stabilized with the aid of a fixateur

externe after polytrauma might hinder nursing, activities

of daily living (ADL) [24, 26], physical- and physiother-

apeutic interventions [8].

Occupational therapy [16, 19, 24, 29]

Person-to-person devotion is of utmost importance.

The daily exercise of practical day-to-day life habits

Fig. 2. The authors’ specially designed department for ENNR at

Clemenshospital. L-shaped ground plan of the ENNR department as part

of the neurosurgical clinic where all rooms are located on the first floor

(1200 sqm) and connected by short access. Offices to the north, next to

the X-ray department, and bed-rooms (single and twin beds, cardiology

intensive care style) to the south-east. All necessary therapeutic and

diagnostic facilities in the middle next to patients’ rooms and two

elevators and two staircases

Early rehabilitation of higher cortical brain functioning in neurosurgery 5



and activities (ADL) helps the patient to regain a sense

of self and to cope with his environment. Functional

problems after brain damage are typically caused by

spastic phenomena embedded within the impaired selec-

tive motor control. Patients in coma or with a minimal

responsiveness status manifest rigidity as decerebrate or

decorticate posturing. Motor control may be affected at

many different functional levels, so that patients present

with spasticity and abnormal extension or flexion posi-

tioning of the limbs. The purpose of posturing patients

in an upright sitting position when emerging from coma

or apallic syndrome is to enhance vigilance and cogni-

tion by stimulating the ascending system of the reticu-

lar formation. The unconscious patient is first treated

and mobilized with the aid of a tilting bed for standing.

Continuous monitoring of vital signs – for instance

systemic blood pressure, heart rate, and cerebral blood

perfusion – with the aid of transcutaneous near infrared

spectroscopy are helpful [29]. Sitting in an upright

position is a strong central stimulus that helps to es-

tablish new proprioceptive inputs and to reorganize the

vestibular and the central blood-pressure control sys-

tems. ADL is performed by occupational therapists in

cooperation with nurses, physiotherapists and speech

therapists, depending on the nature and severity of the

functional impairments involved. The physiological

posturing of the patient also plays an important role

here. Putting the patient into a standing apparatus for

10–15 minutes helps him to reorganize and to actively

train the subcortical autonomous centres for blood pres-

sure, respiration, and heart rate. The benefit of upright

positioning is the stimulation of arousal and cognition,

and hence the coordination of central motor cortical

functions and frontal brain activities. Therefore we check

sitting and standing of the patient for assessment of be-

haviour and cognition with the aid of our CRS [22, 28].

Occupational Snoezel therapy is new and stands for a

combined multisensorial stimulation therapy within a

special environment [29]. Snoezel helps to arouse and

to calm down agitated patients, with the patient himself

positioned on a water bed and held tight in the arms of

the therapist to feel and to enjoy the physical nearness

and warmth. Snoezel aims at the stimulation and treat-

ment of perception disorders: the stimuli applied are

tactile, proprioceptive, vestibulary, visual-acoustic, gus-

tatory, and olfactory [12, 13].

Music therapy

Music therapy is based on a neuroscience model of

music perception and production and the influence of

music on functional changes of emotions and perception

in the brain with influence on behaviour functions to

neurological disease of the human nervous system [29].

The music therapist aims at reaching the awareness of

the patient that cannot be accessed through verbal com-

munication. The music therapist improvises vocally to

the breathing of the patient reflecting changes in inten-

sity, tempo, and dynamics. This offers the patient a

unique possibility to express his individual self in an

expressive musical form. Music therapy on a two-patient

basis and in small groups enhances personal and social

integration following individuals’ isolation and social

withdrawal. Recovery of awareness and cognition over

time can exemplarily be shown in comatose and apallic

patients during recovery.

Neuropsychological therapy

Neuropsychological therapy has become key therapy

in ENNR as mental disabilities are both more persistent

and constitute a greater handicap than focal neurological

signs [2, 3, 12, 16, 18, 29]. Practically all patients after

brain damage suffer from impairments of higher inte-

grated cerebral functions. Most of the patients have

impairments in alertness and vigilance, problems with

memory and learning, and difficulties with abstract rea-

soning and flexible problem solving. Their capacity to

perceive the meaning of ongoing interactions objectively

is diminished. In following the treatment concepts of

Christensen and Uzzell [3] and Prigatano [18] neuropsy-

chological therapy during early rehabilitation is mainly

based on a phenomenological approach [12]. The sig-

nificance of symptoms and signs can be understood only

in the context of the functional system. There is no

specific treatment of neglect syndrome, for example sec-

ondary to intracranial haemorrhage with left-sided hemi-

paresis, but general psychological motivation and ease

of mind improve over time. The functional system in the

brain consists of a number of parts, each being very

specific, particularly the cortical one. A preliminary con-

versation provides information regarding the history,

general state, and particular aspects of the patient’s men-

tal activity. So we try to provide feedback and to gauge

progress and development and, as demonstrated during

the treatment of an aphasic patient after ICB, by lending

support and modifying the ambient conditions it is

possible to encourage the patient when we try to guide

his attempts and compensation. Functional training with

the aid of personal-computer programmes may be in-

dicated at a certain stage of progress in the restoration

of cognition. Self-assessment and feedback is part of the

6 K. R. H. von Wild



emotional interaction during psychological treatment.

Computer training has become an additional adjunct [12].

Social services

Our social worker turned out to be the main con-

necting link between the patient’s family and hospital

affairs complementary to the neuropsychologist, trying

to achieve a good quality of life for the patient and the

relatives after discharge from hospital.

Brain damage is a family affair [3]. Relatives, therefore,

are touched emotionally and socially. They cannot come to

terms with the catastrophic situation and are worried about

the future. They insist on knowing more about the chance

of survival and the functional prognosis. The senior physi-

cian informs the family about the functional impairments,

risks, and complications, and goes on to explain the design

of our therapeutic concept on the basis of careful clinical

and psychological assessment. The near and dear become

partners of the multidisciplinary team approach for func-

tional recovery and they are included in the daily rehabili-

tative measures, thus learning how to approach and how to

copewith the new situation. The next-of-kin know best the

personal structure of the patient from the time before the

event, a feature that is prerequisite for individual treatment,

and they usually make more detailed observations than do

the clinic staff so that they often are the first to register

when the comatose patient regains conscious reactions.

The next-of-kin are trusted by the patient and especially

in the early stage they can help to calm the disoriented and

confused patient, thus helping to avoid or reducevegetative

disregulation and while accompanying frightened patients

to their therapy sessions they can assist in the stimulation

process by taking care of various everyday life activities.

The team respects the patient’s cultural, religious, and

social-economic background. The neuropsychologist and

social worker assist here, too, since they are aware of the

patient’s functional impairment and social background.

‘‘In the beginning, 6 weeks after the traffic accident, the

doctors told me that it could be that my daughter Heike,

who was in a full stage of apallic syndrome, might be

discharged home functionally unchanged if she survived

at all, despite all intensive rehabilitation measures that

would be taken over the following twelve months. How-

ever, they all gave me hope and I was kept informed about

her situation at all times!’’ patient Heike’s father quotes.

Daily visits

The object of the daily visits is to check the state of

the patient’s health, documenting the functional impair-

ments as well as any improvements in his condition

[12, 16, 17, 29]. Even the slightest clinical changes in

awareness and motor functions can indicate the progres-

sive recovery of the patient or else an imminent second-

ary complication, generally involving the respiratory

system or of an intestinal, urological, or neurosurgical na-

ture. Intracranial mass lesions and hydrocephalus cause

typical neurological and mental-cognitive impairments.

Complications

Respiratory complications and bronchopneumonia are

frequent due to swallowing disorders and silent aspiration

[6]. The incidence of dysphagia after severe brain damage

secondary to TBI and stroke is in the region of 30% [19].

The majority suffer from delayed or totally absent of

swallowing responses, with approximately one half show-

ing reduced tongue control and about one-third having

reduced pharyngeal transit times and the rest a reduced

laryngeal closure, elevation, or spasms. Treatment efforts

focus on compensation mechanisms. Video fluoroscopy

has become the gold standard for evaluating patients for

dysphagia. This method enables the operator to observe

the anatomy and physiology of the swallowing mecha-

nism after the bolus administration of barium-impregnated

liquid on its way to the oesophagus. The vast majority of

patients improve spontaneously [19].

The hospital’s X-ray department is next to the ENNR

unit (Fig. 2) which is necessary because of frequently

required plain films and special radiological diagnostics.

Computerized cranial tomography (CCT) has become

the gold standard as an imaging diagnostic procedure.

Thin-section tomography, vascular imaging, and spinal

CT with bone fenestration reveal potential pathological

symptoms in the brain, vascular system, ventricular sys-

tem, and bone structures, also in the region of the base of

the cranium. Magnetic resonance tomography (MRT)

follow-up studies of the damaged brain allow prognostic

prediction [27, 29].

Exclusion criteria for ENNR: All patients with acute

brain lesions and suffering from neurological and=or

mental cognitive impairments of higher cerebral func-

tioning are eligible for referral to an ENNR department

provided they are no longer on the ventilator, sufficiently

stable in terms of circulation and breathing, without

increased intracranial pressure, and not suffering from

severe infection or progressive malignancy nor from

progressive cerebral diseases such as M. Alzheimer or

Chorea Huntington. All team members meet in weekly

rounds to discuss and assess the patients’ individual

status. Diagnostic findings are presented with comments

Early rehabilitation of higher cortical brain functioning in neurosurgery 7



on the charts. The performance of sensory motor and

cognitive-psychological recovery of functioning is as-

sessed by all team members who are in charge of the

patient over weeks and months.

Cut-off points

The functional impairment and fluctuation is best mir-

rored with the aid of the coma remission scale score. A

score of 24 points on the 24 points CRS [16, 28, 29] in

conjunction with ERBI >þ40 points [20] constitute the

cut-off criterion.

No patient with less than 20 points on day 40 reached

a functional outcome of the Glasgow outcome scale

score 4 or 5, no patient with fewer than 10 points

emerged from apallic syndrome within one year.

Time interval (see Table 1) between head injury and

the start of neurorehabilitation was less than one month

for 175 TBI (¼ 67.2%) and one to three months for

60 patients while average time of stay for ENNR ‘‘B’’

was 58 days (1–366 days) and for postacute ‘‘C’’ 41 days

(2–300 days) respectively according to the prospectively

controlled study on TBI management in Germany [29].

Functional outcome [7, 29] and quality of life [25]

(Fig. 1) after some years of two of our patients which

is in accordance with the results obtained in the prospec-

tive study of 6800 acute TBI [29] confirm our concept

for ENNR exemplarily. Case 1: Three years ago a young

lady, a student of chemistry, experienced a severe CCI

of the GCS 3 category followed by an apallic syndrome

lasting over nine months. Now she lives on her own in a

specially equipped environment for handicapped people.

Her beloved best friend is her horse from earlier times,

when she went for competitions. Three times a week

she goes for horseback riding. Her teacher said that

she has constantly improved her sensorimotor, vestib-

ular, and cognitive behavioural functioning. Case 2:

Two years ago, one gentleman was twice virtually

dead because of severe brainstem haemorrhage. He was

in coma and mechanically ventilated for two weeks,

gradually making a slow recovery during early reha-

bilitation two years before. Now back at his normal

environment again, he enjoys his family, home, horses,

leisure time, and the beautiful landscape. He enjoys

his social reintegration and visits his factory twice a

week. A young male nurse takes care of his active

daily living and has become his chauffeur for the new

Daimler. Although partly disabled, this man and his

family are entirely happy with the functional result and

his mobility.

Discussion

In Germany roughly 6000 people die as a conse-

quence of traffic accidents each year, 2500 as a direct

result of traumatic brain injury. Year by year, 260,000

patients are admitted to German hospitals for the treat-

ment of traumatic brain injury (TBI). Of this total, about

5% suffer from the severest forms, 10–15% from a

more moderate form, and most patients from so-called

mild TBI. Stroke shows exactly the same incidence of

320 per 100,000 population. In respect to the conse-

quences of the severest form of brain damage the pre-

valence of an Apallic Syndrome (AS)=VS secondary to

traumatic and nontraumatic brain lesions, as reported

in the international literature, ranges widely, for Europe

0.5 to 2.0=100,000 population. Recently Stepan et al.

reported objective figures of 1.7 per 100,000 popula-

tion for Vienna, the capital of Austria, with 1,620,170

population at the time of analysis (Nov. 2003) which

are based on their personal examination of patients

with AS and expertise in AS diagnostics and treatment

[22]. Recovery from AS is defined as the ability to es-

tablish visual or verbal contact with the outside world.

The AS recovery rate is reported to be mainly de-

pendent on age when children do better (about 70%)

than adults (45–50%) and on the primary impact to

the brain when patients with cerebral hypoxemia sec-

ondary to cardiac arrest, strangle, and near-drowning

or hypoglycaemic intoxication after resuscitation do

worst. Most patients who regained consciousness did

so in the first 3 months. After one year only some few

Table 1. Time interval and frequency of TBI patients admittance for

ENNR (N¼ 100)

Interval=

days

MS MS and

other hospitals

H Other

hospitals

N (%)

1–7 16 2 0 1 19 19.0

8–14 9 4 2 2 17 17.0

15–21 15 3 5 2 25 25.0

22–30 7 3 4 7 21 21.0

30–90 5 0 5 7 17 17.0

91–180 0 0 0 1 1 1.0

Patients (%) 52 12 16 20 100 100.0

Time interval between acute brain damage in respect to the primary

hospital that referred the TBI patient for ENNR. MS¼ same (author’s)

hospital as neurosurgical rehab unit, MS and other hospitals include

second neurosurgical department M€uunster without unit for ENNR and

other hospitals in the M€uunster area;H admission from two neurosurgical

departments of Hannover area, other hospitals¼ rest of hospitals of the

Hannover region. Data from the prospective study on quality manage-

ment of TBI in Hannover and M€uunster regions 2000=2.
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of the AS patients may achieve some minimal respon-

siveness and early stage of functional recovery or they

remain in AS full stage. Techniques of FES (functional

electrical stimulation) are not yet routinely applied in our

department, although there is clear evidence of safety

and effectiveness as reported by Kanno for his dorsal

column spinal cord stimulation (DCS) [10, 11, 14], by

Tsubokawa et al. for deep-brain stimulation [23, 30],

and for Edwin B Cooper’s right median nerve electri-

cal stimulation [4] to hasten awaking from coma and

AS=VS.

Functioning in the sense of WHO-ICF is an umbrella

term encompassing all body functions, activities and

participation taking into account all the physical, neuro-

logical and mental-cognitive impairments. Quality of

life (QoL) [1] is accordingly mirrored by the impair-

ments that refer to loss of structures and functions, while

disabilities refer to limitations or participating restric-

tions (Fig. 1) [25]. Our data on the epidemiology and

quality management of ENNR [29] met the criteria set in

1993 [12, 16, 28]. Management of frequent multiple

organ lesions and complications (¼ 57%) without refer-

ring the patient to another hospital [5, 6, 29] and early

functional outcome [7, 25, 29] confirm the authors’ con-

cept of neurosurgical early rehabilitation.
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Addendum

Coma Remission Scale (CRS)

GERMAN TASK FORCE ON

Neurological-Neurosurgical

Early Rehabilitation 1993 [28]

Correspondence: Klaus R. H. von Wild, Professor of Neurosur-

gery, Medical Faculty, Westf€aalische Wilhelms University, M€uunster,

Professor of Neurorehabilitation, INI Hannover, Frauenburgstrasse

32, 48155 M€uunster, Germany. e-mail: kvw@neurosci.de or kvw@

neurotraumatology.org

Patient name:

Date:

Investigator (initials):

1. Arousability==attention (to any stimulus)

Attention span for 1 minute or longer 5

Attention remains on stimulus (longer than 5 sec) 4

Turning towards a stimulus 3

Spontaneous eye opening 2

Eye opening in response to pain 1

None 0

2. Motoric response (minus 6 points from max. attainable sum if

tetraplegic)

Spontaneous grasping (also from prone position) 6

Localized movement in response to pain 5

Body posture recognizable 4

Unspecific movement in response to pain

(vegetative or spastic pattern)

3

Flexion in response to pain 2

Extension in response to pain 1

None 0

3. Response to acoustic stimuli (e.g. clicker) (minus 3 points

from max. attainable sum if deaf)

Recognizes a well-acquainted voice, music, etc. 3

Eye opening, turning of head, perhaps smiling 2

Vegetative reaction (startle) 1

None 0

4. Response to visual stimuli (minus 4 points from max.

attainable sum if blind)

Recognizes pictures, persons, objects 4

Follows pictures, persons, objects 3

Fixates on pictures, persons, objects 2

Occasional, random eye movements 1

None 0

5. Response to tactile stimuli

Recognizes by touching==feeling 3

Spontaneous, targeted grasping (if blind), albeit

without comprehension of sense

2

Only vegetative response to passive touching 1

None 0

6. Speech motor (logomotor) response (tracheostoma¼ 3 if lips

can be heard to utter guttural sounds=seen to mime ‘‘letters’’)

At least one understandably articulated word 3

Unintelligible (unarticulated) sounds 2

Groaning, screaming, coughing (emotional,

vegetatively tinged)

1

No phonetics=articulation audible=recognizable 0

Sum score:

Max. Attainable score (of 24) for this patient
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Summary

Since 1995, at the Istituto Nazionale Neurologico ‘‘Carlo Besta’’ in

Milan (INNCB,) 401 deep brain electrodes were implanted to treat

several drug-resistant neurological syndromes (Fig. 1). More than

200 patients are still available for follow-up and therapeutical considera-

tions. In this paper our experience is reviewed and pioneered fields are

highlighted.

The reported series of patients extends the use of deep brain stimula-

tion beyond the field of Parkinson’s disease to new fields such as cluster

headache, disruptive behaviour, SUNCt, epilepsy and tardive dystonia.

The low complication rate, the reversibility of the procedure and the

available image guided surgery tools will further increase the therapeutic

applications of DBS. New therapeutical applications are expected for

this functional scalpel.

Keywords: Deep brain stimulation; movement disorder; chronic

pain; dystonia; Parkinson’s disease.

Introduction

At the beginning of the century stereotactic neurosur-

gery was used on animals for experimental purpose with

the aim of mapping the brain’s electrical activity and

functional responses. The mapping process was fol-

lowed by the development of surgery that was capable

of changing function of brain, through small lesions

in a ‘‘key’’ area. In the nineties, deep brain stimulation

(DBS), after its optimization by Benabid [2–5], for the

control of parkinsonian tremor gained worldwide the

role of a promising therapeutical tool. The administra-

tion of high frequency and low amplitude electric sti-

mulation, allows the modulation of neuronal activity

in a reversible way: the parameter of stimulation can

be adapted according to the clinical response. Neverthe-

less the way DBS works is still unclear. More experi-

mental data are required to understand whether the

interaction with the neurological functions is obtained

through the inhibition or the activation of cellular activ-

ity which modulates the output of specific neural net-

works. There is interest, moreover, to investigate new

targets in order to find new therapeutical applications

to approach otherwise untreatable diseases. The devel-

opment of computer-based workstations allows the use

of multimodality image sets for the surgical planning,

while neuroimaging provides a functional scalpel and a

powerful research tool in the hand of the neurosurgeon.

Since 1995 at Istituto Nazionale Neurologico ‘‘Carlo

Besta’’ in Milan (INNCB), 401 deep brain electrodes

were implanted to treat several drug-resistant neurologi-

cal syndromes (Fig. 1). More than 200 patients are still

available for follow-up and therapeutical considerations.

In this paper our experience is reviewed and pioneered

fields are highlighted.

Patients and methods

Movement disorders

Parkinson’s disease: The long term results of 85 parkinsonian patients

submitted to bilateral stereotactically guided implant of electrodes into

the subthalamic nucleus (STN) are available. Mean age 55.7 � 7.7 yrs,

duration of the disease 11.9� 4.2 yrs, follow-up 25.4 � 16.7 yrs. UPDRS

motor score were of 55.1� 14.8 in off-drug and 19.0 � 11.0 in on-drug.

The present series extends to the long-term observation (FU>12

months) of our previous follow-up [6, 7]. Eight more patients affected

by dopa-related diskinesias underwent Gpi neurostimulation.

Tremor: twelve patients underwent Voa-Vop-Zi high frequency stimu-

lation (HFS). Four patients were affected by multiple sclerosis (MS),

three patients by posttraumatic tremor, and five patients Parkinsonian

tremor. Four patients affected by essential familial tremor, underwent

Vim (HFS).

Dystonia: twenty-eight dystonic patients underwent Gpi HFS. This

series include patients affected by primary dystonia DYT 1�, DYT 1þ
(only one patient) and symptomatic dystonia (including three cases of

drug induced tardive dystonia). Onset of symptoms ranged between



2 and 50 years of age. Duration of the disease at the time of surgery

ranged between 4 and 30 years. Preoperative and postoperative evalua-

tion included video recording and assessment of dystonia with Burke-

Fahn-Marsden Dystonia Rating Scales (BMFDRS).

Chronic pain

Posterior medial hypothalamic stimulation has been performed in 16

patients with chronic Cluster Headache (CH), one patient with short-

lasting unilateral neuralgiform headache attacks with conjunctival injec-

tion and tearing (SUNCT), and three patients with neurogenic facial pain.

Disruptive behaviour

Posterior medial hypothalamic stimulation has been performed in two

patients with major psychorganic diseases and disruptive behaviors, all

patients were institutionalized and required continuous sedation.

Epilepsy

Chronic stimulation of the posteromedial portion of the substantia

nigra has been performed in one young female (age 26) suffering from

disabling posttraumatic drug resistant partial motor seizures (more than

100 seizures per month).

Surgical technique

Today different imaging modalities are available to

calculate the target position coordinates by direct visu-

alization of anatomical structures and by indirect cal-

culations based on the commissural reference system.

Even if the approach to planned target is more accurate

than several years ago, many factors may lead to an error

in the final position of the electrode (e.g. MRI distortion

and individual variability). So microrecording of neuro-

nal activity and micro-macrostimulation is still helpful.

The introduction of this peroperative neurophysiological

investigation has improved the safety and accuracy of

functional neurosurgical procedures.

The day before surgery we perform accurate plan-

ning by imaging. MRI (T1 and fast spin echo inversion

recovery sequences with double dose of contrast-agent)

is used to obtain high definition anatomical images

of the intercommissural plane, allowing the calcula-

tion of the midcommissural point coordinates. MR

images are merged with computed tomography (CT)

images obtained stereotactically (CRWor Leksell frame)

through a dedicated workstation (Stealth Station Treon

SofamorDanek, Medtronic Inc. Minneapolis=US). The

stereotactic coordinates of the chosen target are obtained

within the virtually built 3D space enriched by vessels

enhancement. The planning of the target is refined com-

paring the results obtained by the workstation with a

dedicated software developed at our Institute (Virtu-

alventriculography, Solaris), which is a self learning

atlas based on the statistical analysis of previous im-

plants. In this way the targeting procedures may take

advantages from a probabilistic functional stereotactic

atlas (Fig. 3).

Fig. 2. Target coordinates registered to the AC-PC midpoint: (a) Dystonia; (b) Parkinson’s disease; (c) tremor; (d) epilepsy; (e) cluster headache and

aggressive behaviour

Fig. 1. Graphic representation of the whole series of deep brain elec-

trodes implanted since 1995 at the neurological institute ‘‘C. Besta’’,

Milan (stn subthalamic nucleus, GPi globus pallio pars interna, Vim

ventralis intermediate nucleus, Voa-Vop-Zi ventral oralis ventral poster-

ior and zona incerta, P. Hyp posterior hypothalamus, PVG periventri-

cular grey)
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Most of the procedures have been performed through

a 7mm precoronaric paramedian burr hole. Microre-

cording is used for the neurophysiological confirmation

of the target in Parkinson’s disease. Micro and=or mac-

rostimulation has been performed in all procedures to

rule out the adverse effects induced by electrical current

delivered at therapeutical levels.

All the procedures were conducted in local anaesthe-

sia except for generalized dystonia where general anaes-

thesia without curarization was preferred. Patients in

general anaesthesia underwent only macrostimulation

to establish the motor threshold avoiding implants too

close to the internal capsule.

The individual variability of the target along the ante-

roposterior axis due to the high individual variability of

the midbrain angle is considered and corrected in all the

procedures below the commissural plane. In these cases

a third point 8mm below the commissural plane is

considered to correct the AC-PC registered system. To

verify the position of the electrode, CT was always per-

formed after stereotactic surgery but before the pulse

Fig. 4. Postoperative MRI merged with the preoperative MRI planning

showing electrode position (T1 weighted images)

Fig. 3. Snapshot of the virtual ventriculography program (Wandor software, Dolgo, PC, Italy) showing the plate 6mm below the commissural

plane. The trajectories to the GPi (red) and STN (black) nuclei are represented on the ventricles AP and lateral profile. Targets are represented on the

corresponding axial section (green: GPi, yellow: optic tract, cyan: STN, dark dotted grey: substantia nigra, pale grey: internal capsula, pink red

nucleus, dotted violet: sensory lemniscal fibres)

Fig. 5. Graphic representation of the complications (red: hemorrhage;

violet: permanent neurological deficits, yellow: transient neurological

deficits, cyan: postoperative seizures, brown: hardware removal, grey:

hardware failure, black: electrodes migration, green: no complications)
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generator was placed. This examem is merged with the

preoperative planning in order to verify the electrode

position [11] (Fig. 4).

Results

Movement disorders

Parkinson’s disease: At a follow-up of 25.4� 16.7

months UPDRS in off-drug with stimulation is 26.4�
11.7, while in on-drug with stimulation is 15.4� 9.1.

The variation off=offþ stimulation is �52.1% and vari-

ation on=on þ stimulation is �19.1%.

Dystonia: All patients showed a clinical improvement,

as evaluated by the BMFDRS scales, that ranged be-

tween 27 and 88%. The improvement was progressive

over a period of 3–6 months after surgery, and persisted

during the follow-up (4–48 months). Our results demon-

strate that DBS is an effective treatment for dystonia,

with no remarkable side effects, even in childhood. In

tardive dystonia the results are higher than 90% with

immediate effects.

Tremor: All patients regained autonomous self feed-

ing and personal care at 12–36 months follow-up with

continuous high frequency stimulation. All Vim, Voa-

Vop-Zi targets showed efficacious results but the latter

allowed a better control of the ataxic component.

Chronic pain

Cluster headache: At four years follow-up the percen-

tage of the total number of days free from pain attacks

improved from up to 78% and 10 patients of this series

had a complete and persistent pain-free state.

SUNCT: At 18 months follow-up the patient had com-

plete pain relief.

Neurogenic facial pain: Neurostimulation procedure

was absolutely unsuccessful.

Disruptive behaviour

Stable improvement with a 12 months follow-up was

obtained and a marked reduction in sedative drugs was

achieved allowing us to stop the contentive hospital

procedures.

Epilepsy

At 15 months follow-up the only operated patient re-

ported a 60% dramatic reduction of seizures.

Complications

Massive brain haemorrhage occurred in one case of

STN implant (0.4%); permanent neurological deficits

due to deep haemorrhage occurred in four patients of

which one was a Vim implant and the other STN im-

plants (1%). Transient neurological deficits due to deep

haemorrhage occurred in five patients (1.2%); post-

operative seizures occurred in three patients (0.7%);

hardware removal due to infection occurred in twenty-

two cases (5.4%) one of which had cerebral abscess at

the origin of the stereotactic trajectory; hardware failure

occurred in twelve patients (2.9%); late electrode migra-

tion occurred in twelve patients (2.9%) of which eight

were under fourteen years old.

Risk rate is referred to single electrode implant sur-

gery, patients who need more than one electrode implant

may expect a higher risk rate.

Discussion

Movement disorders

Parkinson’s disease: As far as the field of movement

disorders is concerned, advanced Parkinson’s disease

remains the main indication for DBS. Drug treatment

of parkinsonian symptoms unfortunately cannot avoid

disability in an advanced course of disease since long-

term levodopa therapy often results in invalidating motor

fluctuations and dyskinesias. In the 1980s, the side

effects and limits of chronic L-dopa therapy became

obvious and led to reintroduction of the surgical treat-

ment of motor symptoms in Parkinson’s disease (PD).

Advances in stereotactic surgery, neuroimaging [15,

16], electrophysiologic recordings and the possibility

to obtain therapeutic responses by high-frequency deep

brain stimulation (DBS) have renewed interest in the

surgical treatment of PD. During the last 10 years,

several groups have demonstrated that chronic DBS of

the VIM, subthalamic nucleus (STN), or globus pallidus

internus is an effective treatment for disabling pharma-

cotherapy-resistant motor symptoms (tremor, rigidity,

bradykinesia) in PD. Increasingly evidence in favour

of the subthalamic nucleus (STN) as the target of choice

has been collected [4–6]. The experimental data in

MPTP monkeys along with clinical results in human

PD patients after both STN lesion or high frequency

stimulation, point toward a major role of STN hyperac-

tivity in the pathophysiology of PD. Deep brain stimula-

tion seems to produce a functional inhibition of the

neurons in the targeted structure that mimics the result
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of lesioning. The main advantage of this procedure ver-

sus lesioning is related to the reversibility and adjustabil-

ity of its effects without any cerebral permanent damage.

The parameters of stimulation can be changed to in-

crease efficacy or to reduce side effects. In the future a

more oriented choice between the available targets (Vim-

Zi-STN-Gpi-CM) will further improve clinical outcome.

Dystonia: Dystonia is a neurological syndrome charac-

terized by abnormal postures and involuntarymovements.

The physiopathologic basis of dystonia has not yet

been completely clarified, however, the cortical-subcor-

tical network and the globus pallidus internus (Gpi) are

the structures primarily involved. Pharmacological treat-

ment of dystonia is sometimes disappointing.

The practice of lesioning in dystonic patients was very

common in the 1950s and 1960s, since at that time it

was essentially the only available treatment for severe

cases. These procedures, performed 50 years ago, were

reported to have results not always satisfying, sometimes

with severe side effects. By the 1980s, brain surgery for

dystonia was abandoned. However, the increased under-

standing of the pathophysiology of movement disorders

and the availability of DBS technology led to a resur-

gence of interest in the surgical treatment of dystonia;

with globus pallidus internus (GPi) still the favourite

target [9, 13, 21]. The timing of clinical improvement

observed in dystonia is different from that observed in

Parkinson’s disease. In fact, days, weeks and most often

months are required and, moreover, the improvement

continues for years, suggesting a phenomenon of neuro-

nal plasticity rather than a simple transitory functional

inhibition of a pool of neurons.

Tardive dystonia (TDt) affects about 15% of patients

treated by long term neuroleptics therapy and has the

potential of becoming irreversible and untreatable in

1–4% of these patients. According to results from litera-

ture, when drug therapy is ineffective, thalamotomy can

be applied with good but sometimes transient results. Side

effects such as dysarthria, dysphonia, and motor distur-

bances have been described, particularly when thala-

motomy is bilateral. The three patients we selected for

surgical treatment presented with the typical features of

drug resistant TDt: they were young males, TDt onset was

observed after a long period of neuroleptics treatment,

dystonia persisted after withdrawal of the causative drug

with resistance to any medical treatment. Tottemberg [20]

was the first surgeon to use DBS for TDt: he investigated

the effect of two different targets, VIM and GPi, on the

same patient. While VIM did not result in any improve-

ment of movement control, GPi did. Therefore, we treated

our patients with bilateral GPi high frequency stimula-

tion. Stimulation started the first day after surgery and

immediate improvement could be obtained, differently

from what can be generally observed in dystonia of dif-

ferent origin. In our TDt patients neuroleptic drug admin-

istration was not discontinued: GPi neurostimulation was

found to act as a sort of protection against this particular

drug related side effect. High frequency chronic GPi

stimulation was found to be safe, highly and promptly

effective in these patients, and GPi stimulation has the

potential to become the elective treatment of TDt, how-

ever these results has to be validated by larger series.

Tremor: The impressive reduction of tremor obtained

either immediately during the surgical procedure or at

long term follow-up in Parkinson’s disease, lead to pro-

pose neurostimulation as a suitable treatment of symp-

tomatic tremor in multiple sclerosis patients. The first

reported cases of midbrain electrical stimulation on mul-

tiple sclerosis patients (MS) with ataxic tremor were

reported by Brice and Mc Lellan in 1980. The four

patients of our preliminary series were selected on the

basis of major impairment provoked by intentional and

at rest upper limb tremor. These findings raise the pos-

sibility that ataxic tremor could benefit from chronic

high frequency Voa-Vop-Zi electrical stimulation.

Pain

Pain represents one of the most challenging issues for

neurosurgeons. DBS and other neuromodulation proce-

dures may offer a valid alternative to ablative procedures,

which always produce a permanent damage that some-

times can give rise to neuropathic pain. Cluster headache

(CH) in particular has been the first indication in the field

of chronic pain: it was recognized starting from metabolic

and functional neuroimaging which pointed to the postero

medial hypothalamus. CH is a painful syndrome of the

face often characterized also by symptoms of more

general hypothalamic involvement such as psychomotor

agitation. Recent imaging studies (PET and fMRI) dem-

onstrated hypothalamic asymmetry and activation during

pain attacks [13, 14, 19]. In line with these studies, sug-

gesting the hypothalamus as the origin of pain attacks, we

tried to interfere with the supposed hypothalamic hyper-

activity through DBS.

Disruptive behaviour

Aggressive behaviour may be associated with differ-

ent psychotic diseases and=or severe oligophrenic con-

Deep brain stimulation as a functional scalpel 17



ditions. Control of aggressiveness in most cases may be

obtained by drugs including phenothiazines and neuro-

leptics. Nevertheless, in selected cases, control of ag-

gressive behaviour may be problematic due to the need

of high dosages of drugs producing major side effects

and sedation, which made caring for these patients even

more distressing. In the sixties several neurosurgical

procedures have been proposed and performed to treat

the aggressiveness in psychotic patients, but the danger

of irreversible lesions to CNS structures involved in the

control of cognitive functions and mood put such sur-

gery in conflict with ethics. Also, electroconvulsive ther-

apy (ECT) was progressively decried in the seventies

due to evidence of irreversible brain damage inflicted

by repeated procedures. On the other hand, the last three

decades have provided a huge amount of data and

knowledge about the neurophysiological mechanisms

of aggressive behaviour since the first experience of

Delgado on animals with neurostimulators implanted

in the limbic system. Since the last decade the Delgado

experience and similar experimental studies have in-

spired more science fiction writers than neurosurgeons.

Bilateral stereotactic lesion of the posteromedial hy-

pothalamus was first reported by Sano in the sixties.

This kind of surgery, also known as sedative neurosur-

gery, found little diffusion for fear of irreversible effects.

Our recent experience of chronic hypothalamic stimula-

tion for the treatment of intractable cluster headache

demonstrated the feasibility and safety of this procedure

and renewed our interest in this target. Deep brain sti-

mulation (DBS) of the posterior hypothalamus was then

performed in two patients [13]. DBS of the posterior

hypothalamus could lead to a resurgence of interest in

the treatment of severe behavioural disorders.

Epilepsy

Although surgical resection of the seizure focus is the

treatment of choice of refractory epilepsy, DBS may be an

alternative procedure when the focus involves eloquent,

unresectable areas. Stimulation of different brain struc-

tures such as the cerebellum (Cooper et al. 1973), the locus

coeruleus (Faber and Vladyka, 1983), the thalamic centro-

median nucleus (Velasco et al. 2000) and the STN-SN

(Benabid et al.) has been effective in reducing seizure

rate in humans [1, 9, 11, 17]. Several experimental data

strongly suggested that basal ganglia and striatal pathways

are involved in epileptic seizures threshold and diffusion.

Our results obtained in a young patient (26 yrs) sub-

mitted to DBS procedure of the SN-pars posteromedialis.

Confirm the literature data and support application of

DBS for the treatment of rolandic post-traumatic seizures.

Conclusions

The reported series of patients extend the use of DBS

beyond the field of PD to new fields such as cluster

headache, distruptive behaviour, SUNCT, epilepsy and

tardive dystonia.

The low complication rate, the reversibility of the

procedure and the available image guided surgery tools

will further increase the therapeutic applications of

DBS. New therapeutical applications are expected for

this functional scalpel.
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Summary

Deep brain stimulation (DBS) of the thalamus (Vo=Vim) has become

popular as a means of controlling involuntary movements, including

post-stroke movement disorders. We have also found that post-stroke

movement disorders and motor weakness can sometimes be controlled

by motor cortex stimulation (MCS). In some forms of movement dis-

orders, motor dysfunction becomes evident only when patients intend to

move their body. We have developed an on-demand type stimulation

system which triggers stimulation by detecting intrinsic signals of inten-

tion to move. Such a system represents feed-forward control (FFC) of

involuntary movements. We report here our experience of DBS and

MCS for controlling post-stroke movement disorders, and discuss the

value of FFC. Excellent control of post-stroke movement disorders was

achieved by conventional DBS and=or MCS in 20 of 28 patients with

hemichoreoathetosis, hemiballism tremor, and motor weakness. FFC was

tested in 6 patients who demonstrated excellent control of post-stroke

postural tremor or motor weakness by conventional DBS or MCS. The

on-demand stimulation provided satisfactory FFC in 4 of 4 patients with

postural tremor and 2 of 2 patients with motor weakness, when the

activity of muscles involved in posturing or intention to move was fed

into the system. These findings justify further clinical studies on DBS and

MCS in patients with post-stroke movement disorders. The on-demand

type stimulation system may also be useful for overcoming various post-

stroke movement disorders.

Keywords: Movement disorders; involuntary movement; stroke;

deep brain stimulation; motor cortex; thalamus.

Introduction

During the last decade, deep brain stimulation (DBS)

has become popular as a means of controlling involuntary

movements. We have treated more than 400 patients with

involuntary movements by DBS since 1989 [4–7, 10–12],

including post-stroke movement disorders [6]. We have

also found that involuntary movements can sometimes

be attenuated in post-stroke patients undergoing motor

cortex stimulation (MCS) for pain control [3, 5, 8]. This

observation suggested that MCS may represent another

useful option for controlling involuntary movements.

In some forms of movement disorders, involuntary

movements are induced only when patients intend to

move their body. We have developed an on-demand type

stimulation system which triggers DBS or MCS by de-

tecting intrinsic signals of intention to move. Such a

system represents feed-forward control (FFC) of invo-

luntary movements. In cases of postural tremor, for ex-

ample, the tremor mechanism is activated by certain

posturing. Signals related to posturing can therefore be

used for FFC of the tremor. We report here our experi-

ence of DBS of the thalamus (Vo=Vim) and MCS for

controlling post-stroke movement disorders, and discuss

the value of FFC based on a preliminary study.

Materials and methods

A total of 28 patients with post-stroke movement disorders, including

hemichoreoathetosis, hemiballism, tremor and motor weakness, under-

went DBS and=or MCS. We employed DBS of the thalamus (Vo=Vim)

for controlling the hemichoreoathetosis, hemiballism or tremor. In some

patients with hemichoreoathetosis and=or tremor, the effects of MCS

were tested separately before or after the subjects underwent Vo=Vim-

DBS. MCS was also performed in 3 patients for the primary purpose of

improving motor weakness. The stimulation intensity of the MCS was

carefully restricted to below the threshold for muscle contraction. The

stimulation frequency employed for the long-term use of MCS was

limited to below 50Hz.

We are currently employing the electromyographic (EMG) activity of

appropriate muscles as an intrinsic signal to trigger DBS or MCS for the

on-demand stimulation system. We first developed an on-demand type

stimulation system, by connecting the system to the externalized leads

during the test stimulation period before internalization. An external

pulse generator is triggered by the EMG activity which is involved in

tremor-inducing posture. We next developed an on-demand type stim-

ulation system, which triggers an implanted pulse generator through

a console programmer by detecting the appropriate combination of

multiple EMG activities which best represents tremor-inducing posture.

The implanted pulse generator is activated transcutaneously. We tested

whether or not tremor is controlled satisfactorily in 4 patients with



post-stroke postural tremor by using these systems. In 2 patients with

post-stroke motor weakness, MCS was triggered by EMG activity for

intention to move, and the effect of stimulation on motor performance

was evaluated subjectively. The above 6 patients comprised those who

demonstrated excellent control of post-stroke postural tremor or motor

weakness by conventional DBS or MCS.

Results

Excellent control of post-stroke involuntary move-

ment was achieved by conventional DBS or MCS in

21 of the 28 patients (Table 1). In 2 patients, dual-lead

DBS for stimulation of wide areas of the Vo=Vim was

required to achieve satisfactory control. Some patients

with post-stroke tremor preferred MCS to Vo=Vim-DBS.

They underwent internalization of electrodes for MCS as

well as DBS, and have so far used MCS to control their

tremor for more than 8 years. The effects on tremor

occurred at an intensity below the threshold for muscle

contraction and at a relatively high frequency range. The

inhibition of tremor was partial when the frequency was

limited to below 50Hz. The tremor under off-stimulation

conditions disappeared in one patient after continuous

MCS for more than 3 years. The on-demand stimulation

system provided satisfactory FFC in 4 of the 4 patients

with postural tremor and 2 of the 2 patients with motor

weakness, when the EMG activities involved in posturing

or intention to move were fed into the system.

Discussion

The present data confirm the benefits of MCS for

controlling tremor in post-stroke patients. Post-stroke in-

voluntary movements, especially those in thalamic syn-

drome, are sometimes associated with central pain.

Vo=Vim-DBS could elicit opposite effects in these dis-

orders. Involuntary movements can be attenuated, but

the pain of the same patients may be exacerbated. MCS

might represent the therapy of choice under such cir-

cumstances [2, 5].

We have found that patients who underwent MCS for

pain control sometimes report subjective improvement

of their motor performance, which had been impaired

in association with motor weakness. It has also been

reported that stimulation of the posterior limb of the

internal capsule can attenuate motor deficits caused by

cortical injury [1]. Such an effect is not attributable to

objectively detectable muscle strength and appears to

have resulted from an inhibition of the muscle rigidity.

DBS and MCS, if used with the on-demand type

stimulation system, may also be useful for controlling

other motor symptoms in post-stroke patients and for

improving their overall motor performance. The present

findings justify further clinical studies on DBS and MCS

in patients with post-stroke movement disorders. The

on-demand type stimulation system could be regarded

as a first step towards the development of hybrid electric

neural circuits to overcome various post-stroke move-

ment disorders.

Conclusion

Future studies on cortical stimulation, including MCS

and on-demand type stimulation systems, should clarify

the clinical value of these techniques in controllingmove-

ment disorders. The present work was supported by a

Grant-in-aid for Scientific Research (No. A12307029 and

A15209047) from the Ministry of Science and Culture,

Japan.
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Summary

Introduction. The term ‘‘camptocormia’’ describes a forward-

flexed posture. It is a condition characterized by severe frontal flex-

ion of the trunk. Recently, camptocormia has been regarded as a

form of abdominal segmental dystonia. Deep brain stimulation

(DBS) is a promising therapeutic approach to various types of move-

ment disorders. The authors report the neurological effects of DBS

to the bilateral globus pallidum (GPi) in three cases of disabling

camptocormia.

Methods. Of the 36 patients with dystonia, three had symptoms

similar to that of camptocormia, and all of these patients underwent

GPi-DBS. The site of DBS electrode placement was verified by mag-

netic resonance imaging (MRI). The Burke Fahn and Marsden dystonia

rating scale (BFMDRS) was employed to evaluate the severity of dys-

tonic symptoms preoperatively and postoperatively.

Results. Significant functional improvement following GPi-DBS was

noted in the majority of dystonia cases. At a follow-up observation after

more than six months, the overall improvement rate was 71.2 � 27.0%,

in all dystonia cases who underwent the GPi-DBS. In contrast, the

improvement rate of the three camptocormia cases was 92.2� 5.3%.

It was confirmed that the improvement rate for camptocormia was much

higher than for other types of dystonia.

Conclusion. According to our experience, a patient with a forward-

bent dystonic posture indicative of camptocormia is a good candidate for

GPi-DBS. The findings of this study add further support to GPi-DBS as

an effective treatment for dystonia, and provide the information on

predictors of a good outcome.

Keywords: Camptocormia; GPi-DBS; dystonia.

Introduction

The term camptocormia is derived from two Greek

words: kamptos (to bend, to crook) and kormos (trunk).

A forced posture with a forward-bent trunk was termed

camptocormia by the French neurologist Souques in

1915 [10]. It is a condition characterized by severe fron-

tal flexion of the trunk, with passive dropping of both

arms. Recently, camptocormia has been reported to oc-

cur in association with various other neurological con-

ditions, including primary dystonia. The cause of this

pathological condition remains unknown, and appropri-

ate treatment has not been established.

Deep brain stimulation (DBS) has been regarded as

a promising therapeutic approach for various types of

movement disorders. The authors report the neurolog-

ical effects of deep brain stimulation to the bilateral

globus pallidum (GPi-DBS) in three cases of disabling

camptocormia.

Methods

We analyzed follow-up data obtained from a consecutive series of

36 patients with dystonia who underwent functional stereotactic neu-

rosurgical treatment. We have so far undertaken GPi-DBS in 36

patients with primary and secondary dystonias. The main inclusion

criterion for DBS therapy for dystonia was that the patient was

diagnosed as having dystonia refractory to any medications. The ex-

clusion criteria included significant cognitive dysfunction, active psy-

chiatric symptoms, and evidence of other central nervous system

disease or other systemic medical disorders. Of the 36 patients, three

patients had symptoms similar to that of camptocormia, and these

three patients underwent GPi-DBS.

The methods of magnetic resonance imaging (MRI) and microelec-

trode-guided stereotaxy, and electrode implantation were performed in a

similar way to previous reports [6, 7]. No sedation was employed during

the surgery. The boundaries of the GPi were identified by MRI and

confirmed by the recording of spontaneous neural activity using semi-

microelectrodes (impedance: 0.2–0.5 Mohm). The trajectory of the

semimicroelectrode was directed from the frontal burr hole at an angle

of 45–60 degrees from the horizontal plane. A DBS electrode for

chronic stimulation (Medtronic; Minneapolis, MN) was implanted into

the trajectory, which had been confirmed to be appropriate.

The DBS electrode, which has 4 contact points numbered 0–3 sequen-

tially from the most distal contact (0) to the most proximal contact (3),



was placed in such a way. The site of DBS electrode placement was

verified by postoperative MRI. When DBS was found to be useful during

the test stimulation period for a week, an implantable pulse generator

(Soletora, Medtronic; Minneapolis, MN) was implanted into the sub-

clavian region and connected to the DBS electrode. The stimulation pa-

rameters and contact points used for GPi-DBS were modified at each

follow-up visit of the patients to our clinic on the basis of the results of

neurological examination as well as patients’ reports concerning the ac-

tivity of daily life.

The BFMDRS (Burke Fahn and Marsden dystonia rating scale;

maximum¼ 120) was employed to evaluate the severity of dystonic

symptoms. In addition, an abdominal activity of selected muscle

groups was studied by surface electromyography at rest and during

the execution of simple tasks. These clinical studies were performed

in each patient before surgery, at 6 months and every year after the

surgery.

Case report

History

A right handed 46-year-old male who experienced a

gradual onset and worsening of his forward bent dys-

tonic posture was referred to our hospital. He was other-

wise in good health. Neuroradiological examination

including MRI showed normal findings. His abnormal

forward bent dystonic posture and involuntary move-

ments on his neck and abdomen were resistant to various

medical treatments. His cognitive function was comple-

tely normal. He had no motor palsy and no obvious

sensory deficit. His trunk was severely bent forward

and continuous dystonic movements occurred mainly

in the neck. When he walked, action-induced bending

of the trunk markedly interfered with his gait. Elec-

tromyography before surgery demonstrated highly ab-

normal contractions of various muscles, particularly

the rectus abdominis muscle. His score on the BMFDRS

was 32 points before surgery.

Operation

The patient underwent MRI-guided stereotactic bilat-

eral implantation of DBS electrodes targeted to the pos-

teroventral segment of the GPi. DBS electrodes were

implanted, placing contact point 0 at 4.5mm below the

midpoint between the anterior and posterior commis-

sures, and 20mm lateral to the midline. No surgical

complications were encountered.

Postoperative course

A dramatic reduction in the abnormal muscular tone

of the trunk and neck was noted immediately after the

initiation of a high frequency stimulation to GPi (Fig. 1).

Within several months after surgery, additional progres-

sive improvements were noted. The maximum improve-

ment was observed at 6 months after surgery. His score

on the BMFDRS was 4 points at 6 months after surgery.

No stimulation-related side effects were induced at sti-

mulation intensity required for maximum effect. The

maximum improvements have continued for more than

4 years to date.

Fig. 1. A dramatic reduction in abnormal mus-

cular tone of the abdomen was observed im-

mediately after the initiation of high frequency

stimulation to GPi
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Results

Significant functional improvements following GPi-

DBS were noted in the majority of dystonia cases. There

were no surgical complications or uncontrollable stimu-

lation-related adverse effects. At a follow-up observation

after more than 6 months, the overall improvement rate

was 71.2� 27.0%, as evaluated using the BFMDRS, in

all dystonia cases that underwent the GPi-DBS. In con-

trast, the improvement rate of the three camptocormia

cases was 92.2� 5.3% (Table 1). These findings suggest

that the improvement rate for camptocormia, regarded as

a form of abdominal segmental dystonia, was much

higher than those of the other types of dystonia.

Discussion

The forced forward-bent trunk posture was termed

camptocormia by French neurologist Souques in 1915

[10]. He presented four patients from the military hos-

pital in France. Similar case reports are published as a

psychogenic illness occurring among soldiers in World

War I [4] and II [9].

Such pathological condition has been reported to oc-

cur in association with various other neurological condi-

tions. In recent times, camptocormia has been regarded

as a form of abdominal segmental dystonia. The follow-

ing features were noted in patients suffering from camp-

tocormia [5].

A curvature in the lumbar region only occurred in a

sitting or standing position.

In the horizontal bodily position, this curvature en-

tirely disappeared. In a prone position, even a hyperex-

tension of the trunk could be achieved without pain by

raising the legs passively.

The proper reflexes and sensitivity were normal, and

pyramidal tract signs could not be found.

Radiographs of the spine were normal.

It is suggested that such movement disorder has been

responsive to electrotherapy or to corticosteroids medi-

cations in some patients, whereas in others the disorder

has been refractory to all attempted treatment strate-

gies [5].

Chronic high-frequency DBS has been shown to im-

prove functional status in a number of movement dis-

orders of various causes. Especially, the effects of

GPi-DBS on various forms of dystonia were reported

previously by several authors [2, 3, 7, 11]. The improve-

ment rates in score on the BMFDRS of various types of

dystonia including primary or secondary as well as gen-

eralized or focal varieties reported in the literature have

a wide range.

An excellent effect was reported especially in DYT1

[1]. Eltahawy HA and his colleagues [3] indicated that

primary dystonia responds much better than secondary

dystonia to pallidal procedure. Also, they mentioned that

the presence of basal ganglia abnormalities demon-

strated by preoperative MRI is an indicator of a poor

response to pallidal intervention for dystonia. The use

of GPi-DBS for treating dystonia is rapidly increasing

and preliminary evidence suggests that dystonia linked

to genetic mutation and other primary early-onset dys-

tonias respond most dramatically to treatment by palli-

dal procedure [2, 11], whereas secondary dystonia tends

to show a poor response [3].

The advantages of DBS include its relatively nondes-

tructive nature, its adjustability and reversibility, and its

capacity to be used bilaterally in a safe manner. Nandi

and his colleagues [8] first reported the neurological ef-

fects of long-term bilateral palidal high-frequency DBS

in a patient with disabling camptocormia. They obtained

significant functional improvement following long-term

pallidal stimulation, and some improvements were also

noted in neurological scores.

Our report also shows the remarkable benefits of

the application of GPi-DBS for camptocormia. From

the results of our three camptocormia cases, such type

of abdominal segmental dystonia is a good candidate

for GPi-DBS. The findings of this study add further

support to GPi-DBS as an effective treatment for dys-

tonia, and provide the information on predictors of a

good outcome.

Conclusion

According to our experience, a patient with a

forward-bent dystonic posture indicative of campto-

cormia is a good candidate for GPi-DBS. This knowl-

edge is important for providing an accurate prognostic

information on the effect of GPi-DBS to patients and

clinicians.

Table 1. Changes in BMFDRS by GPi-DBS at the patients with camp-

tocormia

Case Sex Age Onset

age

Etiology Score

pre.

Score

post.

Imp.

rate

1 M 17y 13y primary 50 0 100%

2 M 46y 45y primary 32 4 91%

3 M 49y 44y primary 48 32 83%

Mean improvement rate 92.2%

Pallidal high-frequency deep brain stimulation for camptocormia 27



Acknowledgment

This work was supported by grants from the Ministry of Education,

Culture, Sports, Science and Technology of Japan (grants C17591535

and A12307029).

References

1. Coubes P, Roubertie A, Vayssiere N, Hemm S, Echenne B (2000)

Treatment of DYT1-generalised dystonia by stimulation of the

internal globus pallidus. Lancet 355: 2220–2221

2. Coubes P, Cif L, El Fertit H, Hemm S, Vayssiere N, Serrat S, Picot

MC, Tuffery S, Claustres M, Echenne B, Frerebeau P (2004)

Electrical stimulation of the globus pallidus internus in patients

with primary generalized dystonia: long-term results. J Neurosurg

101: 189–194

3. Eltahawy HA, Saint-Cyr J, Giladi N, Lang AE, Lozano AM (2004)

Primary dystonia is more responsive than secondary dystonia to

pallidal interventions: outcome after pallidotomy or pallidal deep

brain stimulation. Neurosurgery 54: 613–619

4. Hurst AF (1918) The bent back of soldiers. Br Med J 2: 621–623

5. Karbowski K (1999) The old and the new camptocormia. Spine 24:

1494–1498

6. Katayama Y, Kasai M, Oshima H, Fukaya C, Yamamoto T,

Ogawa K, Mizutani T (2001) Subthalamic nucleus stimulation for

Parkinson disease: benefits observed in levodopa-intolerant pa-

tients. J Neurosurg 95: 213–221

7. Katayama Y, Fukaya C, Kobayashi K, Oshima H, Yamamoto T

(2003) Chronic stimulation of the globus pallidus internus for

control of primary generalized dystonia. Acta Neurochir [Suppl]

87: 125–128

8. Nandi D, Parkin S, Scott R, Winter JL, Joint C, Gregory R, Stein J,

Aziz TZ (2002) Camptocormia treated with bilateral pallidal

stimulation. J Neurosurg 97: 461–466

9. Sandler SA (1945) Camptocormia: a functional condition of the

back in neurotic soldiers. War Med 8: 36–45

10. Souques A (1915) Contractures ou pseudo-contractures hystero-

traumatiques. Rev Neurol 28: 430–431

11. Zorzi G, Marras C, Nardocci N, Franzini A, Chiapparini L,

Maccagnano E, Angelini L, Caldiroli D, Broggi G (2005) Stimula-

tion of the globus pallidus internus for childhood-onset dystonia.

Mov Disord 20: 1194–1200

Correspondence: Chikashi Fukaya, Department of Neurological

Surgery, Nihon University School of Medicine, Itabashi-ku, Tokyo

173-8610, Japan. e-mail: chikashi@med.nihon-u.ac.jp

28 C. Fukaya et al.: Pallidal high-frequency deep brain stimulation for camptocormia



Acta Neurochir Suppl (2006) 99: 29–31

# Springer-Verlag 2006

Printed in Austria

Multimodal neurosurgical strategies for the management of dystonias

T. Taira, T. Ochiai, S. Goto, and T. Hori

Department of Neurosurgery, Neurological Institute, Tokyo Women’s Medical University, Tokyo, Japan

Summary

Dystonia have many subtypes, and is classified as focal, segmental

and generalized. As for focal dystonia, spasmodic torticollis (cervical

dystonia) and writer’s cramp are most common. Cervical dystonia is

mainly treated effectively with selective peripheral denervation, and task

specific focal dystonia of the hand (writer’s cramp) is effectively alle-

viated by stereotactic ventro-oral thalamotomy. Generalized dystonia is

dramatically improved with deep brain stimulation of the globus pallidus

interna. Because the majority of dystonia is medically refractory and

surgical treatment results in marked improvement, the authors strongly

believe that dystonia should be regarded as a definite neurosurgical in-

dication. Based on personal experience of nearly 200 cases of dystonia

surgery, the authors describe a multimodal approach to various types of

dystonias. Also we discuss possible relation between dystonias and

psychiatric conditions, and future new indication of dystonia surgery.

Keywords: Dystonia; torticollis; writer’s cramp; peripheral denerva-

tion; thalamotomy; deep brain stimulation.

Introduction

The term ‘‘dystonia’’ is used both as a name of dis-

order and a specific symptom. The range of symptoms is

very wide and whether the underlying pathophysiology

of various types of dystonia is uniform or not is not well

known. In neurosurgical clinical practice, it is conve-

nient to classify dystonias into pure cervical dystonia,

task-specific focal hand dystonia, segmental and gener-

alized dystonia. Because symptoms, signs, etiology, age,

and so on differ greatly from patient to patient, we have

to face various types of treatment modalities. We would

like to introduce our consecutive experience of surgical

management of these different types of dystonias.

Segmental and generalized dystonia

For segmental and generalized dystonia, the treatment

of choice at present is bilateral globus pallidum interna

(GPi) deep brain stimulation as in most other centers.

When I started pallidal surgery for dystonia about six

years ago, the electrical stimulation devices were not

readily available. Therefore, I used to perform sequential

bilateral pallidotomy, and then I moved unilateral pallid-

otomy (right side) and contralateral (left side) pallidal

DBS. However, since 3 years ago, it has become our

routine to implant bilateral pallidal DBS for generalized

and segmental dystonia. Our method does not differ

from those of other centers; MRI=CT fusion stereotaxi.

Initially we used intravenous propofol sedation to con-

trol intraoperatively unnecessary movements and found

that the dystonia symptoms worsened in some patients

with light propofol anesthesia [2, 10]. We then found

several reports that dystonia is induced by propofol

anesthesia, and since then we have been using intrave-

nous dexmedetomidine hydrochloride that is generally

used for sedation in the intensive care unit.

In Japan, DYT-1 dystonia is not common because of

genetic and racial factors, and the majority of our cases

are adult onset idiopathic dystonia without family his-

tory. Some of them had a history of psychiatric problems

treated with antipsychotic medication, and the symptoms

may be classified as tardive dyskinesia, but response to

pallidal DBS is generally the same as those without such

a psychiatric history. We also experienced some cases of

dystonias due to hereditary metabolic disorders such as

Lesch-Nyhan syndrome and Hallervorden-Spatz syn-

drome with favorable results [9].

Although it is evident that the optimal target for dys-

tonia lies in the GPi, it is not known whether the tradi-

tional GPi target used for control of Parkinson’s disease

(PD) is best for dystonia. Also many of the patients with

dystonia tend to be obsessive or in an excessive anxiety

state, which indicates that the background pathophysiol-

ogy of dystonia also involves limbic pallidum that is



anterior to the GPi target for control of motor symptoms.

To explore a better stimulation area and to find any

psychological changes with DBS in the more anterior

pallidum, we usually implant two DBS electrodes on one

side, resulting in four electrodes implanted in the brain.

The posterior electrode is in the traditional GPi for PD,

and the anterior electrode is placed 3mm anteriorly. We

generally externalized the lead and perform trial stimu-

lation over three weeks to find the best motor effect and

to see psychological changes. The details of this in-

vestigation will be published in the near future. After GPi

stimulation, involuntary dystonic movements improve

within hours, but abnormal fixed postures of the trunk,

neck, and extremities tend to respond much later.

The indication or the role of GPi DBS for cervical

dystonias (CD) has not yet been established [4]. How-

ever, based on our experience of 132 CD patients treated

with selective peripheral denervation, we strongly be-

lieve that GPi DBS is definitely indicated in the complex

type of CD. Complex type of CD is characterized by

irregular involuntary head and neck movements and dif-

fuse bilateral involvement of the neck muscles.

Cervical dystonia

Neurosurgical treatment of CD has a long history. In

the beginning, the sternocleidomastoid muscle (SCM)

and the accessory nerve were the target of surgical inter-

vention. Then the importance of the posterior neck mus-

cles, mainly the splenius muscle (SPL), was recognized.

In order to denervate the accessory and cervical spinal

nerves innervating to SCM and SPL, intradural rhizot-

omy was started, with some benefit. But inadequate

denervation of SPL and complications due to denerva-

tion of normal muscles, turned out to be a problem. Some

performed spinal cord stimulation to mimic sensory trick

phenomenon. Bertrand [1] started and established selec-

tive peripheral denervation in which selective and com-

plete denervation of the posterior neck muscles was

accomplished by denervating the extradural dorsal rami

of C1–C6 spinal nerves. This is now regarded as the

safest and most effective neurosurgical treatment for the

majority of CD. We modified this procedure to further

minimize the side effects [6]. It is important to remem-

ber that the levator scapulae muscle is also involved in

some CD patients resulting in lateral tilt of the head and

elevation of the shoulder. In such cases, selective dener-

vation of the levator scapulae muscle is safely performed

[8]. Although peripheral denervation is a symptomatic

treatment, many of the patients can enjoy symptom free

life afterwards as if background pathophysiology was

completely cured. As mentioned previously, in some

complex type of CD and CD with extracervical symp-

toms, our preference is GPi DBS.

Task-specific focal hand dystonia

The most common type of task-specific focal hand

dystonia is writer’s cramp and musician’s cramp. Such

condition is very miserable, especially when the symp-

tom is related with the patient’s profession. As there

have been some case reports on thalamotomy for writ-

er’s cramp, we started ventrooral thalamotomy for task-

specific focal hand dystonia about five years ago [7].

This was because botulinum toxin injection is not

approved in Japan for symptoms other than neck and

face dystonias. The ventrooral nucleus of the thalamus

receives inputs from GPi and forms part of the thalamo-

cortical-basal ganglia loop. Task-specific focal hand

dystonia is regarded as the result of oscillation of this

cerebral circuit, and making a small lesion in this loop to

de-sensitize the loop is the theoretical background of

this treatment. So far we have treated 22 patients with

writer’s cramp and four with musician’s cramp. Imme-

diately after the operation, the effect is generally dra-

matic, but the problem is that recurrence rate is about

15% of patients. Such recurrence seems to be due to

inadequate lesioning, because true lesioning and tempor-

ary thermal effect are difficult to distinguish during sur-

gery. However, it is evident from our experience that

we can cure writer’s cramp and musician’s cramp with

ventrooral thalamotomy with minimal risk. There have

been no permanent complications, though transient (2–3

weeks) mild limb weakness and dysarthria were seen in

a few patients. One may argue why we do not perform

DBS instead of lesioning. This is of course debatable,

but the main reason is that DBS merely leads to suppres-

sion of the symptom, but thalamotomy can result in per-

manent cure. DBS itself has disadvantages in terms of

hardware complications and psychological burden on the

patients; they are living with a device and the disease

itself is not cured. Patients with focal hand dystonia are

generally young (32 years old on average in our series),

and the risk of thalamotomy is supposed to be lower than

in aged population as in PD patients. Recovery from com-

plications, if any, is considered faster and more complete.

Recently we found task-specific focal ‘‘foot’’ dysto-

nias among semi-professional speed skaters. The symp-

tom appears only when they skate, and the foot moves

at the ankle joint laterally like valgus. This condition is
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well-known among Olympic level skaters in Japan and

they call it Burabura (floppy) disease in slang.

Issue on dystonia and psychiatric conditions

It is well known that patients with dystonia tend to

have a particular psychological or mental character.

Patients with CD are often depressive, aggressive, but

occasionally obedient. Focal hand dystonia patients are

often obsessive, and perfect and impeccable pursuit.

Those with DYT-1 dystonia are almost always bright,

clever, intelligent. Patients with dystonias may develop

psychiatric problems even after treatment of the physical

symptoms, and it is also well known that psychiatric

disorders are sometimes followed by movement disor-

ders called tardive dyskinesia and dystonia. Thus move-

ment disorders, especially dystonia, seem to be closely

related with psychiatric or mental conditions. Dystonia

is regarded as an expression of dysfunction of the tha-

lamo-cortical-basal ganglia motor loop, but there are

many other loop circuits in the brain and dysfunction

of some of these loops are responsible for psychiatric

disorders such as depression and obsessive disorders.

The motor and mental functions of the brain are basi-

cally the output (efferent) system. Therefore, as there are

many motor disorders as shown in Table 1, there must be

corresponding psychiatric disorders such as mental tre-

mor, mental dystonia, mental spasticity, mental dyskine-

sia, and so on. We assume these conditions are generally

and traditionally called psychiatric disorders such as

depression, obsession, compulsion, anxiety, and so on.

Therefore, it is reasonable that surgical treatment of in-

tractable psychiatric problems now attracts many func-

tional neurosurgeons in a similar way as movement

disorder surgery.

New possible indication of dystonia surgery

There are some mysterious and unsolved movement

or posture problems that are often regarded as due to

hysteria or mental instability. One is stuttering and

another is idiopathic scoliosis. There is a report that sco-

liosis may be linked to the occurrence of cervical dys-

tonia, perhaps as a forme fruste of a genetic dystonic

predisposition [3]. Stuttering is also suggested as a type

of dystonia [5]. We may in future become able to solve

such difficult but important problems based on the

knowledge of neurosurgical treatment of dystonia.
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Table 1

Motor

symptoms

Possible mental

symptoms

Traditional mental and

psychiatric symptoms

Tremor mental tremor depression

Ataxia mental ataxia obsession

Dystonia mental dystonia compulsion

Chorea mental chorea anxiety

Ballism mental ballism mania

Dysmetry mental dysmetry schizophrenia

Spasticity mental spasticity personality disorder

Apraxia mental apraxia mental retardation

Palsy mental palsy etc

etc etc
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Summary

When microelectrode recording of single cell activity is employed for

targeting the subthalamic nucleus (STN), multiple sampling of single

cells is needed to determine whether the electrode has passed through

the ventral boundaries of the STN. In contrast, stepwise recording of

multiple cell activities by a semimicroelectrode reveals robust changes in

such activities at the dorsal and ventral boundaries. We attempted to

quantify changes in multiple cell activities by computing multiple-cell

spike density (MSD). We analyzed MSD in 60 sides of 30 patients with

Parkinson’s disease. Neural noise level was defined as the lowest cut-off

level at which neural noise is separated from larger amplitude spikes.

MSD was analyzed at cut-off levels ranging from 1.2 to 2.0-fold the

neural noise level in the white matter in each trajectory. Both the dorsal

and ventral boundaries were clearly identified by an increase and a

decrease (p<0.0001) in MSD, respectively, in all the 60 sides. The

cut-off level of 1.2-fold showed the clearest change in MSD between

the STN and the pars reticulata of substantia nigra. MSD analysis by

semimicroelectrode recording represents the most practical means of

identifying the boundaries of STN.

Keywords: Parkinson’s disease; deep brain stimulation; subthalamic

nucleus; substantia nigra, microelectrode; semimicroelectrode.

Introduction

Deep brain stimulation (DBS) of the subthalamic

nucleus (STN) affords great benefits to the daily activ-

ities in patients with advanced Parkinson’s disease (PD)

[4, 5, 7]. Most of recent reports have placed emphasis on

microelectrode recording of single cell activity for refin-

ing the anatomical targeting of the STN during surgery

[1, 2, 8–10]. The ventral boundary of the STN is, how-

ever, sometimes unclear [9]. Because a microelectrode

detects only electrical events arising from a small area,

multiple sampling of single cell activity is needed by

changing the location of the electrode tip to determine

whether the electrode has passed through the ventral

boundary of the STN and entered the pars reticulata of

substantia nigra (SNr).

We have been employing semimicroelectrode recording

[4, 6, 11, 12] for many years to refine anatomical targeting.

A semimicroelectrode could detect electrical events aris-

ing from a relatively wide area. This method results in

stable recordings of spikes and neural noise generated

by multiple cells at any locations of the electrode tip.

Semimicroelectrode recording of multiple cell activ-

ities reveals robust changes in such activities at the dor-

sal and ventral boundaries, and therefore appears to be

more practical and time-saving. Little has yet been re-

ported, however, regarding the standardization of such

a technique. In this study, we attempted to quantify

changes in multiple cell activities by computing multi-

ple-cell spike density (MSD).

Materials and methods

We analyzed data obtained from semimicroelectrode recording in

30 patients of Parkinson’s disease, who underwent single stage surgery

for bilateral STN-DBS. These patients were diagnosed as having idio-

pathic PD; they demonstrated past evidence of a good response to

levodopa, but showed severe motor symptoms despite medications at

tolerable doses and appropriate schedule. The patients’ Hoehn and Yahr

stage with medication was within the range from Stage III to V during

the off-period, and from Stage II to IV during the on-period. The patients

and their families gave informed consent for all procedures.

Indirect magnetic resonance (MR) imaging-based anatomic target-

ing was used. Employing Leksell SurgiPlan+ (Elekta Instruments AB,

Stockholm, Sweden), the MR images were reconstructed, and both the

anterior commissure (AC) and the posterior commissure (PC) were

identified. AtlasSpace+ (Elekta Instruments AB, Stockholm, Sweden)

could superimpose the digitized version of the Schaltenbrand-Wahren

atlas on patient’s MR images. The tentative target was defined as the

posterolateral STN. A burr hole was made 30–35mm anterior to the

coronal suture and 20–25mm lateral to the midline [11–13]. The STN



was approached from the burr hole at an angle of 40–50 degrees to the

horizontal plane parallel to the AC-PC line and 0–12.5 degrees to the

sagittal plane.

Neural activities were recorded with a pencil-shaped bipolar con-

centric type semimicroelectrode (Unique Medical Co., Tokyo, Japan).

The diameter of exposed tip was approximately 0.1mm, and the inter-

polar distance was 0.5mm with an electrical resistance of 0.2 Mohm at

1000Hz. The catheter needle was first inserted and advanced to a point

10mm above the tentative target, and the tip of the semimicroelectrode

was advanced in consecutive 0.25mm increments from a depth of

10mm above the tentative target by employing a hydraulic microdrive

(Narishige Co., Tokyo, Japan). The recording first yielded the anterior

thalamic nucleus or the internal capsule (IC), and this was always

followed by the zona incerta (ZI) and Forel H fields before entering

the STN. In addition, the semimicroelectrode was further advanced 3mm

from the tentative target to confirm the border between the STN and the

SNr. Signals were amplified, filtered (300Hz–10kHz), displayed on an

oscilloscope, played on an audio monitor, and stored in a data recorder.

Electrical events recorded by the semimicroelectrode included spikes

with variable amplitudes arising from multiple cells as well as neural

noise, i.e., the fluctuation in field potentials generated by various neural

elements. Large amplitude spikes could be separated from neural noise

by setting an appropriate cut-off level of amplitude. However, it was not

always possible to separate small or medium-sized spikes from sharp

compound waves, which are contained in the neural noise. We therefore

computed the density of spikes and sharp compound waves together, as

MSD, counting their occurrence at various cut-off levels.

In the final tracking by semimicroelectrode recording, we determined

neural noise level in the IC or ZI. Neural noise level was defined as the

lowest cut-off level at which neural noise is separated from larger

amplitude spikes. MSD at a given recording site was analyzed at cut-

off levels ranging from 1.2 to 2.0-fold the neural noise level in the IC or

ZI (Fig. 1). Because MSD within the STN reflects both spikes and sharp

compound waves, differences in MSD at all 0.25mm increments of the

electrode were compared for the detection of the dorsal and ventral

boundaries of the STN. Also, MSD recorded at every 0.25mm incre-

ment was averaged in each structure, and used for the comparison

between the IC or ZI, the STN, and the SNr.

The data are expressed as the mean � standard deviation. For statis-

tical analysis, Mann-Whitney’s U test was used for comparison of MSD.

If the probability value was less than 0.05, the difference was considered

to be significant. This study was approved by the institutional committee

for clinical research on humans.

Results

When the electrode enters the STN, neural noise level

raised more than 2.0-fold the level in the IC or ZI,

and spikes are predominantly observed at higher cut-

off levels. MSD clearly increased when the electrode

crossed the dorsal boundary of the STN, and decreased

when the electrode passed through the ventral boundary

of the STN and entered the SNr. MSD within the STN

was larger than MSD in IC or ZI and MSD in the SNr at

any cut-off levels ranging from 1.2 to 2.0-fold (Fig. 2).

The cut-off level of 1.2-fold showed the largest increase

in MSD in the STN (584� 195 spikes=s), which was

markedly higher than MSD in IC or ZI (16� 9 spikes=s;

p<0.0001, n¼ 60) and SNr (94.1� 80.8 spikes=s;

p<0.0001, n¼ 60; Fig. 3) at this cut-off level. The dor-

sal and ventral boundaries of the STN were clearly iden-

tified by the increase and decrease in MSD, respectively,

in all the 60 sides.

Immediately after the stereotactic operation was com-

pleted, we performed MR imaging again, and the location

of contact points of the DBS electrodewas confirmed. The

mean distance of the DBS electrode from the midline in

Fig. 2. Representative example of changes in the MSD at STN. Cut-off

level was varied from 1.2 to 2.0-fold the neural noise level at the IC.

The MSD increased at 5mm from the point where recording was

initiated, and decreased at the tentative target point (10mm)

Fig. 1. Cut-off levels for analyzing the MSD were set in the ranging

from 1.2, 1.4, 1.6, 1.8, and 2.0-fold the neural noise level in IC or ZI.

This is because as the electrode enters the STN, neural noise level

increased more than 2.0-fold of the level in the IC or ZI, MSD within

the STN reflects both spikes and sharp compound waves, although

spikes are predominantly represented at higher cut-off levels. IC

Internal capsule; ZI zona incerta; STN subthalamic nucleus; SNr pars

reticulata of substantia nigra; MSD multiple-cell spike density

Fig. 3. Graphs demonstrate the comparison of MSD between STN and

SNr at each cut-off level. The cut-off level of 1.2-fold showed the most

obvious changes. MSD recorded in STN are significantly higher than

MSD in SNr (p<0.0001). MSD Multiple-cell spike density; STN sub-

thalamic nucleus; SNr pars reticulata of substantia nigra
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the present series of patients is 11.3mm, which is the same

as the distance reported previously (11–12mm) [2, 9].

Discussion

In this study, we demonstrated that MSD clearly

increased when the electrode entered the STN. In the

typical recording within the STN reported by Starr

et al. [9], large amplitude spikes from multiple cells

and elevated neural noise level were observed. The

increase in MSD at the dorsal boundary of the STN is

consistent with these findings.

The discharge rate of STN cells is approximately half

of the discharge rate of SNr cells if analyzed as single

cell activity by microelectrode recording. Hutchison

et al. [3] reported that, although STN cells show dis-

charge with an irregular pattern at varying rate ranging

from 25 to 45Hz (37� 17Hz), SNr cells exhibit a dis-

charge with more regular pattern at a much faster rate

(71� 23Hz). Their results indicate that background

multiple cell activities are higher in the SNr than in

the STN. Starr et al. [9] also reported that cells in the

SNr show a discharge at faster rate (86� 16Hz) as com-

pared to cells in the STN (34� 14Hz).

In contrast to these previous reports on microelectrode

recording, MSD was always higher in the STN than in

the SNr in this study. Background multiple cell activities

may vary in microelectrode recording depending on the

location of the electrode tip. The discrepancy in spike

density (discharge rate) between studies employing

microelectrodes and semimicroelectrodes appears to

reflect the difference in the capability of detecting infor-

mation regarding cell density in addition to the dis-

charge rate of cells in average.

In this study, the lowest cut-off level of 1.2-fold

showed the largest changes. This is obviously because

MSD at such a cut-off level includes fluctuation in field

potential which becomes larger in amplitudes within the

STN. Since an increase in amplitude in field potential

may also reflect increases in multiple cell activities as

well as the cell density, the significance of MSD analysis

may not differ at any cut-off level for determining the

boundaries of the STN.

In conclusion, this study demonstrated that MSD anal-

ysis by semimicroelectrode recording represents the most

practical means of identifying the boundaries of STN.
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Summary

Background. Microelectrode recording is an integral part of many

surgical procedures for movement disorders. We evaluate the Lead

point compared to the NeuroTrek system. We used NeuroTrek in

18 Parkinsonian patients, Lead point-4 in 12 patients, during STN-

DBS surgery. We compared MR-Stir image with Microelectrode

recording.

Method. The MicroGuide system with its integrated screen display

provides the user with all the information needed during the sur-

gery on its screen. Microelectrode recordings showed characteristic

neuronal discharges on a long trajectory (5–6mm), intraoperative

stimulation induces dramatic improvement of Parkinsonian motor

symptoms.

Findings. Microrecording data of the Leadpoint showed high back-

ground activity, and firing rate of 14–50Hz. The discharge pattern is

typically chaotic, with frequent irregular bursts and pauses.

Discussion. The microelectrode recording of the neuroTrek and Lead-

point-4 showed unique results of the typical STN spike. The DBS effect

is maximized associated by MER mapping.

Keywords: Parkinsonian; microelectrode recording; STN-DBS;

intraoperative stimulation.

Introduction

Microelectrode recording is an integral part of many

surgical procedures for movement disorder. In the past,

clinicians and researchers had to create their own mi-

crorecording systems from separately purchased compo-

nents. This practice resulted in a variety of setups, and

many clinical centers are still using these ‘‘home made’’

systems [16]. Most of the commercially available micro-

recording devices are Neurotrek (MicroGuide), Lead point

2=Lead point 4, NeuroMap, Guideline system 3000A,

Iso-X cell 3þ=Iso Pulsar=micro Targeting, etc [16].

We used the Lead point-4 and Neurotrek (MicroGuide)

in STN-DBS surgery of the Parkinsonism. I analysed

microelectrode findings in subthalamic nucleus and sub-

stania nigra.

Materials and methods

Eighteen Parkinsonism patients for treatment with neuroTrek were

enrolled between September, 2001 and August, 2002. in Oregon Health

& Sciences University, Portland, OR, USA, and twelve Parkinsonism

patients for Lead point-2=4 treatment between November, 2004 and

March, 2005 in Busan Paik Hospital, Busan, Korea.

Bilateral electrodes were implanted stereotactically under local

anesthesia in a single operation. Magnetic resonance imaging (T1,

fast spin echo inversion recovery, Stir) was used to determine initial

targets.

Although there is considerable variation, an approximate target for

the central region of the STN nucleus is usually at about 12mm lateral

to the midline, 2–4mm posterior to the mid-commissural point and

3mm below the AC-PC line, with Stealth station (Medtronic, Sofamor,

Mineapolis, USA) or Gamma-Plan (Elekta, Atlanta, USA). In our pro-

cedure, microelectrode recording tracks starts 10mm above target in the

STN. Depending on the 55–60� angle in the sagittal plane, recording

usually starts in the thalamic reticular nucleus or in the anterior thalamus

Voa, Vop.

In this region there are cells with spontaneous burst discharge [13, 14].

The entry into the subthalamic nucleus is apparent when high amplitude

spikes with firing rates of 25–45Hz are found [8].

Tremor cells have also been identified in the human subthalamic

nucleus. Since subthalalmic nucleus-like cells may be found in the ad-

jacent, superiorly located zona incerta, the dorsal border of the subtha-

lamic nucleus should be defined by a continuous, cell-dense region,

populated by neurons showing movement-related activity [8]. Typically,

subthalamic spike is chaotic with frequent irregular bursts and pauses

[8]. Below the STN, the substantia nigra, is located whose characteristic

features are a high (60–90Hz) and regular firing rate, but there may be

another group with lower rates around 30Hz [3–5, 7]. The ideal target is

defined as one showing clinical benefit and minimal adverse effects after

stimulation through the DBS electrode. The position of the Medtronic

3387 quadripolar DBS electrode is chosen so that the 4 electrodes con-

tracts span the 5–6mm of the subthalamic nucleus [8]. This means that

one contact is usually placed in the substantia nigra, two contacts within

the subthalamic nucleus, and the superior contact in the zona incerta [8].



Postoperatively, thin section brain CT was checked and DBS location

confirmed.

Results

In our study, the spikes of the subthalamic nucleus

showed high-amplitude spikes with firing rates of 14–

52Hz (Fig .1). This is similar to other studies (Table 1).

Discussion

Bressand et al. [1] showed that there can be remark-

able improvement of motor symptoms in Parkinsonism

with bilateral deep brain stimulation of the subthalamic

nucleus.

The most compact of all commercially available

microrecording systems is developed and commonly

used machine is Microguide. Lead point (Medtronic,

Skovlundae, Denmark, and Shoreview, MN) is designed

for single and multiple microelectrode recording capable

of single-cell isolation and FDA cleared [16].

Fig. 1. Subthalamic nucleus microelectrode finding in Neurotrek

Table 1. Characteristic mean firing rates of subthalamic regions

encountered during microelectrode recordings

STN mean

discharge

rate (Hz)

STN cells

recorded

SNr mean

discharge

rate (Hz)

SNr

cells

Theodosopoulos

et al. [17]

34 102 86 6

Hutchison et al. [8] 37 248 71 56

Pidoux et al. [19] 39 45 50–60

Magnin et al. [10] 41 24

Lozano et al. [7] 46 213

Rodriguez et al. [15] 33 200 71 27

Magarinos-Ascone

et al. [9]

59–69 190

Kim et al. [our study] 14–52

Gielen FLH [5], described 5 channels tracing of the Lead-point Micro-

electrode recording and the spikes of the center, lateral, posterior spikes

showed excellent view (Figs. 2, 3). Usually, I used 3–5 channels for

microelectrode recording. In our study, the mean depth of the sub-

thalamic nucleus was 6–7mm and our microelectrode recording of the

Lead point-4 showed excellent view in center, posterior, laterial, anterior

order (Fig. 4).

The follow-up is between 6 and 48 months, with a median 28 months.

There were no permanent complications from the procedure.
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The system is delivered in two versions: Lead point 2

accommodates two microelectrodes, and Lead point 4

may simultaneously record from four electrodes, with

the fifth electrode being switchable.

Lead point 4.0 is available in Europe now, and will

soon be available to U.S. users [16]. For microelec-

trode navigation Lead point uses the microTargeting

drive by Frederick Haer & Co. From a nonacademic

user point of view, the system is a very good choice

because it is compact, easy to use, has good quality of

recording=amplification, and is less expensive than its

competitors. Another advantage of Lead point is its

potential integration with frameless navigation systems

that may effectively eliminate the need for multiple

instrumentation racks in an already crowded operating

room [16].

Anatomic studies have shown somatotopically orga-

nized projections to the subthalamic nucleus from various

parts of the frontal cortex. An autoradiographic tracer

study in macaque monkeys showed motor cortex projec-

tions representing the face, arm, and leg arranged lateral

to medial within the dorsolateral part of the nucleus [11].

More recently, a study of anterograde tracer injection

after intracortical microstimulation mapping in macaque

monkeys showed that the facial, forelimb, and hindlimb

primary motor cortex projected to the lateral subthala-

mic nucleus in a lateral to medial arrangement [12].

Similar parts of the supplementary motor area project-

ed in an inverse order into a more medial part of the

nucleus [12].

Electrophysiological studies in the normal monkey

reveal a predominance of cells responsive to somatosen-

sory examination in the dorsolateral part of the STN

[3, 18]. Cells representing the hindlimb are located cen-

trally within this part of the nucleus, whereas forelimb

cells are primarily encountered laterally and at the ros-

tral and caudal poles. In a study of Parkinsonian humans

undergoing STN surgery, leg-related cells were medial,

arm-related cells were lateral, and orofacial cells were

located in an intermediate zone [15].

Fig. 2. Subthalamic nucleus microelectrode finding in Lead point 2
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Theodosopoulos et al. [17] studied the location of 303

cells during 15 procedures for STN-DBS for Parkinson’s

disease. The dorsolateral part of the nucleus was the pre-

dominant location of the movement-related cells. Within

this part of the nucleus, leg- and arm-related cells ex-

hibited different locations. Leg-related cells occupied

a relatively central location, whereas arm-related cells

tended to populate the lateral part and the rostral and

caudal poles of the nucleus.

The somatotopic organization of the skeletomotor ter-

ritory of SNr is unclear. DeLong et al. [2] showed that

five of seven arm-related cells recorded in a primate

study were located ventrally and posteriorly with respect

to orofacial cells. Leg-related activity has not been iden-

tified. There is little information on movement-related

activity in the human substantia nigra [17]. On a para-

sagittal approach to the subthalamic nucleus at 55–60

degrees from the AC-PC plane, the typical operative tra-

jectory passes along the anterior part of the thalamus,

transverses the zona incerta, enters the subthalamic

nucleus, and encounters the substantia nigra past the

nucleus’s ventral border. Thalamic cells recorded on

this trajectory may demonstrate bursting or non bursting

patters, with mean discharge rates of 15� 19Hz and

28� 19Hz, respectively [6]. High background activity,

frequent multicellular recordings, and firing rates of

30–50Hz are characteristic of subthalamic nucleus cells

[17]. The discharge pattern is typically chaotic, with fre-

quent irregular bursts and pauses [17]. The finding of

movement-related activity confirms that the microelec-

trode is within the dorsolateral subthalamic nucleus, the

presumed target area for subthalamic nucleus-Deep Brain

Stimulation. In our study, the firing rate of 14–50Hz was

seen in subthalamic nucleus and finding of movement

related activity of the dorsolateral subthalamic nucleus

was checked. Motor symptoms are improved by the

‘‘micro lesion’’ effect associated with microelectrode re-

cording mapping or DBS lead insertion [17].

In conclusion, the microelectrode recording of Neuro

Trek and Lead point showed unique results of the typi-

cal subthalamic nucleus spike. Interest in the electro-

physiology of the subthalamic nucleus is prompted by

Fig. 3. Continuous microelectrode recording in Lead point 2
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its increasing importance in the surgical treatment of

Parkinsonism.
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Summary

Purpose. To demonstrate the effects of bilateral subthalamic deep

brain stimulation (STN-DBS) in the treatment of Parkinson’s disease

(PD) after 4–45 months’ follow-up.

Method. Between 04=01 and 12=04, 46 PD patients were operated on

with bilateral STN-DBS. All of them were evaluated with Unified

Parkinson’s Disease Rating Scale (UPDRS) parts II–V before surgery

and 4–45 months after surgery. The amelioration of miscellaneous

symptoms and decrease of medication dose, respectively, were com-

pared. Main side effects were observed.

Findings. After surgery, both the score of activities of daily living

(ADL) and the UPDRS motor score decreased significantly ( p<0.001).

Among the PD symptoms, tremor was improved best. Rigidity, brady-

kinesia, axial symptoms, facial expression and dyskinesia were all

improved, although to a lesser extent, while speech was not improved.

Medication dose was decreased significantly ( p<0.001). According to

the time of follow-up, 4 groups were classified (4–12 months, 13–24

months, 25–36 months and 37–45 months group). ADL, UPDRS motor

score and dyskinesia subscore improvement were compared among

these groups. No significant difference existed. No life threatening com-

plications occurred. Main side effects included hypophonia, dyskinesia,

confusion, depression.

Conclusions. Bilateral STN-DBS is a satisfying surgical method for

the treatment of advanced PD. It can improve the cardinal PD symptoms

up to 45 months. Complications and side effects were rare and usually

temporary or reversible.

Keywords: Deep brain stimulation; subthalamic nucleus; follow-up.

Introduction

In the past few years, deep brain stimulation (DBS) has

become an accepted treatment modality for Parkinson’s

disease (PD) patients who experience disabling motor

fluctuations and dyskinesia as a result of dopaminergic

therapy, and some follow-up data have been published,

including short-term follow-up for 3–6 months and

long-term follow-up for up to 5 years. The selected tar-

gets varied from subthalamic nucleus (STN) to globus

pallidus internus (GPi) [2, 4, 12, 14, 20]. The objective

of our study was to demonstrate the effects of bilateral

STN-DBS in the treatment of PD after 4–45 months’

follow-up. To our knowledge, this is one of the several

largest series study in this field.

Materials and methods

Patient selection

Forty six idiopathic PD patients were admitted to Beijing Tiantan

Hospital between 04=01 and 12=04. There were 31 men and 15 women.

Their age ranged from 42 to 78 years, averaging 63.8 � 7.8 years.

Average duration of PD until surgery was 11.31 � 3.63 years (ranging

from 4 to 18 years). Inclusion and exclusion criteria followed inter-

national recommendations (Core Assessment Program for Surgical

International Therapies; CAPSIT). All cases had preserved levodopa

effectiveness, but with severe motor fluctuations and dyskinesias and

prolonged Off states. Hoehn-Yahr Scale of the patients before surgery

was: Grade II: 10 cases, Grade III: 18 cases, Grade IV: 13 cases, Grade

V: 5 cases. Before surgery, the Unified Parkinson’s Disease Rating Scale

(UPDRS) motor score, activities of daily living (ADL), dyskinesia were

evaluated in both medication off and on states. Total equivalent dose of

levodopa was calculated according to the accepted equivalence among

different dopaminergic medications.

Surgical procedure

The surgical procedure coincided with those from other literature.

Briefly, the patient was fixed with a Leksell stereotactic headframe

on the morning of surgery and transferred to MRI suite to take MRI

(3.0 Tesla) examination. The image data was then transferred to the

Surgiplan workstation in the operation room. STN was 2–3mm poster-

ior to the midcommissural point, 12–13mm lateral to the midplane of

the third ventricle and 4–6mm below the intercommissural line. The

anatomical boundary of STN was easily distinguishable on the T2 and



Flair weighted images and the coordinates were calculated automatically

by Surgiplan system. The patient was operated on under local anesthesia.

Intraoperative microelectrode recording was used to verify the firing pat-

tern of STN. Quadripolor electrodes (Medtronic Inc., electrode 3389)

were implanted bilaterally in STN. Intraoperative physiological test

ensured the appropriate response of the patient and no obvious adverse

effect. Then under general anesthesia, implanted pulse generator (IPG,

Medtronic Inc., Kinetra) was implanted subcutaneously in the subclavi-

cular region. The stimulator started to work 2–3 weeks later and was

programmed several times till the most ideal effects occurred.

Follow-up of patients

From 04=05 to 07=05, we carried out follow-up throughout China.

The follow-up time ranged from 4 to 45 months, averaging 19.26 � 8.35

months. The items of evaluation were the same as those before surgery,

except that four states of the patient were assessed, including med-

ication off=stimulation off (Medoff=Stimoff), medication off=stimulation

on (Medoff=Stimon), medication on=stimulation off (Medon=Stimoff) state

and medication on=stimulation on (Medon=Stimon). The equivalent dose

of levodopa was also calculated.

Statistics

In comparison of ADL, UPDRS motor score and subscores, dyskine-

sia and levodopa equivalent daily dose (LEDD) in all patients, a paired t

test was used. In comparison of their improvement after surgery among

different time of follow-up, a one way ANOVA was firstly used. If sig-

nificant difference existed, then an independent-samples t test was to be

used. Normal distribution of all variables was verified before compar-

ison. Statistics was processed using SPSS-12 for Windows.

Results

Efficacy of bilateral STN-DBS

Postoperatively, all patients showed an improvement in

ADL, UPDRS motor score and subcores, as well as dys-

kinesia subscores. The values of these variables and their

comparison were shown in Table 1.

Since both parts II and IV in UPDRS were interview-

based, and some patients never turned off the stimulator

in their daily life, so these data were collected only in

Stimon states after surgery. Compared with the preopera-

tive value, ADL was improved by 42.9% in Medoff state

( p<0.001) and 29.1% in Medon state ( p<0.001) after

surgery. UPDRS motor score was evaluated in two and

four different states before and after surgery, respectively.

We compared among the values in different states before

and after surgery. In Medoff states, stimulation could im-

prove total motor score from 49.2� 19.3 to 29.7� 13.7

( p<0.001, improvement rate 39.58%). The comparison

of total motor score between Medoff=Stimon and Medon=

Stimoff states showed no difference ( p¼ 0.094>0.05),

which meant no efficacy difference between medication

and stimulation alone. Stimon=Medon could further im-

prove motor symptoms by 32.25% compared to Stimon=

Medoff state (Stimon=Medoff 29.7� 13.7, Stimon=Medon
20.2� 13.6, p<0.001).

In order to demonstrate the alleviation extent of dif-

ferent motor symptoms, we compared tremor, rigidity,

bradykinesia, axial symptoms, facial expression and

speech separately. Among all these symptoms, tremor

(items 20, 21) was improved best. In Medoff state, sti-

mulation improved tremor by 68.63%, Medon further

improved tremor by 67.65%. Rigidity (item 22), brady-

kinesia (items 23–26), axial symptoms (items 27–30)

and facial expression (item 19) were also improved pro-

minently, although to a lesser extent than tremor. In

Medoff state, stimulation improved rigidity, bradykinesia,

axial symptoms and facial expression by 52.09, 31.30,

24.07 and 14.76%. Medication further improved these

symptoms by 41.69, 27.98, 25.89 and 18.99% respec-

tively. In contrast, speech (item 18) subscore comparison

between Medoff state before surgery and Medoff=Stimon

state after surgery showed no difference. Dyskinesia

(items 32–35) was chiefly induced by dopaminergic

Table 1. ADL, UPDRS score and subscores, dyskinesia scores comparison before surgery and at the time of follow-up (mean � SD)

Article Preop Postop

Medoff Medon Medoff=Stimoff Medoff=Stimon Medon=Stimoff Medon=Stimon

UPDRS ADL 27.5 � 11.2 13.4 � 6.9 – 15.7 � 8.1b – 9.5 � 6.0b

UPDRS motor 49.2 � 19.3 33.2 � 23.2 52.3 � 17.5 29.7 � 13.7d 35.6 � 23.7 20.2 � 13.6d

Tremor 10.8 � 6.9 7.7 � 6.9 12.8 � 7.3 3.4 � 4.0d 7.0 � 8.0 1.1 � 2.1d

Rigidity 7.9 � 5.0 5.8 � 5.3 6.5 � 5.4 3.8 � 4.1d 5.1 � 5.5 2.2 � 3.4c

Bradykinesia 17.2 � 7.1 16.0 � 7.8 21.2 � 8.5 11.8 � 5.8d 13.0 � 8.1 8.5 � 5.9d

Axial symptoms 7.0 � 3.9 5.0 � 2.7 7.2 � 3.3 5.3 � 3.2d 5.4 � 3.8 4.0 � 3.2c

Facial expression 2.1 � 1.1 1.5 � 1.3 2.1 � 1.7 1.8 � 1.0c 1.7 � 1.0 1.4 � 1.1c

Speech 1.9 � 1.1 1.4 � 1.0 1.8 � 1.2 1.9 � 0.9e 1.6 � 0.9 1.6 � 0.9

Dyskinesia – 3.6 � 1.3 – – – 0.7 � 1.0b

Difference of ADL and dyskinesia between preoperative and postoperative states: ap<0.05, bp<0.001). Difference of UPDRS motor score and

subscores between different states before and after surgery: cp<0.05, dp<0.001, ep>0.05.
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medications, thus it was compared between Medon state

before surgery and Medon=Stimon state after surgery.

The result showed a dramatic improvement by 80.6%.

Meanwhile, LEDD (Levodopa equivalent daily dose)

was decreased by 34.1%, its value 747.5mg=d and

492.5mg=d before and after surgery. The diminution

was significant ( p<0.001). Four cases ceased to take

any antiparkinson medication any more.

According to the follow-up time after surgery, the 46

patients in our series were divided into four groups: pa-

tients followed up between 4 to 12, 13 to 24, 25 to 36

and 37 to 45 months. We then compared ADL, UPDRS

motor score and subscores, dyskinesia improvement in

order to evaluate the long-term efficacy of STN-DBS.

The results were shown in Table 2.

All variables in different groups were compared with

one way ANOVA . In Medoff=Stimon state, there was no

difference in both ADL and UPDRS motor score among

different groups (ADL: p¼ 0.634, UPDRS motor score:

p¼ 0.856). Comparison among different subitems of

UPDRS motor score showed similar results (tremor:

p¼ 0.637, rigidity: p¼ 0.842, bradykinesia: p¼ 0.570,

axial symptoms: p¼ 0.986, facial expression: p¼ 0.384,

speech: p¼ 0.622). In Medon=Stimon state, there was no

difference in ADL, UPDRS motor score and dyskinesia

among different groups (ADL: p¼ 0.723, UPDRS motor

score: p¼ 0.698, dyskinesia subscore: p¼ 0.564).

Comparison among different subitems of UPDRS motor

score also showed no difference (tremor: p¼ 0.766,

rigidity: p¼ 0.880, bradykinesia: p¼ 0.460, axial symp-

toms: p¼ 0.853, facial expression: p¼ 0.329, speech:

p¼ 0.712). Based on the above results, we did not fur-

ther compare variables between different group by inde-

pendent-samples t test. In conclusion, the improvement

of ADL, parkinsonian motor symptoms and dyskinesia

by STN-DBS was kept stable for at least 45 months,

whether in the Medon or Medoff state.

Complications and side effects

In our series, there was no life threatening complica-

tions. Since postoperative MRI was not a routine exam-

ination, we could not exclude asymptomatic intracranial

hematoma. Nonetheless, no symptomatic intracranial he-

matoma was encountered. Scalp ulceration due to lead

abrasion occurred in 2 cases and was sutured subse-

quently. Side effects such as paraesthesia and eye move-

ment disorder were usually transient and reversible. Seven

cases complained of reversible hypophonia, accounting

for 15.2% of all patients. Two patients had to stand

up to dyskinesia when the parameters well controlled

other parkinsonian symptoms. Adjustment of parameters

led to disappearance of dyskinesia and recurrence of

parkinsonian symptoms simultaneously. Other side ef-

fects included psychological disorders such as depres-

sion in 2 patients, confusion in 1 patient. Postoperative

obesity was also complained in 3 patients although no

accurate body weight comparison was available.

Discussion

During the past few year, STN-DBS has been used

worldwide in the treatment of PD. Some published data

are now available, thus the results can be compared

among different medical centers. In our series, ADL was

improved by 42.9% and 29.1% in medication off and on

states, respectively. UPDRS motor score was improved

by 39.58% in medication off states. Medication further

improved another 32.35%. Dyskinesia was improved

by 80.6% compared to it before surgery. LEDD was

Table 2. UPDRS scores comparison among different time of follow-up after surgery. Comparison was among different groups in both Medoff=Stimon

and Medon=Stimon states

Article 4–12 months (n¼ 11) 13–24 months (n¼ 17) 25–36 months (n¼ 10) 37–45 months (n¼ 8)

Medoff=

Stimon

Medon=

Stimon

Medoff=

Stimon

Medon=

Stimon

Medoff=

Stimon

Medon=

Stimon

Medoff=

Stimon

Medon=

Stimon

UPDRS ADL 39.7 � 12.9 61.3 � 21.1 46.8 � 15.8 67.9 � 23.1 43.3 � 17.4 64.3 � 20.3 42.7 � 11.6 63.3 � 22.6

UPDRS motor 40.5 � 17.9 62.6 � 21.1 38.1 � 29.7 58.3 � 26.2 38.1 � 4.6 51.4 � 7.0 44.3 � 8.0 66.9 � 14.8

Tremor 66.0 � 26.5 84.2 � 29.0 57.1 � 43.6 90.8 � 18.8 75.5 � 23.7 87.8 � 14.1 90.0 � 20.0 97.5 � 50.0

Rigidity 40.1 � 39.6 71.8 � 37.6 63.5 � 42.8 65.2 � 63.1 46.9 � 32.1 57.2 � 42.3 42.4 � 33.5 60.2 � 45.6

Bradykinesia 30.0 � 21.4 57.1 � 27.8 39.9 � 30.4 49.1 � 34.3 22.7 � 7.4 38.4 � 13.4 30.2 � 19.5 51.6 � 26.8

Axial symptoms 28.0 � 29.5 45.8 � 31.6 18.0 � 24.8 41.3 � 33.5 38.7 � 7.3 43.9 � 6.3 24.2 � 17.1 59.6 � 17.3

Facial expression 26.2 � 39.5 31.6 � 48.3 7.1 � 18.9 46.4 � 46.6 14.6 � 17.2 29.2 � 21.0 33.3 � 47.1 45.8 � 41.7

Speech 0.0 � 34.0 14.5 � 40.7 –33.3 � 47.1 0.0 � 0.0 13.5 � 17.8 29.2 � 21.0 20.8 � 25.0 38.3 � 43.3

Dyskinesia – 78.3 � 27.2 – 79.9 � 20.1 – 83.3 � 16.3 – 80.2 � 19.3
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reduced by 34.1% compared to that before surgery. As to

the different motor symptoms, tremor was best improved

by 68.63% in medication off state, followed in order by

rigidity, bradykinesia, axial symptoms and facial expres-

sion, by 52.09, 31.30, 24.07 and 14.76%, respectively.

Our results confirm the comprehensive efficacy of bilat-

eral STN-DBS in the treatment of PD and demonstrate

that combination of medication and STN-DBS could

best improve motor symptoms. The results corroborate

the outcome of other published studies. Previous studies

showed motor disability improvement in the medica-

tion off state varied between 33 and 67% [2, 4, 6–8, 12,

14–17, 19, 20]. Reduction of the UPDRS part IV

score varied between 80 and 92% [19]. The extent

of diminution of LEDD ranged between 40 and 80.4%

[9, 15, 17, 21]. The improvement of motor disability and

dyskinesia in our series was within the range of other

literature, while LEDD dimunition was not as ideal as

other reports. We believe this is partly because the pre-

operative dose in our group is also lower than others,

due to the insufficient medical therapy in our country.

Although some authors [18, 19] completely replaced do-

paminergic medication by STN-DBS in 50% of patients,

only 4 patients in our group withdrew their medication

completely. Thus we highly recommend the combina-

tion of medication and STN-DBS after surgery. We also

compared the improvement of PD symptoms among dif-

ferent times of follow-up. No difference was present

among the 4–12, 13–24, 25–36 and 37–45 months

groups, confirming the long-term efficacy of STN-

DBS. This is also in accordance with other reports.

The complications of STN-DBS surgery include

device-related complications such as skin ulceration, lead

fracture and displacement, as well as surgical complica-

tions, such as intracranial hematoma and infections. The

absence of symptomatic intracranial hematoma in our

series was attributed to careful manipulation during

operation. Avoidance of sulcus in the electrode trajec-

tories, prevention of CSF overdrainage, precise localiza-

tion of the target to reduce repeating puncture were

crucial. Microelectrode recording was routinely applied,

with no obvious bleeding. Although theoretically the

risk of bleeding was increased by microelectrode trajec-

tories, the facilitation of localization made it worthy of

utilization. In our group, 7 patients had hypophonia after

surgery. Reduction of stimulating parameters could alle-

viate the symptom. Other authors have reported similar

side effects, usually with a lower incidence [7, 21]. It

may be caused by the current diffusion to the internal

capsule. The relatively higher incidence of hypophonia

in our series was due to electrode position. Another

remarkable side effect in our series was DBS-related

dyskinesia, which occurred in 2 patients. Although the

incidence was rather low, it was very prominent and

intolerable. Adjustment of parameters led to disappear-

ance of dyskinesia and recurrence of parkinsonian symp-

toms simultaneously. Until the last follow-up, the

appropriate parameter, medication and ideal outcome

did not occur simultaneously in these patients. Many au-

thors reported that stimulation-induced dyskinesia was a

good predictive indicator of STN-DBS effectiveness and

was reversible after reduction of stimulating parameters.

However, the optimal parameter, medication and ideal

outcome should be integrated together. Other side effects

were usually psychiatric such as depression, confusion,

and occurred in 2 and 1 patient in our series. The same

problems have been widely discussed by other authors

[10, 13]. The cause of postoperative depression is unclear.

One explanation may be the addiction to dopaminergic

treatment and subsequent reduction of medication dos-

ages, with a negative affective withdrawal state. More

attention should be paid to mood disorders after surgery.

Since the application of DBS in PD, GPi and STN

have been the two most popular targets. Some clinical

studies proved the efficacy of GPi-DBS in reducing off-

period symptoms, dyskinesias, and motor fluctuation

in advanced PD for 3–12 months. While a follow-up

period of 5 years showed that although dyskinesia

remained significantly reduced, the initial improvement

of off-period motor symptoms and fluctuations gradually

declined. Beneficial effects on ADL in the on- and off-

period were lost after the first year [3, 5, 11]. Based on

all these results, most authors believe that STN-DBS

may be superior to GPi-DBS. Nonetheless, a recent ran-

domized blinded pilot comparison of the safety and ef-

ficacy of STN and GPi stimulation in patients with

advanced PD questions the above opinion. PD patients

were randomized to implantation of bilateral GPi

or STN stimulators. Off-period UPDRS motor scores,

bradykinesia and LEDD were improved better by

STN-DBS compared to GPi-DBS after 12 months, while

dyskinesia was reduced better by GPi-DBS than by

STN-DBS. Cognitive and behavioral complications were

observed only in combination with STN stimulation [2].

In our opinion, these results might be caused by the

relative short period of follow-up. Bilateral STN-DBS

is still the first choice for advanced PD.

In conclusion, our study showed the high efficacy and

safety of bilateral STN-DBS in the treatment of PD.

It comprehensively improves all parkinsonian symptoms
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including tremor, rigidity, bradykinesia, posture and

gait instability. ADL of the patients is also improved.

Medication is significantly reduced at the mean time,

thus levodopa induced dyskinesia could be relieved. In

most patients, combination of stimulation and medica-

tion leads to the best result. Complications and side ef-

fects are few and should be considered with caution. The

efficacy of DBS is kept stable during long-term up of up

to 45 months.
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Rapid subthalamic nucleus deep brain stimulation lead placement
utilising CT/MRI fusion, microelectrode recording and test stimulation
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D. Wasson, and P. Stanwell
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Summary

Subthalamic nucleus (STN) deep brain stimulation (DBS) has become

an established treatment strategy for patients with medically refractory

Parkinson’s disease (PD). There are however numerous strategies

employed for STN lead placement. Variations include method of STN

localisation, use of microelectrode recording, number of microelectrode

recording passes and time taken for the procedure. We describe a rel-

atively simple and rapid technique of STN lead placement utilising CT=

MRI image fusion, microelectrode recording and test stimulation.

The first 58 consecutive patients undergoing STN DBS were assessed

pre- and post-operatively. UPDRS scores, medication use and any sur-

gical complication were assessed.

Bilateral STN DBS was an efficacious treatment option for medically

refractory PD. We have described a technique which can be performed

with effect and low morbidity, and in a time which is well tolerated by

patients.

Keywords: Deep brain stimulation; movement disorder; Parkinson’s

disease; subthalamic nucleus.

Introduction and aims

Subthalamic nucleus (STN) deep brain stimulation

(DBS) has become an established treatment strategy for

patients with medically refractory Parkinson’s disease

(PD). There are however numerous strategies employed

for STN lead placement. Variations include method of

STN localisation, use ofmicroelectrode recording, number

of microelectrode recording passes and time taken for the

procedure. We describe a relatively simple and rapid tech-

nique of STN lead placement utilising CT=MRI image

fusion, microelectrode recording and test stimulation, and

present results of our first 58 consecutive patients.

Methods

Our series employs a uniform technique, used in two units encom-

passing three community hospitals (two in Brisbane, one in Sydney).

Procedure

Surgery is carried out in the ‘‘off’’ state. General anaesthesia (propo-

fol) is induced in the radiology suite, and a CRW stereotactic frame

affixed to the patient’s head. After CT scanning the patient is transferred

to the operating room and the headframe attached to the operating table.

The frontal scalp is prepared and draped. A small bifrontal scalp flap is

raised, and bifrontal burrholes are made, approximately 3 cm from the

midline, but placed to avoid ventricular violation by the microelectrode

or lead.

The ventromedial STN is directly targeted by visualisation on fused

CT=MRI images. We use FLAIR sequences obtained on 1.5 or 3.0 Tesla

scanners (usually obtained 1–2 days prior to surgery), with CT=MRI

fusion carried out on Radionics, Stealth (Medtronics-Sofamor Danek) or

BrainLab workstations. The target can be refined by additional visuali-

sation on the Schaltenbrand atlases on the workstations, which can be

‘‘morphed’’ to fit the individual patient.

A 500 micron tungsten microelectrode (Fred Hayer Corporation) is

passed via a microdrive attached to the headframe to 5mm above the

selected target. Microelectrode recordings are obtained at 1mm steps

through the STN to the substantia nigra (SN). Recordings are audibly and

visually displayed on a Medtronics Leadpoint computer. White matter

(‘‘quiet areas’’) and characteristic STN and SN signals are confirmed.

With target confirmation by microelectrode recording, further confir-

mation is carried out by test stimulation. The 500 micron tip is with-

drawn, and the distal outside sheath of the probe is used to provide

stimulation at 130Hz with a pulse width of 60 microseconds. The patient

is examined for effect on clinical signs (dyskinesia, tremor, rigidity,

bradykinesia) and absence of adverse effects.

After this step the microelectrode is withdrawn and the permanent

DBS lead (Medtronic 3387) is placed through the same guidetube. The

lead is fixed to the skull with a suture and bone cement.

After bilateral lead placement the patient is again anaesthetised.

External connecting leads (Medtronic) are attached to the DBS leads

and brought out through retroauricular stab incisions. The scalp wound

is sutured and a head bandage applied.

Over the next several days lead placement in each STN is confirmed

with an MRI scan (with appropriate safety protocols) and test stimula-

tion via the external leads (Fig. 1). Internal pulse generators (Medtronic

Soletra) are placed in infraclavicular pockets under general anaesthesia

at logistically convenient time.

The first 58 consecutive patients undergoing STN DBS were assessed

pre- and post-operatively. UPDRS scores, medication use and any sur-

gical complication were assessed.



Results

The 58 patients were assessed at 10� 6 months post-

operatively. The patients underwent surgery during the

period mid 2002–end 2004.

110=116 lead placements were performed with a sin-

gle microelectrode pass. Average elapsed time from

application of the stereotactic headframe to departing

the operating room after bilateral lead insertion was

3 hours.

Table 1 demonstrates mean reduction in the unified

Parkinson’s disease rating scale (UPDRS) from best

‘‘on-medication’’ pre-operatively compared to best ‘‘on-

stimulation’’ post-operatively, with or without medication.

Mean daily Levodopa equivalent in the population

group was 1487mg pre-operatively, and 471mg post-

operatively. This was a 68% reduction (p<0.0005).

14=58 (24%) of patients became totally drug free, and

another 17=58 (30%) were able to come off Levodopa.

Complications are listed in Table 2.

Conclusion

Bilateral STN DBS was an efficacious treatment

option for medically refractory PD. We have described

a technique which can be performed with effect and low

morbidity, and in a time which is well tolerated by

patients.

Correspondence: T. Coyne, St. Andrews War Memorial Hospital,

457 Wickham Terrace, G.P.O. Box 764, Brisbane, QLD 4001,

Australia. e-mail: tcoyne@brizbrain.com.au

Fig. 1. Coronal FLAIR images showing STN – pre-operative image on right, post-operative image on left, showing satisfactory lead placement

Table 1

Mean reduction 95% confidence

interval

P value

UPDRS Part I 2.4 (75%) 1.7–3.1 <0.0005

II 4.3 (38%) 2.4–6.2 <0.0005

III 9.9 (44%) 7.7–12.2 <0.0005

IV 6.1 (88%) 4.7–7.4 <0.0005

Total score 22.7 (52%) 19.3–26.1 <0.0005

Table 2

Mortality – 0

Morbidity

5=116 (4%) leads not ideally placed and revised

Change in speech volume or fluency – 5 patients

Deep venous thrombosis – 1 patient

Symptomatic Haemorrhage – 0

Infection – 0

50 T. Coyne et al.: Rapid subthalamic nucleus deep brain stimulation lead placement
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Summary

The aim of the study was to evaluate the changes in regional cerebral

metabolic rate of glucose (rCMRGlu) induced by bilateral subthalamic

nucleurs (STN) stimulation in advanced Parkinson’s disease (PD).
18F-Fluorodeoxyglucose (FDG) PET data obtained before and one

month after stimulation were analyzed with statistical parametric map-

ping (SPM). As a result of clinically effective bilateral STN stimulation,

rCMRGlu increased in lateral globus pallidus (GP), upper brain stem,

dorsolateral prefrontal cortex (DLPFC) and posterior parietal-occipital

cortex, and decreased in the orbital frontal cortex and parahippocampus

gyrus (p<0.001). We conclude that the alleviation of clinical symptoms

in advanced PD by bilateral STN stimulation may be the result of

activation of both ascending and descending pathways from STN and

of restoration of the impaired higher-order cortex functions.

Keywords: Parkinson’s disease; subthalamic nucleus; deep brain

stimulation; PET; 18F-fluorodeoxyglucose.

Introduction

Stimulation of the subthalamic nucleus (STN), espe-

cially bilateral stimulation,may improve all cardinalmotor

signs of the Parkinson’s disease (PD), and has become an

effective treatment option in advanced medically intract-

able PD patients. However, the underlying mechanisms

are still poorly understood. To elucidate the functional

anatomic substrate involved in the clinical effect of STN

stimulation, we investigated the changes in regional cere-

bral metabolic rate of glucose (rCMRGlu) with 18F-fluoro-

deoxyglucose (FDG) PET examinations in PD patients

under clinically effective bilateral STN stimulation.

Materials and methods

Patients

Five patients with insufficient symptom control by medication of

advanced PD, all levodopa responsive, were selected for this study.

The patients had a clear diagnosis of idiopathic PD with bilateral symp-

toms, disabling motor fluctuations despite adequate pharmacotherapy, no

brain pathology as assessed by MRI, and no dementia symptoms. Bilat-

eral STN electrodes (Medtronic model 3389; Medtronic, Minneapolis,

MN) were implanted under local anesthesia using magnetic resonance

imaging (MRI)-guided target identification and intraoperative macro-

stimulation. The electrodes were permanently connected to impulse

generators (Soletra, Medtronic) and lead extensions in the same surgical

session. The clinical characteristics of the patients are presented in

Table 1.

Study design

Written informed consent was obtained from each subject before

entering the study. All patients were scanned twice with FDG=PET.

Preoperative imaging took place on the operation day just before mount-

ing the frame and then one month after surgery. The patients fasted

overnight prior to the scannings and antiparkinsonian medications had

been discontinued at least 12 hrs. The STN stimulation was on at least

12 hrs prior to the postoperative PET imaging. Before the PET imaging,

patients were rated according to the motor portion of Unified Parkinson’s

Disease Rating Scale (UPDRS III).

Positron emission tomography

The PET examinations were performed with an ECAT EXACT

HRþ scanner (Siemens-CTI, Knoxville, USA) with the patient supine

in resting state having the eyes covered and the ears plugged. In the

three-dimensional mode, the scanner acquires oblique sinograms with a

maximum cross-coincidence of �11 rings. A 10min transmission scan

with three rotating 68Ge=68Ga sources was performed for attenuation

correction. The scanning was started 30min after an intravenous bolus

injection of 5 mCi of FDG and lasted for 10 min.

Data analysis

The data on rCMRGlu were analyzed with statistical parametric map-

ping (SPM 99, Wellcome Department of Cognitive Neurology, London,

UK) implemented in Matlab 6.1 (Mathworks Inc., Sherborn, MA). The

scans from each subject were aligned, stereotaxically normalized, and

proportionately scaled. Metabolic measurements obtained pre- and post-

operatively were compared on a voxel basis using the paired t-test option



in SPM99. Operative changes were considered significant for p<0.001

at cluster level over the entire volume in the brain analyzed.

Results

Clinical outcome

After one month of bilateral STN stimulation, UPDRS

motor scores improved by 57.1% in the off medication

state (p<0.005). The mean dose of levodopa was de-

creased by 32% as compared to the preoperative condition.

Effects of bilateral STN stimulation

on regional brain metabolism

Significant changes of the cerebral metabolic activity

following clinically effective STN stimulation are sum-

marized in Table 2 and Figs. 1 and 2. During the sti-

mulation, FDG=PET showed a significantly increased

rCMRGlu in the left lateral globus pallidus (GP), mid-

Table 1. Clinical characteristics of the PD patients 1 month after bilateral STN stimulation

Patient Disease duration UPDRS motor score (off drug) Dopaminergic treatment (mg=24 h)

no.=sex=age yrs
Pre-operation 1 month post-op Pre-operation 1 month post-op

1=M=63 12 65 25 1200 1100

2=M=57 8 39 18 850 700

3=M=58 6 38 16 750 500

4=M=66 5.5 42 20 700 400

5=F=64 5 49 21 1650 800

Mean � SD 7.3 � 2.8 46.6 � 11.1 20 � 3.4 1030 � 397.8 700 � 273.9

Dopa equivalent: 100mgL-dopa¼ 133mg released L-dopa¼ 10mg Bromocriptine¼ 1mg Selegiline.

Table 2. Areas with changes in resting-state cerebral metabolism in PD

patients with bilateral STN stimulation

Areas Side

(L=R)

Talairach

coordinates

t score p

x y z

Enhanced activation

Occipital lobe, L �24 �78 �8 40.53 0.0001

Lingual gyrus (BA18) R 4 �94 �14 26.89 0.0001

Parietal lobe, L �18 �54 56 9.02 0.001

Precuneus (BA7) L �12 �58 48 8.57 0.001

Middle frontal cortex

(BA10)

R 46 52 �2 27.97 0.0001

Lateral globus pallidus L �14 �4 4 7.59 0.001

Brainstem, midbrain R 14 �22 �18 8.04 0.001

R 12 �26 �16 7.91 0.001

Reduced activation

Inferior frontal cortex R 42 20 10 8.71 0.001

(BA45, BA47) L �44 30 �14 14.31 0.001

Parahippocampal gyrus L �28 �4 �18 15.52 0.001

BA Brodmann area.

Fig. 1. Relative increase of activation in midbrain, globus pallidus and parietal-occipital cortex

52 D. Li et al.



brain, right dorsal lateral prefrontal cortex (DLPFC)

and bilaterally in the posterior parietal-occipital cortex

(BA7, 18). Significant reductions in glucose utilization

were present in the bilateral orbitalfrontal cortices and in

the parahippocampal gyrus.

Discussion

Resting state measurement of regional glucose utiliza-

tion using FDG=PET can be applied for localizing the

effects of stereotaxic surgical procedures on brain func-

tion. A previous resting state FDG=PET study has dem-

onstrated that PD is characterized by lentiform, thalamic

and pontine hypermetabolism associated with metabolic

reductions in the lateral premotor, DLPFC and parietal-

occipital association cortical regions [3].

The main findings in our study were the activation of

lateral GP and the upper brain stem during bilateral STN

stimulation. This is in contrast to the effects of subtha-

lamotomy, which is reported to cause a decrease in the

glucose metabolism in the lentiform nucleus, thalamus

and the pons [6]. Since STN is reciprocally intercon-

nected with lateral GP (GPe), the activation of that latter

structure may be the result of orthodromatic activation

of STN efferent or antidromatic activation of Gpe affer-

ent fibers. This finding is consistent with a previous

cerebral blood flow PET study after bilateral STN sti-

mulation [7]. The activation of STN efferent destined to

the pedunculopontine nucleus (PPN) in the upper brain

stem is presumably part of the reason for the increased

rCMRGlu in this area. Since the activation of PPN can

improve akinesia, gait dysfunction and postural abnor-

malities as demonstrated in a primate PD model [4], this

activation may also be a basis for the improvement of

the axial symptoms in PD patients subjected to bilateral

STN stimulation.

STN stimulation also influenced areas remote from

the stimulation sites including DLPFC and bilateral

parietal-occipital cortices. DLPFC is mostly involved

in cognitive function such as motor planning or working

memory, and the posterior parietal-occipital areas serve

as higher-order sensory convergent areas for perception;

they are also assumed to be involved in other higher

brain functions such as self-initiated movements, which

are typically impaired in PD patients [1, 2]. Clinically

effective bilateral STN stimulation appears to restore

these functionally deficient cerebral cortices in PD.

Another finding of STN stimulation was a decrease of

FDG uptake in both orbitalfrontal cortices and the para-

hippocampal gyrus. Our findings may indicate that the

depression observed in some patients treated with STN

stimulation reflects a specific interference of the stimu-

lation with limbic functions rather than being a sequel of

postoperative levodopa reduction. In a previous neuro-

psychological study, it has been demonstrated that bilat-

eral STN stimulation has a negative impact on various

aspects of frontal executive capacity [5]. That observa-

tion may well correspond to our finding that the metab-

olism of the orbitalfrontal cortices is significantly

reduced.

The present study demonstrates that STN high-fre-

quency stimulation activates both ascending and de-

Fig. 2. Relative decrease of activation in orbital frontal cortex and left parahippocampus gyrus
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scending pathways resulting in either excitation or inhi-

bition and in restoration of impaired higher-order cortex

function in advanced PD patients.
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Summary

To treat intractable deafferentation pains, we prefer stimulation of the

primary motor cortex (M1). The methods of stimulation we utilize are

electrical stimulation and repetitive transcranial magnetic stimulation

(rTMS). In our department, we first attempt rTMS, and if this rTMS

is effective, we recommend the patient to undergo procedures for motor

cortex stimulation (MCS). A 90% intensity of resting motor threshold

setting is used for rTMS treatment. In this study ten trains of 5Hz rTMS

for 10 seconds (50 seconds resting interval) were applied to the M1, S1,

pre-motor and supplementary motor areas. Only M1 stimulation was

effective for pain reduction in 10 of 20 patients (50%). Twenty-nine

MCS procedures were performed by subdural implantation of electrodes,

and in the case of hand or face pain, electrodes were implanted within

the central sulcus (11 cases), because the main part of M1 is located in

the central sulcus in humans. The success rate of MCS was around 63%,

and seemed to be higher in cases of pain with spinal cord and peripheral

origins, while it was lower in cases of post-stroke pain.

Keywords: Repetitive transcranial magnetic stimulation (rTMS);

deafferentation pain; navigation; motor cortex; image-guided.

Introduction

Deafferentation pains are one of the most difficult types

of pain to treat and are usually medically refractory. Only

motor cortex stimulation (MCS) may provide pain relief

in 50–75% of patients with deafferentation pains [6, 9,

11, 17]. Now, the primary motor cortex (M1) is a popular

target for cortical stimulation as a method of treatment for

medically refractory deafferentation pain [3, 5, 9, 11, 14,

15–17]. We have tried the sub-dural or intra-central sul-

cus implanting of electrodes to stimulate M1 more

directly than is possible when using epidural techniques.

However, there have been few reports about the abil-

ity to relieve pain by stimulation of other adjacent

cortical areas, for example, the postcentral gyrus (S1),

supplementary motor area (SMA) and premotor area

(preM). At our institute, we precisely applied repetitive

transcranial magnetic stimulation (rTMS) to these areas,

and compared the effectiveness of such treatments on

pain relief.

Materials and methods

Patient profile

Twenty right-handed patients (14 males, 6 females, age ranging from

28 to 72 years) suffering from intractable deafferentation pain were

treated with rTMS at Osaka University Hospital. There were 12 patients

with post-stroke pain. Other origins of pain included two patients with

spinal cord lesions, one with root avulsion, three with trigeminal nerve

injuries, and two with peripheral nerve injuries. Patients had been admin-

istered with anti-convulsants, NSAIDs (non-steroidal anti-inflammatory

drug), and anti-depressants and received psychological examinations and

electroencephalogram (EEG) before rTMS to assess their potential for

developing seizures. Informed consent was gained from all patients

participating in this study, and approval was attained from the Ethics

Committee of Osaka University Hospital.

Twenty-nine patients (25 males, 4 females, age ranging from 28 to 76

years) were treated with subdural or intra-central sulcus (11 cases) MCS.

Of these, there were 16 patients with post-stroke pain. The other origins

of pain included six brachial plexus injuries, three cases of phantom-

limb pain, two cases of spinal cord lesions, one case of trigeminal

neuropathic pain and one patient with pain related to pons injury. Five

cases underwent both rTMS and MCS.

rTMS methods

rTMS was applied through a figure-of-eight coil which enabled a

limited cortical stimulation, and which was connected to a MagPro

magnetic stimulator (Medtronic Functional Diagnosis A=S, Skovlunde,

Denmark). At first, the resting motor threshold (RMT) of muscle corre-

sponding to the painful area was determined by stimulation of M1. A

90% intensity of the RMT was used for treatment. Ten trains of 5Hz

rTMS for 10 seconds (50 seconds resting interval) were applied to the

M1, S1, preM and SMA areas at random. A total of 500 stimuli were

applied once in two days and the stimulation was done twice for each

target. Sham stimulation was applied using previously reported methods

[19]. The protocol used was in accordance with guidelines for the safe

use of rTMS [20]. We used the BrainsightTM Frameless Navigation

system (Rogure Research Inc, Montreal, Canada) which monitored the

position and direction of the coil, and the position of the patient’s head



by attaching trackers with reflectors recognizable by an optical position

sensor camera similar to those used in other MRI guided navigation

systems [1, 4, 10]. Fixation and placement of the TMS coil were

achieved by an articulated coil holder.

Evaluation of pain relief and statistical analysis

We obtained measurements of visual analogue scale (VAS) and the

short form of McGill Pain Questionnaire (SF-MPQ) before, during, and

after stimulation (15, 30, 60, 90 and 180 minutes) for each of the targets

(sham, preM, SMA, M1, S1) from 20 patients, and evaluated the effec-

tiveness of stimulations with analysis of variance in a two-way layout

(patient and time). Moreover, we investigated the significance among the

pain intensities experienced in the following eight successive evaluations

(pre-stimulation, intra-stimulation, post-stimulation, post-15 minutes,

post-30 minutes, post-60 minutes, post-90 minutes, post-180 minutes)

with Wilcoxon matched-pairs signed-ranks test.

Results

rTMS

All of the patients received full courses of navigation-

guided rTMS and there was no transient or lasting side

effects involving convulsions. They were not able to

distinguish sham stimulation from real rTMS. Effective

treatment was defined as a VAS improvement of more

than 30%. Ten of 20 patients (50%) showed significant

reductions in pain on the VAS with M1 stimulation.

Stimulation of other areas (S1, SMA, preM) did not pro-

vide effective forms of pain relief. Effectiveness con-

tinued significantly for three hours (p<0.05, Wilcoxon

matched-pairs signed-ranks test).

There were no significant differences in SF-MPQ

scores. In the patients with high SF-MPQ scores, who

mentioned property of their own in many item of

SF-MPQ, the results of VAS and SF-MPQ demonstrated

similar tendencies. On the other hand, in the patients

with low SF-MPQ scores, there were only slight score

changes in spite of VAS score reductions.

MCS

Of the 29 patients, 18 (62%) showed good or excellent

pain relief with MCS. Seven of the 11 cases (64%) who

underwent electrode implant within the central sulcus

showed good or excellent results. In the five cases who

underwent both rTMS and MCS, four rTMS responders

showed successful results of MCS, while one poor-

responder was not successful (Table 1).

Discussion

Recently rTMS has been applied as a treatment method

for psychiatric and neuro-degenerative diseases such as

depression [7], dystonia [18], schizophrenia, Parkinson’s

disease, seizures and so on [21]. Based on experiences

with MCS, rTMS is now beginning to be applied to cases

of intractable deafferentation pain [8, 13].

According to PET and fMRI [2, 12] studies, several

areas in the normal brain are thought to participate in

the perception of pain. We have tried rTMS of the

M1, S1, SMA and preM areas and have compared the

effects on pain relief. Only M1 stimulation was effec-

tive in 50% of the patients. Why stimulation of the M1

area is effective in the treatment of pain is still under

debate. Probably, the several areas of the brain acti-

vated by M1 stimulation relieve pain in a comprehen-

sive manner [3, 12, 17]. The mechanism of pain relief

by rTMS might be almost the same as that of electrical

stimulation [8].

Previous reports have described implantation of epi-

dural electrodes over the precentral gyrus [5, 9, 11].

Such an approach might not provide optimal pain relief

since both the method and the area of test stimulation

were restricted by a brief operative period under local

anesthesia. Our subdural implant or implant within the

central sulcus seems to be more effective than that of the

epidural implant, because our methods make it possible

to stimulate M1 more directly.

The five cases who underwent both rTMS and MCS

showed good correlations with pain relief. There are

some differences between the detailed stimulation of

rTMS and MCS. We consider that rTMS can anticipate

the results of MCS (Table 1).

Table 1. Summary of 5 cases who underwent both rTMS and MCS

Case Age Sex Diagnosis Pain duration Pain area rTMS MCS

1 71 M lt thalamic hemorrhage 5 y rt hand poor poor

2 62 M lt thalamic hemorrhage 8 y rt hand excellent good

3 28 M lt trigeminal neuropathic pain 2 y lt face excellent good

4 29 M ruptured spinal AVM 6y rt foot excellent good

5 59 M rt putaminal hemorrhage 16 y lt foot good good

Five cases who underwent both rTMS and MCS are summarized. Only Case 1 showed pain relief by neither rTMS nor MCS. The other cases showed

pain relief by both rTMS and MCS. There were good correlations between the results of rTMS and those of MCS.
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In conclusion, only 5Hz stimulation of M1 is able to

reduce intractable deafferentation pain in approximately

one out of two patients. The pain reduction continued

significantly for three hours. Today, rTMS may be a

good predictor of MCS efficacy, and thus, we consider

that MCS can be recommended to the patients with good

results of rTMS. In the future, rTMS may take over from

MCS as a treatment of deafferentation pain.
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Summary

Intrathecal baclofen administration is a fully established treatment for

severe spasticity. However, it is scarcely known that Baclofen, an agonist

of GABA-B receptor, has other potential effects on pain, restoration

coma, dystonia, tetanus, and hypothalamic storm. Sporadic episodes of

dramatic recovery from persistent vegetative state are reported after

intrathecal administration of baclofen. There are also reports on the use

of baclofen for neuropathic pain including poststroke central pain syn-

drome. Baclofen is also used for control of dystonia due to cerebral palsy

or reflex sympathetic dystrophy. On the other hand, epidural spinal cord

stimulation has been used for pain, spasticity, dystonia, or attempt to

improve deteriorated consciousness, though the effects seem variable

and modest. Similarity between baclofen and spinal cord stimulation is

interesting in that both involve the spinal GABAergic system. Based on

the 15-year personal experience of intrathecal baclofen, I would stress

importance of this treatment not only for spasticity but also for other

difficult neurological disorders.

Keywords: Intrathecal baclofen; pain; dystonia.

It was more than 15 years ago that the first author be-

came interested in neurosurgical management of spasti-

city, when almost no neurosurgeons in Japan knew about

neurosurgical management of spasticity. During my fel-

lowship study in Birmingham U.K. from 1988, my great

mentor, Professor Hitchcock used to perform stereotac-

tic dentatotomy for various kinds of spasticity. Although

the effect of dentatotomy was transient, I observed many

instances of dramatic immediate changes after relief of

severe spasticity. This was the main reason I realized the

importance of neurosurgical management of spasticity.

After coming back to Japan, because baclofen for intra-

thecal use was not available, I personally imported the

medication from Basel, Switzerland, and started trial bo-

lus injection mainly to patients with post cerebrovasular

accidents. Implantable pumps for chronic treatment were

not available, but even with bolus injections. I noticed a

variety of neurological changes from careful clinical

observation.

One day, in the early 90s, I injected baclofen to a

patient with foot spasticity after a stroke. The patient

also had poststroke dysesthetic pain, and to my big sur-

prise, the patient reported not only relief of spasticity but

also the pain, which I could not believe in the beginning.

In the same room of the ward, there was another patient

with poststroke central pain who had undergone thala-

mic deep brain stimulation and motor cortex stimulation

without remarkable benefit. This patient eagerly asked

me to inject baclofen as a trial case. I hesitated and

explained the difference of indication, but the patient

insisted on trying, and finally I did. Again, it worked as

shown in Fig. 1. I did not tell the patient the possible

time course of drug effect, but the time curve of pain

relief was compatible with bolus intrathecal baclofen for

spasticity. Since then, I investigated the effect of bolus

baclofen injection on various kinds of neuropathic pain.

Analgesic effect of baclofen is not widely known,

though baclofen is the second choice drug for idiopath-

ic trigeminal neuralgia. In clinical studies, intrathecal

baclofen, of course, relieves muscle spasm pain, which

is generally believed secondary to relief of spasticity.

However, there have been some clinical reports concern-

ing pain relief with intrathecal baclofen. Herman et al. [3]

reported that central pain caused by spinal lesions is

successfully controlled with lumbar intrathecal baclofen

and obviously this is not the secondary effect. In their

report, a patient even with a C3 lesion experienced relief

of pain in the leg. I also reported that intrathecal baclo-

fen effectively suppresses even poststroke central pain

[5]. Such baclofen analgesia as in patients with central

pain of spinal origin can be explained by suppression of

the abnormal neuronal activities in the spinal posterior

horn. Baclofen analgesia is not mediated through the en-

dogenous opiate system. The neural structures rostral to



the medulla and caudal to the midbrain are necessary for

the analgesic effect of baclofen. These findings suggest

that there is an ascending pain control system from the

spinal cord to the pons that is not mediated by the opiate

system. Because baclofen acts on GABA-B receptor

sites that are present in high concentration in the spinal

dorsal horn, GABA may be the mediator of this pain

control system. It has been reported that GABA is re-

leased by electrical spinal cord stimulation [2, 4], which

technique has been widely used for pain relief. This

further supports the importance of the GABAergic sys-

tem in pain mechanism [8].

In 1995, I was asked to accept a patient from Kyushu

area (900 km from Tokyo). The patient was a young boy

who had become bed-ridden after severe traumatic brain

injury. I had no idea what to do. When I first saw him, he

was severely tetra-spastic, unconscious, and in so-called

vegetative state. I desperately asked my residents to

inject baclofen through a lumbar tap every day for at

least one month. Then, to everyone’s big surprise, the

boy woke up after 25 injections, started talking, and

eating by himself. Six months later, he returned home

on foot (Fig. 2). Ten years from then, he is now a high

school student. The recovery from vegetative state was

dramatic [7].

There are some communications [Becker 1996,

Meythaler 1996 and others] that they also experienced

dramatic recovery of consciousness after intrathecal ad-

ministration of baclofen. It is known that, in cerebral

palsy children, selective dorsal rhizotomy and resultant

relief of leg spasticity, it may show subsequent positive

effects on higher brain functions. The effect of baclofen

on persistent vegetative state may thus be secondary, but

the effects in some limited cases are so dramatic that we

have to consider the primary role of baclofen on dis-

turbed consciousness. It is known that baclofen im-

proves conduction in demyelinated axons and therefore

intrathecal baclofen may accelerate the repair of diffuse

axonal injury. Spinal cord stimulation has been used in

the hope of recovery from persistent vegetative state, and

in some cases, it is really effective. Thus, spinal cord

stimulation and baclofen are also similar in terms of re-

covery from persistent vegetative state.

Spinal cord stimulation used to be reported as effec-

tive treatment of dystonia, though the results were not

always uniform [10]. Intrathecal baclofen has been in-

troduced for the treatment of generalized dystonia due to

cerebral palsy or of unknown etiology, and the results

seem promising [1]. It also opened a new therapeutic

option for dystonia and pain in reflex sympathetic dys-

trophy that is refractory to most treatment [9]. Spinal

cord stimulation is regarded as a choice of surgical treat-

ment of reflex sympathetic dystrophy. Cerebral blood

flow Spinal cord stimulation increases cerebral blood

flow through unknown mechanisms not related with in-

creased sensory input. The stimulation has been tried in

ischemic stroke or vasospasm after subarachnoid hemor-

rhage. To our knowledge, there is no report on cerebral

blood flow and baclofen in clinical setting, while we

have experimental data on cerebral blood flow that in-

creased following intrathecal administration of baclofen.

This year, the Government of Japan finally approved

intrathecal baclofen and implantable pumps after 29

cases of clinical trial. They had requested us to perform

high-cost domestic clinical trials despite the fact that

several thousand patients have been benefiting every

Fig. 1. Pain relief after intrathecal injection of baclofen. Baclofen was

injected at 10:55 am and pain in the leg became 2=10 after 4 hours, and

the effect on arm pain was still present on the following morning. Pain

score was assessed by the patient

62 T. Taira et al.



year from this treatment in many other countries. Be-

cause of such political delay, I learnt a lot more on the

action of baclofen and various aspects of intrathecal

medical treatment.
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Summary

Background. Electrical stimulation is currently employed to treat

several neurological conditions, including pain and Parkinson’s disease.

It is one of several minimally invasive alternatives to drug treatments for

painful conditions. A number of studies have shown that the anterior

cingulate cortex (ACC) plays an important role in the processing of pain

and pain modulation. The purpose of this study is to investigate these

neuropathic pain-relieving effects by delivering electrical stimulation

into the ACC of rat models.

Methods. Following the approval of the AAALAC and the Guidelines

and Regulations for Use and Care of Animals in Yonsei University, rats

were subjected to surgery under pentobarbital anesthesia (50mg=kg,

i.p.) to produce neuropathic pain. Electrodes were bilaterally implanted

into the ACC with a metal holder for the electrical stimulation. The ef-

fect of the electrical stimulation of the ACC on the rat neuropathic pain

model was measured by the von Frey test.

Findings. The effect of electrical stimulation of the ACC on neuro-

pathic pain was shown during stimulation at 30, 40, 50, and 60min, and

at 10min after stimulation. In the pain ACC stimulation group, the re-

sponse of mechanical allodynia was significantly reduced during the time

of ACC electrical stimulation.

Conclusion. The mechanical allodynia of the neuropathic pain could

be modulated by ACC electrical stimulation.

Keywords: Electrical stimulation; anterior cingulate cortex (ACC);

pain modulation; neuropathic pain.

Introduction

Electrical stimulation is currently used to treat several

neurological conditions, including pain and Parkinson’s

disease [25]. It is one of the several minimally invasive al-

ternatives to drug treatments for painful conditions [20].

In adult patients, the deep brain electrical stimulation of

the thalamic nuclei helps to alleviate severe pain [25].

Many animal studies have demonstrated the inhibitory

influences that electrical stimulation of the nervous sys-

tem can have on pain transmission [9].

Although both its mechanisms of action and clinical

effects are subjects of controversy, electrical stimulation

at various sites in the central nervous system has been

shown to induce analgesia, and is currently used as a

therapy for chronic refractory deafferentation pain [18].

Precentral gyrus stimulation has analgesic effects for

thalamic pain and trigeminal neuropathic pain [15, 24].

The electrical stimulation of the nucleus ventrocaudalis

(Vc) of the thalamus is used to reduce chronic pain [22].

To control the pain, there are various target positions

for electrical stimulation, according to the various pain

mechanisms. A number of studies have shown that the

anterior cingulate cortex (ACC) plays an important role

in the processing of pain and pain modulation. Animal

and human studies have indicated that the ACC mediates

the pain-modulating circuitry, nociceptive processing

[2, 10], arthritic pain [8], pain-related memory acquisition

[17], unpleasantness [23], and aversion [14]. Single neu-

rons of the ACC respond selectively to painful thermal

and mechanical stimuli, supporting a role for the ACC in

pain perception [11]. Also, the ACC is a part of the limbic

system, and its functional relationship to emotional and

motivational processes has been delineated [5]. However,

at this time, the effects of electrical brain stimulation in

the ACC on neuropathic pain are not well known.

In the present study, we will report on the neuropathic

pain-relieving effect of the electrical brain stimulation of

the ACC on the rat pain models. Also, we will introduce

newly developed devices and operation methods.



Materials and methods

Experimental subjects

Experiments were performed on adult male Sprague-Dawley rats

(180–200g, Daehan Biolink Co. LTD., Eumsung, Korea). The animals

were maintained in four groups, in plastic cages with soft bedding under

a 12=12 h light-dark cycle (light cycle: 8:00AM–8:00PM), in facilities

fully accredited by the AAALAC (Association for Assessment and

Accreditation of Laboratory Animal Care). Temperature (22 � 2 �C) and
humidity (50 � 10%) were controlled to be constant. Food and water

were available ad libitum. The care and use of laboratory animals in this

experiment were based on the Guidelines and Regulations for Use and

Care of Animals in Yonsei University.

Surgical procedures

The rat neuropathic pain model was prepared according to the meth-

ods described by Lee et al. [13]. Under pentobarbital anesthesia

(50mg=kg, i.p.), a segment of the sciatic nerve was exposed between

the midthigh level and the popliteal fossa by skin incision and blunt

dissection through the biceps femoris muscle. The three major divisions

of the sciatic nerve (the tibial, sural, and common peroneal nerves) were

clearly separated by individual perineurium. Neuropathic injury was

induced by the tight ligation and cutting of the left tibial and sural

nerves, leaving the common peroneal nerve intact. Complete hemostasis

was confirmed, and the wound was closed with muscle and skin sutures.

Electrical stimulator

We used newly developed, small-sized portable stimulators to gener-

ate the voltage stimulus pulses (Fig. 1A). The main chip of the stimulator

was an SX18AC microcontroller from Scenix. Stimulation parameters,

such as duration and stimulation rate, could be changed with PC-based

software (Fig. 1B). The parameters were stored in the internal ROM

(Read Only Memory) of a chip through the RS-232C serial communica-

tion port. The amplitude of the stimulation voltage was controlled by the

precision potentiometer. By adjusting the knob position of the potenti-

ometer, the output voltage could be controlled from 0 to 4.5V.

Finally, the stimulator was connected to the stimulation electrodes

through the percutaneous connector that was the terminal of the sub-

cutaneously implanted extension cable.

Implantation of anchor, electrode, and cable

We designed a unique metal anchor that was made of biocompatible

stainless steel to fix the stimulation electrodes and to minimize infections

and inflammations in the rats (Fig. 2A). With the anchor, we could close

the scalp and reduce the size of the scar after implantation of the

stimulation electrodes and extension cable. Therefore, we could stably

maintain the experimental conditions for a long time. Under pentobar-

bital anesthesia (50mg=kg, i.p.), a metal anchor was fixed on each skull

with screws.

We used tungsten electrodes (diameter 200mm) that were insulated by

parylene of a 5-mm thickness to deliver electrical stimulation to the AAC

(Fig. 2A). The tips of all electrodes were tapered by electrochemical

etching to minimize the lesion effects of the targeted area. The stim-

ulation electrodes were implanted bilaterally in the ACC (AP 1.0mm,

LA �0.5mm, DV �2.5mm from the bregma) simultaneously using a

specially designed electrode holder (Fig. 2B). The electrodes were then

firmly secured with dental cement and the anchor.

A multi-stranded extension cable was subcutaneously implanted to

connect the electrodes and stimulator. The multi-stranded wires were

made with a helical structure to endure the stretching forces during the

surgical operation.

Behavioral test

To measure mechanical allodynia, the rats were placed in a plastic

dome and innocuous mechanical stimuli were applied with a von

Frey filament (8mN bending force) ten times (once every 3–4 s) to

the sensitive area of the hind paw. The frequency of foot withdrawal,

expressed as a percentage, was used as the index for mechanical allo-

dynia. Data was taken before stimulation, at 10, 20, 30, 40, 50, and

60min during stimulation, and 0, 10, 20, and 30min after stimulation

was terminated.

Statistical analysis

Data were expressed as mean� S.E.M. Statistical tests were done

using the one-way repeated measures analysis of variance (ANOVA)

followed by the LSD as a post hoc test at each time point. Independent

sample t-tests were used when comparisons involved only two groups.

A p-value of less than 0.05 was considered statistically significant.

Fig. 1. (A) Portable brain stimulator; (B) biphasic output pulse of the stimulator
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Histology

At the end of the experiment, the animals were sacrificed with an

overdose of urethane (1.25 g=kg, i.p.) and perfused transcardially with

normal saline followed by 4% paraformaldehyde (in 0.1M sodium

phosphate-buffered, pH 7.4). The brains were removed and stored in

30% sucrose for three days. Serial coronal sections (30mm thickness)

of the brain were stained with cresyl violet to access the anatomic

localization and histological verification of the stimulating electrode

track. The site of the stimulating electrodes was determined using a light

microscope.

Results

The 6-channel output portable brain stimulator and

the output biphasic pulse are shown in Fig. 1. The total

weight of each stimulator was 19þ 1 g including the

battery, and the stimulators were positioned on the backs

of the pain models with backpacks. In this study, a con-

stant voltage stimulus, a bipolar biphasic square wave

pulse with the duration of 60 ms, was delivered to the

ACC through the electrodes. The intensity of the elec-

trical stimulation was 0.6 V, and the high frequency of

130Hz was applied for 60min.

The stimulation electrodes, their fixation method, and

the electrode holder for bilateral implantation are shown

in Fig. 2. The shape of the stimulation site was a flat

circle with a diameter of 100� 5 mm. The impedance of

the stimulation electrodes was measured by electro-

chemical methods using a potentiostat (Zahner Elektrik

IM6e, Germany), and the value was about 15� 1K�

with 1KHz in saline. Long-term use silicone (NuSil,

USA) molded into multi-stranded extension cables were

created to make the electrical connection between the

stimulator and electrodes. The total length and resistance

of the cables were 9 cm and less than 1.0� 0.2�,

respectively.

The scene of the bilateral electrode implantation in

the ACC with the holder is shown in Fig. 3A. The metal

Fig. 3. The scene of bilateral electrode implantation in the ACC with the electrode holder (A and B)

Fig. 2. (A) Stimulation electrode and electrode fixation method; (B) electrode holder for bilateral implantation
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anchor was fixed on the rat’s skull with two screws, and

its weight was about 0.9 g. After the electrode implanta-

tion, dental cement was added in the well structure of the

anchor to secure the electrodes. We also verified there

were no infections or inflammations six weeks after the

anchor implantation. Also, we confirmed that there was

no tissue damage caused by the metal anchor (Fig. 3B).

We performed cresyl violet staining to confirm the

correct location of the stimulation electrodes in the ACC

after the behavioral test. As shown in Fig. 4, we verified

the electrodes were properly implanted in the ACC by

the tracks of the electrodes.

The rats were divided into four experimental groups:

a normal group (n¼ 4); a pain group (n¼ 4) with neuro-

pathic pain; a pain ACC stimulation group (n¼ 5) sub-

jected to electrical stimulation while the stimulation

electrode was placed in the ACC with neuropathic pain;

and a pain sham ACC stimulation group (n¼ 4) in which

no electrical stimulation was applied while the stimula-

tion electrode was placed in the ACC with neuropathic

pain. A subject that had all the described devices im-

planted is shown in Fig. 5A, and all subjects were given

the behavioral test with the described devices. A photo-

graph of the behavioral test is shown in Fig. 5B.

We measured mechanical allodynia before, after, and

during electrical stimulation of the ACC. In the ACC,

the electrical stimulation significantly reduced the re-

sponse to pain (Fig. 6). The pain ACC stimulation group

exhibited the lowest mechanical allodynia score when

compared to the pain and pain sham ACC stimulation

groups. The effect of the electrical stimulation of the

ACC on neuropathic pain was shown during the stimu-

lation at 30, 40, 50, and 60min, and at 10min after

stimulation. At 50min after the beginning of ACC elec-

trical stimulation, the pain ACC stimulation group

(65.1� 8.3%) showed a reduced effect of the ACC stim-

ulation compared to the pain group (100.0� 0.0%) and

the pain sham ACC stimulation group (100.0� 0.0%).

The pain group and the pain sham ACC stimulation

group showed similar effects. The effect of the ACC

electrical stimulation was not sustained for long after

the stimulator was turned off. When the time of stimula-

tion was 60min, the effect of the stimulation continued

for 10min. The normal, pain, and pain sham ACC stim-

ulation groups were not affected. Particularly, the lack of

change in the response of the pain sham ACC stimula-

tion proved the effect of the ACC stimulation.

The summary of data is shown in Fig. 7. The data were

separated on the basis of the beginning and termination

Fig. 4. (A) Histological reconstructions in the ACC and (B)

photomicrograph of the stimulation site in the ACC. Triangles indicate

that the bilateral stimulation electrode has entered the ACC (ACC: AP

1.0mm, LA�0.5mm, DV �2.5mm from bregma)

Fig. 5. (A) Neuropathic pain model that is used in the behavioral test. (B) The scene of the behavioral test
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times of the ACC electrical stimulation. Pre-data are the

sum of the responses before the electrical stimulation.

ES-data are the sum of the responses during the electri-

cal stimulation. Post-data are the sum of the responses

after the electrical stimulation. In the pain ACC stimula-

tion group, the response of the mechanical allodynia was

significantly reduced during the time of ACC electrical

stimulation (68.2� 4.1%) and after the time of ACC

electrical stimulation (74.4� 5.6%). On the other hand,

the pain and pain sham ACC electrical stimulation groups

had equal responses before, during, and after the time of

ACC electrical stimulation.

Fig. 7. Effects of the ACC stimulation on the sum for each time on mechanical allodynia. The data are expressed as mean� S.E.M. �Denotes a
P-value of less than 0.05, which is considered statistically significant

Fig. 6. Effects of the ACC electrical stimulation on mechanical allodynia. The data are expressed as mean�S.E.M. �Denotes a P-value of less than
0.05, which is considered statistically significant
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Discussion

In the present study, we found that bilateral electrical

stimulation of the ACC is the major factor that signifi-

cantly reduces the mechanical allodynia in a rat neuro-

pathic pain model.

Neuropathic pain is caused by peripheral nerve injury

or tissue damage. This pain is usually resistant to anal-

gesic medical therapy and is extremely unpleasant. The

symptoms of this pain are hyperalgesia, allodynia, spon-

taneous pain, crushing sensations, and deep aching. Due

to the generally intractable and incapacitating nature

of this pain, various studies have attempted to address

pain management. These include deep brain stimulation

(DBS), spinal cord stimulation, transcutaneous electri-

cal nerve stimulation (TENS), anterior cingulotomy, and

dorsal root entry zone lesions. One of these studies, the

electrical brain stimulation of the ACC, has recently re-

ceived considerable attention for the treatment of pain.

To control neuropathic pain, there are various target po-

sitions for electrical brain stimulation, according to the

various pain mechanisms.

The cingulate cortex is one of the largest parts of the

limbic lobe and the limbic system. The cingulate region

is subdivided into the rostal and mid-cingulate regions.

The mid-cingulate region is further separated into an an-

terior and posterior portion [26]. The ACC is related to

many pain mechanisms. A direct role of the ACC in pro-

cessing nociceptive information has been proven by PET

studies. These studies show that the ACC is activated

during the application of acute, noxious-heat stimuli to

the body surface [3, 21]. Functional imaging studies sug-

gest that the cingulated and prefrontal cortex may re-

spond together during responses to noxious stimuli in

chronic pain syndromes. The administration of mor-

phine to an individual suffering from chronic pain fol-

lowing the removal of a squamous carcinoma in the left

jaw elevated blood flow in the anterior cingulate cortex

as well as in the prefrontal and insular cortices [12]. The

ACC is mainly reported to be the site that is activated

following nociceptive stimulation in human functional

imaging studies [19]. There is considerable experimental

evidence from animal studies implicating the cingulate

cortex in the modulation of nociception. Electrophysio-

logical studies have shown that the ACC receives noci-

ceptive input [4].

These results raise the question of whether the net ef-

fects of electrical brain stimulation are in fact inhibitory

or excitatory. To this day, the fundamental knowledge

regarding the interactions that occur between the neurons

of the central nervous system and applied electrical

currents has been lacking. However, a number of pos-

sible mechanisms have been proposed [6]. One of the

more popular hypotheses is that electrical brain stimu-

lation causes a reduction of neuronal activity by means

of a depolarization block. This proposed mechanism

involves the suppression of voltage-gated sodium and

T-type calcium currents, leading to an interruption of

spontaneous activity within the neurons [1]. It has

also been proposed that the silencing of target nuclei

by high-frequency stimulation is achieved by the stim-

ulation of GABAnergic afferents to the target cells and

the consequent hyperpolarization of postsynaptic term-

inals by the release of the inhibitory neurotransmitter

GABA [16].

We also investigated the effect of the electrical sti-

mulation of the ACC in other behavioral tests as well

as the mechanical allodynia. In a hot plate test, we did

not obtain the data similar to the result of the von Frey

test. Dowdall et al. showed the comparison data of the

different rat models of peripheral nerve injury [7].

According to this study, the animal model used in the

present study [13] for neuropathic pain showed a small

amount of lifting behavior on the hot plate. Because

of these results, we suppose that the result of the hot

plate test does not show the same effect due to elec-

trical stimulation of the ACC as mechanical allodynia

does.

Conclusion

We developed the portable electrical brain stimulator,

metal anchor, and electrode holder to investigate the

pain-relieving effects of ACC electrical stimulation. We

showed, using a mechanical allodynia test of the rat

models, that neuropathic pain could be modulated under

the ACC electrical stimulation. The effect of ACC elec-

trical stimulation did not continue for long after the

stimulator was turned off. When the duration of stimula-

tion was 60min, the pain reduction was sustained for

10min after the stimulation.

As a further study, we will investigate more effective

parameters of stimulation and perform various pain tests

to prove the pain-relieving effect more clearly.
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for intractable pain after brachial plexus avulsion injuries

H. J. Chen and Y. K. Tu

Department of Neurosurgery and Orthopedics, E-Da Hospital and I-Shou University, Kaohsiung Hsien, Taiwan

Summary

Brachial plexus avulsion injury is one of the major complications after

traffic, especially motorcycle accidents and machine injuries. Intractable

pain and paralysis of the affected limbs are the major neurological

deficits. During the past 18 years, we have encountered and treated more

than 500 cases with brachial plexus avulsion injuries. Dorsal root entry

zone lesions (DREZ) made by thermocoagulation were performed for

intractable pain in 60 cases. Forty cases were under regular follow-up for

5–18 years. In early postoperative stage, the pain relief rate was excel-

lent or good in 32 cases (80%). The pain relief rate dropped to 60% in 5

year follow-up period and only 9 cases (50%) had excellent or good

result in 10 year follow-up. Reconstructive procedures were performed

in almost all patients in the last 10 years. Dorsal root entry zone lesion is

an effective procedure for pain control after brachial plexus avulsion

injuries.

Keywords: Brachial plexus avulsion injury; dorsal root entry zone;

neural reconstruction.

Introduction

Brachial plexus avulsion injury is one of the major

complications after traffic, especially motorcycle acci-

dents and machine injuries [2–5]. Motorcycles are the

main transportation vehicle in many developing coun-

tries. Intractable pain after root avulsion and paralysis

in the affected limbs are the consequences of brachial

plexus injury. Since the majority of patients are young

and middle aged people, the disability due to pain and

paralysis does usually result in limitation of social activ-

ities and employment [3–5, 9].

Pain occurs frequently after injury, starting usually

within weeks of the event and then, becomes chronic.

The pain is almost unresponsive to medication, includ-

ing narcotics and anticonvulsants [2, 6, 7]. Surgical treat-

ment including dorsal root entry zone lesion (DREZ) has

been used for control of pain [6–9]. For brachial plexus

avulsion injury, neurosurgeons, plastic surgeons, and

orthopedic doctors cooperate in trying to relieve the pain

and restore the function of the affected limbs [1, 4, 5]. In

the past 18 years, we have encountered more than 500

patients with brachial plexus injury. Dorsal root entry

zone lesions were used for pain control.

Material and method

Since 1987, we have treated more than 500 cases with brachial plexus

injuries. The main complaints were intractable pain and paralysis of the

affected limbs. Injuries were evaluated by physical examination, electro-

diagnostic studies and imaging studies including myelography in early

years, thereafter magnetic resonance imaging in the last 15 years (Fig. 1)

[1, 4, 5, 9].

Sixty patients underwent DREZ lesions with radiofrequency thermo-

coagulation for pain control. Among these 60 cases, 40 cases had 5–18

year follow-up [9, 10]. There were 36 male and 4 female patients. Age

distribution was from 25 to 71 years with a mean age of 49.5 years. The

intervals between injury and surgery varied from 0.5 to 25 years with a

mean of 8.5 years. Seventeen cases had injuries on the right. Thirty-two

cases suffered from complete brachial plexus avulsion injuries; 5 cases

with upper brachial plexus injuries and 3 with lower brachial plexus

injuries. All patients were found to have poor response to medical treat-

ment and underwent DREZ lesions. DREZ surgery might be performed

before or after nerve reconstruction. The surgical principles were per-

formed following Nashold method [8] with some modification. Hemila-

minectomy regions depended on the avulsed roots. For a complete brachial

plexus avulsion injury, hemilaminectomy fromC4 to T1was performed to

expose the whole lesion site. The electrode had an internal thermistor to

measure the temperature of lesion site and was introduced into the cord

along the posterior lateral sulcus into the dorsal horn of the cord. Each

lesion was made at a temperature of 75 �C for 15 to 20 (in the C5–6 cord)

seconds (Fig. 2). The interval between two lesions was about 1–2mm.

Most patients in the last 10 years underwent different kinds of recon-

structive procedures for brachial plexus injuries. The procedures were

performed depending on the condition of injuries and might be before or

after DREZ surgery for pain control [4, 5].

Almost all patients were under regular follow-up for adjuvant proce-

dures or adjustment of medication. These could help patients for a better

quality of life.



Results

In the initial stage, thirty-two patients (80%) had excel-

lent-good pain control after DREZ surgery. Five patients

had only fair results and three complained of no improve-

ment. After 3 years’ follow-up, the excellent-good pain

control group dropped to 75% (30 cases). There were 38

patients with 5 year follow-up and 23 patients (60%) still

had excellent-good results. The patients needed narcotics

for pain control and five patients complained of return of

original pain despite medication. After a 10 year follow-

up, 9 cases (50%) had at least good result and 5 cases

needed narcotic pain control (Table 1).

Two patients underwent stereotactic thalamotomy 2

and 3 years after DREZ surgery due to recurrence of

pain. One showed good postoperative result.

Discussion

The clinical manifestations after brachial plexus avul-

sion injury are mainly intractable pain and paralysis of

the affected limb. The goal of treatment is early return to

social activities or even work [4, 5, 10]. The deafferen-

tation pain after root avulsion is very incapacitating.

There were five patients in our series that committed

suicide and half of patients had thought about suicide

[4]. In our experience, pain may happen in about one

third of patients. Good pain control is treatment priority.

For pain control, our experience suggests that DREZ

can be performed as early as possible. There were no

major postoperative complications encountered in our

60 cases. Temporary ataxic gait might be found in about

15 cases (25%). This symptom usually improved gradu-

ally to near normal gait within 3 months [4]. Although

opinions differ regarding the timing of DREZ surgery,

most authors recommended surgery within 3 to 6 months

of injury. Most patients in our series underwent explora-

tion later than this period. This is due to patients’ hesita-

tion or inadequate information. Five patients underwent

above elbow amputation before DREZ surgery. Unfortu-

nately, phantom limb pain developed. We do not recom-

mend this surgical procedure in those patients.

Though pain relief rate after DREZ surgery decreased

year by year, it is still a treatment choice for intractable

pain after brachial plexus avulsion injury. Good pain

control definitely gives patients much benefit in social

activities and employment.
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Fig. 2. All dorsal roots were torn (arrow)

Table 1. Long term follow-up of pain relief rate after DREZ surgery

Follow-up

Result

Early

stage

3 year

follow-up

5 year

follow-up

10 year

follow-up

Excellent–good 32 (80%) 30 (75%) 23 (60%) 9 (50%)

Fair 5 (12.5%) 5 (12.5%) 10 (27%) 5 (28%)

No improvement 3 (7.5%) 5 (12.5%) 5 (13%) 4 (22%)

Excellent Nearly no medication for pain, good analgesics were needed

sometimes, Fair narcotics were needed, no improvement original pain

persisted.
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Summary

Little is known about the specific functions of the human cortical

structures receiving nociceptive input, their relationship to various di-

mensions of pain, and themodulation of these inputs by attention.We now

review studies demonstrating the subdural potentials evoked by a cuta-

neous laser stimulus which produces a pure pain sensation by selective

activation of cutaneous nociceptors (LEPs). These LEPs were localized

over human anterior and middle cingulate (A & MCC), somatosensory

(SI) and parasylvian (PS) cortices. LEP, lesion and imaging data define

pain-related elements within each of these structures: insula and parie-

tal operculum within PS, anterior and middle cingulate cortex, and

possibly Brodman’s areas 3a, 3b and 1 within SI. LEPs recorded over

each of these areas is modulated with laser intensity and evoked pain.

Attention to the painful laser produces an increase in the amplitude

of LEPs over all three cortical areas and emergence of a late positive

potential over ACC alone. These studies provide clear evidence of hu-

man cortical structures receiving nociceptive input and the modulation

of that input by exogenous (e.g. laser intensity) and endogenous factors

(e.g. directed attention).

Keywords: Human pain; ventral posterior thalamus; anterior

cingulated; primary somatic sensory cortex; secondary somatic sensory

cortex; insula; parietal operculum.

Cortical pain mechanisms have been mysterious since

Penfield pointed out the sensation of pain was (almost)

never evoked by cortical stimulation [35]. Imaging stud-

ies have demonstrated three primary areas activated by

painful stimuli: the primary sensory cortex (SI), the

parasylvian cortex (PS), and the middle cingulate cortex

(MF) [40, 13]. We have demonstrated that cutaneous

application of a cutaneous (painful) laser simultaneously

evokes LEPs from the cortical surface of the anterior and

middle cingulate, PS, and SI cortex [32].

In PS, the presence of generators is demonstrated by

local polarity reversals [26, 32, 43]. In SI, the lack of

polarity reversal and the presence of potentials on either

side of the central sulcus suggest that there is a deep or

tangential generator in SI, perhaps in BA 3a or 3b, or

the 3b-1 junction [32], which is medial to the generator

of the vSEP in BA3b [32, 39]. These SI LEP results

may be consistent with evidence of nociceptive stimuli

which activate area 3a deep in the central sulcus [11, 42]

and=or of area 1 [38] or at the border between areas 1

and 3b [22].

LEPs recorded on the subdural surface of the ACC,

were greater on the contralateral than the ipsilateral side

[27, 41]. These results also demonstrate that LEP P2s

can be recorded over perigenual ACC, perhaps consis-

tent with pain sensory- or attention-related activation of

mid- to perigenual ACC [14, 16]. The rapid fall-off in

amplitude and polarity reversal for electrodes around the

cingulate sulcus (CiS) demonstrates that these potentials

arise in the CiS.

Source analysis of PS LEP generator is most consistent

with a LEP generator on the deep surface of the parietal

operculum at the junction with insula [43].

This data shows somatotopy with hand (posterior)

and face (anterior) [4] cf. [19] perpendicular to the medio-

lateral somatotopy reported for SII [11, 24]. Our lesion

data [20] and numerous imaging studies suggest that

there are at least two PS generators (parietal operculum

and insula) [5, 8, 9, 10, 36].

Laser stimuli of graded intensity were used to demon-

strate that LEPs (N2 and P2) were correlated with

energy and with pain ratings of laser pulses in all three

areas, except the N2 potential recorded over PS [33].

These results suggest that all three areas, and the differ-

ent functions that they serve, involve input arising from

nociceptors which are modulated with laser energy.

The separate and distinct loss of function produced

by discrete lesions of different structures in the forebrain



is the basis of localization in clinical neurology [1].

Lesions of SI lead to impaired discrimination of tem-

perature in the painful range [23, 37]. Psychophysical

evaluation of six patients with PS lesions demonstrated

that patients with impaired discrimination of experimen-

tal pain (i.e., elevated pain thresholds) shared lesions of

the posterior parietal operculum and the most posterior

part of the insula [20] operculum, showed normal thresh-

olds. Patients with lesions of the insula, regardless of

opercular involvement, demonstrated an increased toler-

ance for pain [20].

Other studies in patients with insular lesions have de-

monstrated an increased tolerance for pain [2] see also

[17, 29]. The interpretation of this increased pain toler-

ance may be as a function of motivation [3], attention=

distraction [12, 21, 30] cf. [18], affect [7], and=or cog-

nitive variables [15]. Therefore, these discrete lesions

each produced a different and separate loss of function.

Recent studies have examined changes in LEPs pro-

duced by attention to or distraction from the painful

laser. During the attention task patients counted the

number of painful stimuli. During the distraction task

the patients read a passage with the expectation of

answering questions testing their comprehension of the

passage. Attention directed to the laser stimulus produces

a highly significant increase in LEP amplitude (N2 and

P2) in SI, PS, and ACC, and emergence of a late positive

component (350ms – LP) over the caudal ACC and BA6

[28, 34]. Additionally, the attention evoked by novel

stimuli (oddball paradigm) [25] led to a late positive

potential (P300), unlike the P2 or LP, over the medial

temporal lobe, and perhaps a source for attention evoked

by novelty.

We examined attention evoked by infrequent events.

The oddball paradigm consists of random infrequent

stimuli (e.g. low frequency tones) in a series of frequent

events (e.g. high frequency tones), and is a well estab-

lished technique for evoking the P300, a potential

evoked by attended, infrequent events. Our data demon-

strates that the morphology, latency and subdural loca-

tion of LEPs were biphasic, onset 200ms parietal

operculum – very different from those of the auditory

P300 [25]. This is confirmed by source analysis of LEP

generators which indicate that the LEP generator is

located between the parietal operculum and the insula

about 1 cm anterior and superior to the AEP NI genera-

tor in Heschl’s convolutions [6].

These results demonstrate our ability to study directed

attention and novelty (oddball paradigm) with subdural

electrodes during seizure monitoring. Therefore, in-

creased ERD is associated with directed attention and

increases in pain due to increased laser power, attention

or endogenous factors.

Cortical activation can be signaled by changes in

the ongoing cortical rhythms, known as event related

desynchronization (ERD). Studies based on subdural

EEG recordings from electrodes on the brain (ECoG),

demonstrate the intracranial structures generating pain-

related ERD which is dependent upon attention to

painful stimuli [31]. Pain-related subdural (ECoG) ac-

tivation was present over SI, PS and ACC during at-

tention but decreased over PS during distraction. ERD

was consistently decreased over PS when the pain in-

tensity was decreased due to decreased laser energy, to

distraction, or even during an apparently endogenous,

spontaneous increase in pain intensity during the dis-

traction condition. These studies provide clear evidence

of human cortical structures receiving nociceptive in-

put and the modulation of that input by exogenous

(e.g. laser intensity) and endogenous (directed attention)

factors.
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Summary

Purpose.We report on our experience of percutaneous radiofrequency

neurotomy (PRN) on the posterior primary ramus (PPR) with at least

two years follow-up.

Methods. 228 patients underwent PRN on the PPR for refractory low

back pain. 128 patients met the inclusion criteria of facetal originated

pain (group II), while 100 patients did not (group I). Radiofrequency

(RF) procedures were applied in the usual manner. Pain relief was

assessed at 1 week, 1 month, 6 months and 2 years using visual analog

scale (VAS).

Findings. Positive responders were 56% at 1 week, 46% at 1 month,

18% at 6 months, and 13% at 2 years after PRN in group I, and 78.9% at

1 week, 75.4% at 1 month, 62.5% at 6 months, and 54.7% at 2 years in

group II. Prominent local tenderness, percussion tenderness, pain on

getting up, extension and transitional movement, radiating pain on but-

tock and=or posterior thigh, and good immediate response were found to

be significantly related to good outcome.

Conclusion. PRN on the PPR has long-term beneficial effects. Long-

term good results can be achieved after proper selection of patients with

facet joint related low back pain.

Keywords: Low back pain; percutaneous radiofrequency neurotomy

(PRN); posterior primary ramus (PPR); facet joint.

Introduction

The posterior facet joints of the lumbar spine, which

are innervated by the medial branch of PPR, have long

been considered responsible for mechanical low back

pain. The estimated prevalence of lumbar facet joint pain

among patients with low back pain ranges from 15 to

40% [2, 3]. Neural block procedure and PRN on PPR

had been developed as a treatment option for chronic

low back pain some 20 years ago. Although this proce-

dure is known to have short term effects on pain relief

and functional disability, clinical analyses with regard to

long term effects on the prognostic factors have not been

performed.

Main object of this study was to evaluate the long

term effect of PRN in the treatment of chronic low back

pain. For that purpose, we classified patients with chron-

ic low back pain into 2 groups: whether patients showed

objective symptoms and signs originating from spinal

facet joint or not. Clinical prognostic factors were eval-

uated and therapeutic standards suggested.

Materials and methods

We analysed patients with chronic low back pain treated with PRN

on PPR between March 1997 and February 2000. Of these patients, 228

were followed up and investigated over 2 years. Inclusion criteria for

the study comprised that patients had 1) preoperative low back pain with

or without leg or radiating pain over 6 months’ duration, 2) no mean-

ingful neurological deficits, 3) no significant nerve root or cord com-

pression signs or instabilities, 4) no substantial benefit from intense

physical therapy for 4–6 weeks, and 5) more than 50% pain relief from

diagnostic nerve block. We classified patients into group I (n¼ 100,

patients did not show objective symptoms and signs [such as local

paravertebral tenderness, local paravertebral percussion tenderness, and

pseudoradicular pain aggravated by extension, sign of ‘‘4’’, and sign of

reversed ‘‘4’’] of facetal originated low back pain) and group II patients

(n¼ 128, patients showed objective symptoms and sign of facetal origi-

nated low back pain). Exclusion criteria for the study were that patients

had 1) history of industrial accident, traffic accident, and litigational

problems, 2) bleeding tendency, 3) uncontrolled hypertension, and 4)

systemic infection. Baseline characteristics of patients are presented

in Table 1.

Surgical treatment

With the guide of a C-arm radiographic image intensifier, the level of

the procedure was verified with patient in prone position. Thereafter,

radiofrequency needle (SMK-C10, 22-gauge, 100mm long, 5mm active

tip) was inserted maintaining an angle of about 10–15 degrees between

needle and horizontal plane, and advanced to the point encountered at

superior articular process and transverse process (Burton’s point). The

tip was then redirected in a slightly more cephalad and lateral direction



until contact with bone was lost. Because of the innervation of the facet

joint from at least two spinal levels, PPR nerve block was performed

at three levels for each joint. For example, if the facet joint the 5th

lumbar vertebra was considered a cause of low back pain, PRN was

performed at facet joints of 4th, 5th lumbar and 1st sacral vertebra [1]

(Fig. 1). After establishing the site for the lesion by C-arm image

intensifier, the radiofrequency probe was readjusted by electrical

resistance of tissue (if radiofrequency probe was positioned within

2mm distance from PPR, electrical resistance indicator showing

500–700�) and the thresholds of sensory and motor responses from

electrical stimulation (50 and 2Hz, respectively). If sensory stimula-

tion was noted to be between 0.2 and 1Vas deep heating sensation or

paresthesia over the respective dermatome, and motor stimulation

was noted to be at least 1.5 fold greater than the sensory stimulation

threshold as muscle contractions in the multifidus muscle, the elec-

trodes were judged to be at the correct site. Once the position of the

electrode was satisfactory, RF treatment was performed at 80 �C for

60 seconds using RF lesion generator.

Clinical and statistical analysis

Patient’s pain was evaluated by using the visual analogue scale

(VAS). Patients who felt pain relief of more than 50% VAS were

judged as positive responder. All patients were followed up at post-

operative 1 week, 1 month, 6 months, and 24 months, and pain relief

was evaluated using VAS. Then we calculated the percentage of pos-

itive responder.

Results

No patients needed further pain medication. Mean

operation time was 22 minutes in the case of unilateral

procedure and 34 minutes in bilateral procedure. Percent-

age of positive responders were 56% at 1 week, 46% at

1 month, 18% at 6 months, and 13% at 2 years after

PRN in group I, and 78.9% at 1 week, 75.4% at 1 month,

62.5% at 6 months, and 54.7% at 2 years in group II.

The percentage of positive responder was higher and

more sustained in group II than in group I. These long

term results between the 2 groups show statistically sig-

nificant difference (p<0.05).

Among the clinical factors facet irritation signs (prom-

inent local tenderness, percussion tenderness, pain on

getting up and extension movement, pseudoradicular

pain aggravated by sign of ‘‘4’’, p¼ 0.001) and good

immediate response (p¼ 0.01) were found to be signifi-

cantly related to outcome. Age, sex, symptom duration,

bilateral symptoms, favorable imaging study results,

previous lumbar surgery, and degree of pain relief from

diagnostic block were not.

There were no complications related to deafferentia-

tion pain, except for only 2 patients in group I who ex-

perienced dysesthesia for 3 months after PRN. Also there

were no neurological complications, but 68 patients

(29.8%) experienced temporary irritating feeling on the

back after PRN for 2–7 days.

Discussion

The first clinical application of RF lesion in spinal

pain was introduced by Shealy in 1975 when he used

Fig. 1. Lumbar spine X-ray showing

correct target for percutaneous radio-

frequency block on the posterior primary

rami. Radiofrequency needles are in-

serted at a point 5 cm lateral to the

spinous process maintaining an angle of

about 10–15 degrees between needles

and horizontal plane and advanced to the

point encountered at the superior articu-

lar process and transverse process (Bur-

ton’s point)

Table 1. Baseline characteristics of patients

Characteristics Group I

(n¼ 100)

Group II

(n¼ 128)

Age (mean, years) 42–69 (54) 47–72 (59)

Male no. (male:female) 64 (1:0.56) 69 (1: 0.86)

Preoperative pain duration

(mean, months)

6–60 (12.2) 6–33 (14.7)

Previous lumbar

op.=instrumentation (%)

23=5 (23=5) 28=6 (21.9=4.7)

Minimal follow up (months) 24 24

82 J. Park et al.



an RF probe to interrupt the PPR of the segmental nerve

in patients with facetal joint pain in the lumbar area [4].

As technology of electrode needles and imaging mo-

dalities are highly developed, the PRN technique is ap-

plied to structures as present in the anterior space of the

vertebrae and intervertebral disc. This method has many

advantages. Most important is a good circumscription of

lesion with easy control of heat production. So there is no

heat transmission other than in the target area. Another

advantage of this technique includes precise selection of

involved or targeted neural structures using the electric

resistance of tissue, sensory and motor stimulation. This

method seems to provide prolonged pain relief in patients

who showed good response to previous PRN, then had

symptoms recurred. In this case, good response, like that

of previous PRN, will be anticipated. As newer, safer, and

more convenient methods are being introduced, indica-

tions of RF technique will be widening.

In our study, there was no complication such as deaf-

ferentation pain after PRN. But 68 patients (29.8%) ex-

perienced temporary irritating feeling on the back after

PRN for 2–7 days. So additional prescription of medica-

tion for this period may be needed and preoperative

notice is appropriate.

We verified facetal originated pain using the pres-

ence of sign of ‘‘4’’, local paravertebral tenderness,

and percussion tenderness. As cause of the difference

in duration of pain relief between the two groups it was

considered that chronic nonspecific low back pain was

originated from multiple factors. When multiple causes

induced patient’s pain, besides facet joints, PRN had

just temporary effects. With passing time, patient’s pain

would reappear or progress. But if the facet joints are

the cause of chronic low back pain, long term pain

relief will be achieved, as have shown our results.

Hence PRN should be chosen depending on whether

the cause of chronic back pain was originated from

facet or not. The most important factor that decides on

good therapeutic response and prognosis is proper

patient selection.

When evaluating the therapeutic efficacy of PRN,

immediate responders anticipate good results. However,

some patients (48 patients, 21% of this study) showed

therapeutic response 2–3 weeks later. Therefore it is

desirable that clinical result should not be confirmed

by immediate response only. Clinical result should be

confirmed at minimum 4 weeks later.

Conclusion

PRN on PPR is a simple and safe procedure. This

method seems to provide prolonged pain relief and func-

tional recovery in appropriately selected patients with

minimal side effects. So this method may be utilized

as a valid treatment modality in many patients with fac-

etal originated pain (facet syndrome). This therapy has

many advantages, such as good effect, cost-effectiveness,

safety, and repeatability. But as was shown in this study,

long term pain relief cannot be anticipated in patients

suffering from chronic low back pain with nonspecific

cause. To achieve good long-term results, one should

make an effort to properly select the patients with facet

joints related low back pain and acquire knowledge

about anatomy, RF treatment and experience.
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Summary

Objectives. Experimental data and case reports of intractable epilepsy

patients treated with deep brain stimulation (DBS) of the internal nuclei

suggest a considerable anticonvulsant effect. We intended to describe the

results of DBS on subthalamic nuclei and anterior thalamic nuclei (STN

and ATN) from our patients and to evaluate the long-term efficiency and

safety of DBS for controlling intractable epilepsy.

Methods. Six patients with refractory epilepsy and inadequate for sur-

gery were implanted with DBS electrodes (3 in STN and 3 in ATN,

respectively), switched on after a week of insertion followed by chro-

nological observation. Seizure counts were monitored and compared

with pre-implantation baseline.

Results. There was significant clinical improvement in respect of re-

duction of seizure frequency as well as the alleviation of ictal severity in

almost patients. The mean reduction in seizure frequency was 62.3%

(49.1% from STN vs. 75.4% from ATN). Except one patient (patient 3)

with accidental infection on the right anterior chest, no complication or

withdrawal of DBS was seen during our study.

Conclusion. DBS on STN and ATN demonstrated their clear efficien-

cy and relative safety comparable or superior to previous studies during

long term follow-up. Subsequent, well designed studies warrant the fur-

ther increase of the knowledge about antiepileptic effect of DBS.

Keywords: Deep brain stimulation; subthalamic nucleus; anterior

thalamic nucleus; refractory epilepsy.

Introduction

About thirty percent of the patients with epilepsy who

are treated with antiepileptic drugs continue to have re-

fractory seizures [16]. Respective surgery is considered

as a therapeutic option if the seizures have a focal epi-

leptogenic zone and presurgical evaluation clearly dem-

onstrates that the area can be removed without causing

neurological deficits. But, up to 40% of these cases are

proven to be unsuitable for surgery because of the in-

volvement of the eloquent areas or because of the bilat-

eral or multifocal nature of the ictal onset [15]. Recently,

a variety of brain structures that were thought to modu-

late cortical excitability have been stimulated for the pur-

pose of improving seizure severity [3, 5, 6, 8, 11, 12, 17,

25–27]. Among them, the subthalamic nucleus (STN),

which has a lot of accumulated human experience from

Parkinson’s disease (PD) for more than ten years and

anterior thalamic nucleus (ATN) have been shown to

be a safe and effective loci for controlling the intractable

partial seizures from some patients [3, 5, 11, 12].

STN stimulation for epilepsy treatment has a basis

from some experimental evidence of the subcortical net-

work that influences cortical excitability – namely, nigral

control of the epilepsy system (NCES) [9].

The role of ATN in the pathogenesis of seizure gen-

eralization is confirmed by the findings of increased

metabolic activity in ATN during seizures and high

frequency stimulation (HFS) of ATN and its afferent

pathways can reduce seizures in the experimental animal

studies [18–20].

Functional neuroimaging techniques have provided

much information on the anatomic correlates of neuro-

logic disorders [14], and there is growing evidence that

different behavioral variables are represented differen-

tially along distinct corticobasal ganglia circuits [1, 7].

We have previously shown that cerebral perfusion

increase at the irritative zones of epilepsy patients is as-

sociated with favorable seizure reduction after HFS on

STN in two cases of frontal lobe epilepsy (FLE) [24].

The aim of this study was to describe the results of

chronic deep brain stimulation (DBS) on the deep nuclei

(STN and ATN, respectively) from our patients and to

evaluate the long-term efficiency and safety of DBS for

controlling intractable epilepsy.



Patients and methods

Six patients with refractory epilepsy were implanted with DBS elec-

trodes (three patients in the bilateral STN, the other 3 in bilateral ATN),

switched on after a week of insertion and followed up for 2–30 months

(mean 13.2 months). Two of STN DBS patients had a FLE (one with

bilateral onset, the other with right sided onset). The other STN DBS

patient had a temporal lobe epilepsy (TLE) of bilateral temporal onset.

The surgical procedures and follow-up methods of STN DBS were

described previously [24].

Two out of three patients with ATN DBS had non-lateralizing FLE.

The last patient with ATN DBS was multifocal epilepsy from diffuse

malformation of cortical development. We used Medtronic 3387 leads

in ATN DBS and the target side was identified on each side by visual

selection with reference to a standard stereotactic atlas under microelec-

trical recording of ATN and dorsomedial nucleus (DM) of thalamus. The

EEG recording during the insertion of electrodes with or without exter-

nal electrical stimulation (slow frequency; 5–10Hz, intensity; 3–7V,

pulse width 90ms) followed by connection of internal pulse generator

(IPG) was performed as the method of STN DBS [24]. For chronic ATN

HFS, we used a cycling stimulation on each side set to deliver 1min

on=5min off, alternating left and right sides. Initially, monopolar current

was provided with the pulse width of 90msec, and the frequency was set

at 130Hz. Stimulation parameter was adjusted for a satisfactory clinical

response, determined individually for each patient.

Results

General results

After the chronic DBS, all of patients except one

(patient 2) showed the>50% decrease in seizure frequen-

cy relative to the baseline value. Two patients with ANS

DBS had seizure reduction >85%. Except one patient

(patient 3), no major morbidity was developed during

DBS period. Patient 3 had accidental, significant infec-

tion around the IPG insertion site and we stopped stim-

ulation and removed the DBS device from him. No

stimulation-induced side effects were observed. Families

of three patients reported improvements in cognitive and

behavioral status during daily living, and we previously

reported the one example from patient 2 [24]. The over-

all results from our patient’s seizure reduction ranged

from 20 to 90.7%, with a mean of 62.3% (Table 1).

In patient 3, the ratio was seizure frequency just before

the removal of DBS devices compared with the baseline

value.

Individual patients

Patient 1

A 23-year-old woman with global cognitive dysfunc-

tion was selected for STN DBS. Regardless of the pre-

vious respective surgery on the right frontal cortex with

anterior callosotomy after a series of invasive study four

years before, the refractory seizures were still continued.

She displayed frequent bilateral asymmetric tonic sei-

zures (left> right) with rare drop attacks, and mean sei-

zure frequency was 15=month. Interictal EEG showed

bilaterally independent and bilaterally synchronous gen-

eralized spike-and-wave discharges; maximal over the

frontal regions with slight right side dominance and the

ictal onset EEG showed generalized electrodecremen-

tal response followed by irregular spike-and-wave with

briefly right hemispheric dominance, progressing to ob-

scuration by movement artifacts. Her antiepileptic drugs

(AED) were valproate, carbamazepine, topiramate and

oxcarbazepine. Continuous monopolar STN stimulation

started electrode at bilateral 3� , with the amplitude of

2.0V and pulse width 60 msec. The parameter of stimu-

lation was changed according to the seizure frequency

and intensity (1� to 3�, 2 to 3.2 V, 60 to 120 msec), but
no significant differences were seen with any of the

parameter changes. At the moment of postoperative 30

month, the seizure had decreased to 56% of her baseline

value and valproate and oxcarbazepine was successfully

discontinued as well.

Patient 2

A 22-year-old male patient was admitted for DBS

of the STN. Previously, he had undergone right cortical

Table 1. Results of DBS of STN and ATN for Epilepsy in CMCK

Patient Localization of seizure onset Site of

insertion

Age (yr) F=U (M) Baseline seizure

number=M

Seizure

reduction

1 bilateral frontal, poorly localized STN 23 30 15 56%

2 right frontal, diffuse STN 22 18 75 20%

3 bilateral independent temporal STN 14 loss d=t

infection

42 71.4%

(postop. 1M)

4 bilateral anterior frontal ATN 28 10 15 85.7%

5 bilateral frontal, poorly localized ATN 23 6 15 90.6%

6 multifocal, poorly localized ATN 14 2 450 50%

average 20.7 11.2 102 62.3%

CMCK Catholic medical center of Korea, STN subthalamic nucleus, ATN anterior thalamic nucleus, d=t due to, postop. postoperative.

88 K. J. Lee et al.



resection to relieve the frequent, brief hypermotor sei-

zures with fencing posture that was suspected to origi-

nate from the right supplementary motor area (SMA).

Interictal spikes were found in the right hemisphere with

a right frontal dominance and during ictal onset period,

the brief polyspikes or fast activity on both fronto-

central areas (R>L, FC2 max) were followed by severe

movement artifacts. However, he showed little clinical

improvement after incomplete resection of the extensive

epileptogenic zone. The seizure frequency was 2.5=day

on the average despite of six AED medications. Bilateral

continuous STN stimulation with the parameter (both

1�, 0.8V, 130Hz, 60 msec) was started. Regardless of

the various stimulation parameter (monopolar to bipolar,

0.8V to 3V, 60 msec to 90 msec), his seizure frequency

and intensity was not reduced significantly. The reduction

rate of seizure frequency at the last visit was about 20%

comparing to frequency at the pre-stimulation period.

Patient 3

A 14-year-old boy with global cognitive delay and

frequent automotor and hypermotor seizures with sec-

ondary generalization from bilateral independent foci of

temporal lobe was selected for STN DBS. His seizure

frequency was 1–2 per day and not controlled with

topiramate, lamotrigine, valproate and vigabatrine. After

insertion of electrode, marked reduction of seizure fre-

quency and intensity was found. The ratio of 71.4% sei-

zure reduction was seen after 3 weeks switched on. But,

at 5 weeks after insertion, unexpected inflammation and

discharges around the wound site of IPG on the R ante-

rior chest was detected. Immediate and massive antibio-

tic therapy for 2 weeks was in vain and removal of IPG

and all the other hardware after 50 days from electrodes

insertion. The causative organism was Staphylococcus

aureus detected from his wound infection site of the

right anterior chest.

Patient 4

A 28-year-old woman with frequent dialeptic seizure

and intermittent automotor seizure was admitted for

ATN DBS. Her interictal spikes were seen in both the

anterior frontal and L fronto-temporal areas. Ictal onset

was fast rhythm poorly lateralized and appearing max-

imal in both frontal areas, that ultimately builds up in L

hemisphere with fronto-temporal maximum. She refused

invasive surgery and subsequent resective surgery for

fear of the possible neurological sequelae. Mean seizure

frequency of pre-insertional state was once per two days,

but after insertion of ATN electrodes, marked reductions

of seizure frequency were found. Monopolar, bilateral

stimulation on lead 2� was continued with intensity of

initial 1.5V to the last 2.4V, and the other parameter

was described above. Ten months after initiation of ATN

DBS, her seizure frequency was still continued once per

2 weeks (85.7% reduction).

Patient 5

A 23-year-old man with previous craniectomy for the

resection of medulloblastoma in the cerebellum was ad-

mitted for the control of his frequent intractable secon-

darily generalized seizures. The seizure frequency was

0.5=day and the interictal EEG showed bilateral, multi-

regional independent spikes or diffuse spike-and-waves

maximal over frontal areas. Ictal onset was not latera-

lized but dominant at the frontal areas and progressed to

rapid generalization. Monopolar bilateral stimulation over

ATN was started on both the 1� leads with 1.5V in-

tensity. Six months after the stimulation, the seizure fre-

quency was definitely reduced to 9.4% of baseline ratio

(90.6% reduction).

Patient 6

A 14-year-old female patient with brief, frequent tonic

seizures over the trunk and R arm was admitted. Brain

MRI showed wide-spread band heterotopia around the

lateral ventricles, and interictal and ictal EEG revealed

multiregional irritative zones as well as diffuse ictal

onset zone. Her seizure frequency was 10–30 per day

with predilection of occurrence during morning period.

During the seizure, she had usually experienced loss

of consciousness for a few to ten seconds, but no sec-

ondarily generalized convulsion was found. After ATN

electrodes insertion and switch on, she has experienced

markedly shortened seizure duration (about 1–2 seconds)

and about 50% reduction of seizure frequency for the

subsequent 2 months. The long term follow-up should

be warranted.

Discussion

Recently, several methods of DBS in refractory epi-

lepsy have been tried and followed in some specialized

epilepsy centers. First, the earliest trials were to target

crucial structures that are considered as a ‘‘pacemaker’’

or to have an essential role in epileptogenic networks,

such as the thalamus or the subthalamic nucleus (‘indirect’

method). Second approach was to interfere with the area
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of ictal onset itself (ex. Hippocampus) and prevent the

propagation of the seizure (‘direct’ method). The other

method is to deliver the therapeutic electrical stimula-

tion in response to a cue of ictal onset with the use of

seizure-detecting or predicting algorithms (Closed-loop

systems) [22, 23].

The mechanism of therapeutic action of DBS in re-

ducing seizures remains unclear. But, some different ex-

planations have been proposed. First, DBS may act by

blocking local neuronal activity because DBS produces

clinical effect similar to that from lesion provoked by the

insertion of the electrode itself (microthalamotomy) [11].

A second theory holds that DBS acts through local in-

hibition induced by current applied to a specific CNS

structure. This is the hypothesis of the so-called rever-

sible functional lesion, where in the case of targeting cru-

cial structures in a network, nuclei that are involved in

propagating, sustaining, or triggering epileptic activity

are inhibited [28]. Our previous paper demonstrated that

increased cerebral perfusion areas after STN DBS cor-

responding to the patient’s irritative zones provided a clue

to understand the mechanism of DBS in epilepsy [24].

But, in the cases of ATN DBS, similar findings were not

shown (not described in this paper). But, the additive

results from ongoing functional imaging studies of our

patients would provide more convincing answers to solve

the problem.

Our patients showed a mean reduction in seizure

frequency of 62.3% (49.1% from STN vs. 75.4% from

ATN), which are comparable or superior (especially, the

results from ATN DBS) to the previous human studies

[2, 3, 11, 12]. And it may be oversimplified that the ATN

DBS is more suitable than the STN DBS for controlling

seizures from partial intractable epilepsy. However, the

number of patients treated so far is too small to allow

any conclusions.

We had a regretful experience of removal of DBS de-

vices from the accidental wound infection with patient 3,

who had shown great improvement of cognitive status

and activities of daily living as well as a prominent

reduction of seizure frequency. Deep-brain implantation

usually is associated with a low incidence of infection

ranged from 0 to 10.6% per electrode [4, 10, 13, 21].

The causative organisms most often implicated in DBS

hardware infections are staphylococcus, enterobacter,

streptococcus, pseudomonas and rarely mycobacterium

or candida [21]. Causative bacteria are usually from the

patient’s skin flora. The other five of our patients have

not shown any complications related to hardware or dur-

ing the DBS parameter change.

Conclusion

In our uncontrolled study of DBS on structures indi-

rectly connected to epileptogenic areas (STN and ATN),

we could identify their efficiency and relative safety

comparable or superior to previous studies during long-

term follow up. Future controlled studies in larger

patient series are warranted to increase the knowledge

about antiepileptic effects of DBS.
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Summary

Objective. To present our experience with vagus nerve stimulation

(VNS) and to evaluate the long-term efficacy and safety of the procedure

in pediatric intractable epilepsy.

Methods. This study included sixteen patients, who were implanted

with a vagus nerve stimulator and could be followed up for at least more

than 12 months in two epilepsy centers. Data including seizure fre-

quency, EEG, quality of life measures and adverse events were prospec-

tively filed over a 5-year period.

Results. VNS resulted in a >50% reduction in seizure frequency in

50.0% (8=16) of children with 31.3% (5=16) of patients achieving a

>90% reduction. Additionally, enhancements in quality of life were as

follows: memory in 50.0% (8=16), mood in 62.5% (10=16), behavior

in 68.8% (11=16), alertness in 68.8% (11=16), achievement in 37.5%

(6=16), and verbal skills in 43.8% (7=16) of the patients. Adverse events

included hoarseness in two patients, dyspnea during sleep in two pa-

tients, and sialorrhea in one patient. However, these events were toler-

able or could be controlled by the adjustment of output currents. In one

patient, wound revision was required.

Conclusion. Our data supports the role of VNS as an alternative

therapy for pediatric intractable epilepsy.

Keywords: Vagus nerve stimulation; pediatric intractable epilepsy.

Introduction

In 1938, Bailey and Bremer discovered that vagus nerve

stimulation (VNS) in cats induced changes in electro-

encephalograms (EEGs), and the first human stimulator

was introduced in 1988 [1]. Currently, VNS is accepted as

one of the therapeutic modalities applicable to patients

who prove refractory to standard medical treatment.

Moreover, due to the possible effects of drug therapies

on development in children and adolescents, more than a

quarter of the approximately 30,000 patients with im-

planted vagus nerve stimulators have been younger than

18 years [10]. In Korea, the first implantation was per-

formed in 1999 after Korean FDA approval but it has

only been recently that medical insurance has covered

VNS therapy.

We report on our experience of this relatively new

technique and its long-term efficacy and safety in pedi-

atric intractable epilepsy.

Patients and methods

The subjects of this study included 16 pediatric patients who had

a vagus nerve stimulator implanted for intractable epilepsy at the

Epilepsy Centers in Sang-gye Paik Hospital and Severance Hospital

in Korea. Patients varied in seizure etiology, seizure type and epi-

lepsy syndrome. These patients had been experiencing more than

four seizures per month and the seizures were not controlled by the

initial combination of two or more anti-epileptic drugs (mean � SD,

3.6 � 1.1). These patients were also ineligible for epileptic surgery

due to multifocal or generalized epileptic foci. All subjects began

VNS therapy in July 1999 and ended therapy in July 2004. The

patients could be followed up for at least more than 12 months. Since

the first implantation, data including seizure frequency, EEG, quality

of life measures, and adverse events were prospectively collected and

filed for 5 years.

Initial device parameters included: 0.25mA output current, 30Hz fre-

quency, 500ms pulse width, on 30 seconds=off 5 minutes, and were set

and adjusted in accordance with the guidelines suggested by Cyberonics,

Inc. (Houston, TX). The parameters were also tailored to each patient’s

individual requirements (Fig. 1).

The MedCalc program was used for statistical analysis. We used the

Student’s t-test to evaluate the significant differences between dependent

and continuous variables. A p value <0.05 was regarded as statistically

significant.



Results (Table 1)

The mean age (�SD) of the 16 patients (8 male and

8 female) at the initiation of VNS was 9 years 3 months

(�54.1 months) (age range, 2 years 5 months–17 years

11 months). The mean duration of a seizure (�SD) before

implantation was 6 years 10 months (�58.8 months)

(range, 1 year 5 months–17 years 10 months). Mean

follow-up duration after implantation was 31 months

(�21.2 months) (range, 12 months–6 years 7 months).

Seizure type and epilepsy syndrome included: 11 patients

with Lennox-Gastaut syndrome (LGS), three patients with

complex partial seizure, one patient with severe myoclo-

nic epilepsy in infancy and one patient with gelastic

seizure originating from hypothalamic hamartoma. The

other detailed demographics and clinical characteristics

are presented in Table 1.

The VNS resulted in a>50% reduction in seizure fre-

quency in 50.0% (8=16) of children with 31.3% (5=16)

patients achieving a>90% reduction at the last follow-

up after implantation. There were no significant dif-

ferences according to etiology. However, two patients

(Patients 1 and 5) with complex partial seizure and

LGS from tuberous sclerosis complex, respectively,

showed a seizure reduction of >90%. One patient

(Patient 15) with gelastic seizure from hypothalamic

hamartoma failed to respond to VNS during 44 months

of treatment. Of the eight patients who achieved favorable

seizure outcomes with a seizure reduction of>50%, two

patients (Patients 9 and 16) showed a gradual seizure

reduction during the initial 12 months after stimulation.

However, the other six patients maintained the initial

efficacy for three months and did not show improved

seizure outcomes after that time. A brief reduction in

seizure severity by magnetic stimulation of the device

was observed in only two patients, one patient (Patient 9)

with LGS from pachygyria and one patient (Patient 16)

with complex partial seizure from hypoxic ischemic en-

cephalopathy. In three patients, output current was in-

creased up to 3.25mA, but high output current failed to

obtain further reduction of seizure frequency. Duty cycle

was also adjusted from 10 to 35% in six patients but did

not induce the anticipated seizure outcomes, necessitat-

ing a change back to previous duty cycle. Antiepileptic

medication could be reduced by one or two drugs in four

patients who showed a seizure reduction of>90%. How-

ever, even these patients should maintain single or dou-

ble antiepileptic drug therapy.

After VNS therapy, the patients’ EEGs showed no

interval changes in most cases. However, in two patients,

the stimulator induced favorable EEG changes. In one

patient (Patient 7) with LGS obtained complete seizure

ablation, and the EEG showed improvement of back-

ground rhythms with much less frequent generalized

epileptiform discharges compared with previous tracing.

Fig. 1. Recommended protocol of VNS parameter settings by Cyberonics, Inc. (Houston, TX)
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In addition, one patient (Patient 5) with LGS from tuber-

ous sclerosis complex showed complete cessation of

epileptic discharges with a seizure free state.

We compared the five quality of life variables between

baseline and follow-up at an interval of 12 months until

the follow-up endpoint. Quality of life measures im-

proved as follows: memory in 50.0% (8=16), mood in

62.5% (10=16), behavior in 68.8% (11=16), alertness in

68.8% (11=16), achievement in 37.5% (6=16), and ver-

bal skills in 43.8% (7=16) of the patients.

One or more complications were observed in four

patients. One patient (Patient 16) developed hoarseness

after 12 months at an output current of 2.25mA, and

again after 21 months at output current of 2.0mA. In

each episode, symptoms were controlled after the reduc-

tion of the output current by 0.25mA. This particular

patient also developed wound infection at the operation

site and the infection healed after revision of the wound

site. Another patient (Patient 14) reported excessive sal-

ivation at 3 months, but this symptom subsided after

clinical observation. One patient (Patient 12) complained

of a sense of mild dyspnea during sleep, but this im-

proved after follow-up without any changes in the device

settings. Only one patient (Patient 15) showed generator

malfunction after 44 months, and device removal was

necessary in this case. No adverse side effects such as

bradycardia or arrhythmia were observed during implan-

tation or the test run of the device in the operating room.

Discussion

The non-pharmacologic aspects of VNS therapy make

it particularly attractive for use due to the side effects and

cognitive impairments associated with anticonvulsants;

and in pediatric patients side effects can include mental

retardation and delayed development [10]. Further studies

are needed to support the earlier use of VNS therapy in

the treatment course of children with intractable seizures.

Several recent studies have examined the efficacy of

VNS therapy in children. Helmers et al. [3] reported that

30% of patients had more than a 75% decrease in seizure

frequency at 6 months after VNS implantation and

Murphy et al. [5] reported that 45% of patients achieved

greater than a 50% reduction. Although the number of

samples is too small to draw any statistical conclusions,

our results agree with previous reports studying other

VNS patient groups. It has been known that patient im-

provement does not appear to be dependent on seizure

Table 1. Demographics and clinical characteristics of the study group

No. of

pt=sex

Age at

start of

VNS (mo.)

Duration

of VNS

(mo.)

Epilepsy

syndrome

Seizure types Aetiology Last seizure

outcomes�
(%)

EEG

changes

Adverse events

Pt 1=M 71 12 CPS Dileptic seizure TS 90

Pt 2=M 165 12 SMEI GTC cryptogenic 25 hoarseness

Pt 3=F 64 12 LGS Atonic seizure cryptogenic 25

Pt 4=F 104 12 CPS Focal TC cryptogenic 75

Pt 5=F 33 15 LGS GT TS 90 normalized

Pt 6=M 65 18 LGS GT Mitochondrial

cytopathy

0

Pt 7=M 29 21 LGS MC Cryptogenic 100 rare GED

Pt 8=F 139 21 LGS Atonic seizure Band heterotopia 25

Pt 9=M 139 25 LGS GTC, GT, atypical

ABS

Pachygyria 100y

Pt 10=M 40 26 LGS Atonic, atypical

ABS, Focal clonic

Cryptogenic 25

Pt 11=F 85 31 LGS Atonic Cryptogenic 50

Pt 12=F 76 49 LGS atypical ABS, GT Cryptogenic 25 dyspnea

Pt 13=M 92 61 LGS MC, atypical ABS Encephalitis 50

Pt 14=F 215 79 LGS MC, atypical ABS Cryptogenic 25 sialorrhea

Pt 15=F 177 44 CPS gelastic seizure hypothalamic

hamartoma

0 generator

malfunction

Pt 16=M 87 61 CPS focal TC HIE 90y hoarseness,

dyspnea, wound

infection

Pt Patient; VNS vagus nerve stimulation; CPS complex partial seizure; SMEI severe myoclonic epilepsy in infancy; LGS Lennox-Gastaut syndrome;

GTC generalized tonic clonic; TC tonic clonic; GT generalized tonic; MC myoclonic; ABS absence; TS tuberous sclerosis; HIE hypoxic ischemic

encephalopathy; GED generalized epileptiform discharges.
� A reduction of seizure frequencies patient who had effect of magnetic stimulation, y patient who had effect of magnetic stimulation.
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type or cause [3]. Parain et al. [7], however, reported

that half (5=10) of the patients with tuberous sclerosis

complex showed a seizure reduction of >90%, and

we found similar results in both patients with tuberous

sclerosis complex in our study. Contrary to a previous

report [6], the patient with gelastic seizure from hypo-

thalamic hamartoma did not show favorable results after

VNS therapy in our study. Similar to previous long-term

results in an adult population [2], two patients in our

study showed improvements in seizure frequency that in-

creased with time. However, in the other patients, the

initial efficacy during the first 3 months of VNS therapy

was the most important predictive factor for the long-

term efficacy of VNS therapy.

Although EEG changes resulting from VNS therapy

have been controversial, Koo [4] reported the occurrence

of EEG changes by a mechanism of the alternating syn-

chronization and desynchronization. In this study, we ob-

served significant improvements in the background and

reduction of generalized epileptiform discharges after

long-term treatment with vagus stimulation in two pa-

tients with LGS.

In addition to seizure reductions, our patients also

show improvements in quality of life measures, includ-

ing mood, alertness, verbal skills, memory, and school=

professional achievements. Recent studies evaluating

VNS therapy in children and adolescents showed similar

results of improved quality of life and suggested that

such improvements in quality of life are not solely due

to improved seizure control [6, 8, 9].

Common adverse events reported by VNS therapy

patients, including voice alterations, coughing during

stimulation, and drooling have also occurred in the pe-

diatric population [3]. A few patients have reported an

increase in hyperactivity, which is a side effect unique to

this age group [10]. In our patients, previously reported

common complications such as hoarseness, dyspnea at

sleep, sialorrhea were noted. Most of these side effects

were transient or could be controlled by the adjustment

of current output.

In conclusion, VNS is a safe and effective procedure.

The most significant advantage of VNS is the absence of

adverse effects on cognitive functions, which are the

major drawbacks to the use of antiepileptic drugs, parti-

cularly in pediatric patients who are undergoing critical

stages of neural development.
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Summary

Objectives. Although radiosurgery has been found to be a safe and

effective alternative treatment, seizure outcome of arteriovenous mal-

formation (AVM) radiosurgery has not been documented in detail. We

report the effect of Gamma Knife radiosurgery (GKRS) on seizures

associated with AVMs and discuss the various factors that influence

the prognosis.

Material and methods. Between 1992 and 2004, 246 patients were

treated with GKRS for AVMs at Kyung-Hee medical center. Forty five

(17.0%) patients have non-hemorrhagic AVMs and presenting symptom

was seizure. Two patients of all were excluded from this study due to

loss of follow-up after radiosurgery. In this study, retrospective analysis

of clinical characteristics, radiologic findings, radiosurgical seizure out-

come were performed.

Results. There were 32 male and 11 female with age ranging from 10

to 74 years (mean 35 years). Type of seizure included: general tonic

clonic (n¼ 28); focal motor or sensory (n¼ 7); partial complex (n¼ 8).

The location of AVM was temporal (n¼ 18); frontal (n¼ 9); deep seated

(n¼ 7); parietal (n¼ 5); occipital (n¼ 4). Follow-up period was from

8 months to 12 years (mean 46 months). Mean volume was 6.2 cc

(2.7–20), mean marginal and maximal dosage was 19.5 (17–26) and

36.6Gy (13–50). During follow-up after radiosurgical treatment, 23

(53.5%) of 43 patients were seizure-free, 10 (23.3%) had significant im-

provement, were unchanged in 8 (18.6%) and aggravated in 2 (4.6%)

patients. In 33 patients, follow-up angiography or MRI was performed.

Complete obliteration was achieved in 16 (49.0%) patients, partial oblit-

eration in 13 (39.0%). Four were unchanged (12.0%). Of 33 patients

with follow-up performed, 26 were followed for over 2 years. Eleven

(84.6%) of 13 patients with complete obliteration were seizure-free

(p<0.005). Four (36.3%) of 13 with partial obliteration and unchanged

remained seizure-free. Fifteen patients had experienced intractable sei-

zure before radiosurgery. After radiosurgery, seizures disappeared in 8

(53%) patients. Seizure frequently decreased in 5 (33%) and 2 patients

(14%) were unchanged but none was aggravated. Five (71%) of 7

patients with complete obliteration were seizure-free and 2 (40%) of 5

patients with partial obliteration were seizure-free.

Conclusion. Up to now, controversy about resective surgery or radio-

surgery as treatment of seizure related to AVMs still remains. In this

study, we experienced that Gamma Knife radiosurgery is commonly

performed to treat AVMs and can improve symptomatic seizure asso-

ciated with AVMs. To clarify the mechanism of seizure control in AVMs

radiosurgery is difficult, but it seems to be closely related to hemody-

namic effects after radiosurgery.

Keywords: Arteriovenous malformation; radiosurgery; seizure.

Introduction

Intracranial arteriovenous malformations (AVMs) are

congenital vascular anomalies that typically present with

hemorrhage, headache, or seizure [1, 24]. Intracranial hem-

orrhage causes morbidity and mortality in patients with

AVM [1]. Various therapeutic alternatives are currently

available for reducing the risk of bleeding from AVMs,

and reported treatment results have been favourable in

terms of overall morbidity and mortality.

Seizure is the second most common mode of presen-

tation of cerebral AVMs; it occurs in approximately one-

third of patients with AVMs [18], and response to an

anticonvulsant drug is variable [22]. The reported inci-

dence varies from 18 to 60% [2, 7, 13, 14, 17, 20, 21,

23, 25, 29]. However, compared with numerous reports

concerning the risk of bleeding [7, 11, 19, 21, 30], the

natural history of AVM in relation to the risk of seizure

and factors influencing the seizure development remain

less clear, and prognosis of seizure with AVMs has re-

ceived little attention.

Approximately 50–80% of patients with seizure who

underwent resection of the AVM had a significant reduc-

tion in seizure tendency after resective surgery [23]. Less

than 10% of patients without a prior history of seizure

activity will develop seizures postoperatively. But con-

troversy exists over the surgical treatment of AVMs

associated with seizure [23, 31, 32].

Currently, stereotactic radiosurgery is commonly per-

formed as an alternative treatment for patients with high-

risk AVMs. Stereotactic radiosurgery has been shown



to reduce seizure activity in selected patients with

AVMs [18].

However, the outcome of AVM radiosurgery has not

been documented in detail. In this study, we analyzed

the characteristics and frequency of seizure in 43

patients with unruptured AVMs after radiosurgery. The

effects of focused irradiation and hemodynamic change

on seizures associated with AVMs are reported and the

various factors that influence the prognosis are discuss.

Clinical material and methods

A total of 246 patients with an angiographically identified intracere-

bral AVM underwent stereotactic radiosurgery at our Gamma Knife

center between March 1992 and March 2004. Sixty patients (24%) had

experienced seizure before treatment. Forty-five of these sixty patients

(75%) presented seizure as the initial symptom without hemorrhage or

other clinical symptoms.

Two patients were excluded from this study due loss of follow-up

after radiosurgery. A total of 43 patients were included in the present

series. Patients’ clinical information was obtained from their medical

records (including hospital charts, physician notes, and correspondence)

and direct patient contact. The diagnosis of seizure was established

historically through patient interview, witness description if available,

and electroencephalogram.

There were 32 male and 11 female patients with ages ranging from 10

to 74 years (median 35 years). Type of seizure were classified as: general

tonic clonic (n¼ 28); focal motor or sensory (n¼ 7); or partial complex

(n¼ 8). The AVM was located in temporal (n¼ 18); frontal (n¼ 9);

deep seated (n¼ 6); parietal (n¼ 5); or occipital (n¼ 4). In addition,

they were also analyzed according to seizure duration, nidus volume and

seizure frequency (Table 1). The follow up period was from 8 months to

12 years (median 46 months). Clinical examination and radiologic find-

ings (MRI or cerebral angiography) were performed at 6 months after

radiosurgery. Ten patients had clinical and MRI follow-up but did not

have follow-up angiography. All patients continued to take an anti-

convulsant drug at radiosurgery. To investigate the development of

new seizures after radiosurgery, we also undertook a retrospective survey

of patients with no history of seizure, hemorrhage, neurologic deficit, or

surgical resection treated in the same period (non-epileptogenic AVMs).

There were no significant differences in the demographic characteristics

of the patients between the epileptogenic and non-epileptogenic AVM

groups.

Radiosurgical technique

Radiosurgery was performed using the Leksell Gamma Knife (Elekta

instrument AB, Stockholm, Sweden). The definition of the nidus and

localization of irradiation target dose were based on biplane stereotactic

cerebral angiography and MRI. The radiation dose delivered to the

margine of the nidus, and the number and configuration of the irradiation

isocenters were determined jointly by neurosurgeons and radiation phy-

sicians. The volume averaged 6.2 cc (2.7–20). The mean isocenter and

isoprofile was 2.8 (1–8) and 60.4% (40–80). The mean maximal and

marginal dosage was 36.5Gy (13–50) and 19.5Gy (17–26).

Results

In 33 of 43 patients, follow up angiography was per-

formed. Sixteen (49%) patients had complete obliteration,

partial obliteration was found in 13 (39%) patients and

4 (12%) patients were unchanged.

Of the 43 patients with a seizure history before radio-

surgery, 23 (53.5%) patientswere classed as ‘‘seizure-free’’

at the last follow up examination. They were determined

seizure-free if they had not experienced a seizure for at

least 1 year at the final follow up examination, with or

Table 1. Clinical characteristics of 43 patients

Characteristics Number of patients

Sex

– Male 32

– Female 11

Location of AVM

– Temporal 18

– Frontal 9

– Deep seated 7

– Parietal 5

– Occipital 4

Type of seizure

– General tonic clonic 28

– Focal motor sensory 7

– Partial complex 8

Seizure frequency of pre-GKRS

– 0–4 19

– >4 24

Duration of seizure history (yrs)

– <1 19

– 1–5 11

– >5 13

Volume of AVM

– <4 cc 21

– 4–10 cc 15

– >10 cc 7

Table 2. Control rate of the seizure after Gamma Knife radiosurgery

Seizure free 23 (53.5%)

– Without medication 3

– With medication 20

Seizure improved 10 (23.3%)

– Without medication 1

– With medication 9

Seizure unchanged 8 (18.6%)

Seizure aggravation 2 (4.6%)

Table 3. Seizure outcome vs. 2 years angiographic obliteration

Complete

obliteration

Partial

obliteration

Unchanged

Seizure free 11 (84.6%) 4 (36.3%) 0

Improved 2 (15.4%) 4 (36.3%) 2

Unchanged 0 2 0

Aggravation 0 0 1

p<0.005.
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without antiepileptic medication. Of these 23 patients,

3 patients were seizure-free without receiving an anti-

convulsant drug. The others continued to have medica-

tion during follow-up; slow drug withdrawal was then

offered if they were seizure-free for 2 years. Ten (23.5%)

patients were classed as ‘‘seizure improved’’ (at least

one attack within the final year of follow up) and had a

significant improvement in their seizures. One patient

stopped taking the medication due to pregnancy. Eight

(18.6%) patients were unchanged in seizure control. Two

(4.6%) patients experienced aggravated seizures after

radiosurgery (Table 2).

Of 26 patients who underwent cerebral angiographic

follow up over 2 years after radiosurgery, complete

obliteration of the AVM was confirmed in 13 patients

and 11 (84.6%) of them remained seizure-free at the time

of final evaluation. In 10 patients, the AVMs were par-

tially obliterated and 2 (36.3%) of these patients were

seizure-free. Two patients showed no change in their

AVMs and neither was seizure-free. Overall, 26 patients

remained available for analysis for 2 years of follow up.

Fifteen patients were seizure-free and 6 patients had

significant improvement of seizure control. This result

suggest that patients with angiographical obliteration

tend to be associated with higher seizure-free rates than

those who remained nidus (84.6% vs. 36.6%, p<0.005)

(Table 3).

Fifteen patients had experienced intractable seizure

before radiosurgery and all 15 patients had frequent sei-

zures despite anticonvulsant treatment. Medication dura-

tion ranged from 6 months to 20 years (mean 9.1 years).

Follow up duration was from 27 to 146 months (mean

61.1 months). Table 4 shows the clinical characteristics

of the patients and their response to radiosurgery. After

radiosurgery, the seizures disappeared in 8 patients.

Seizure frequently decreased in 5 patients and 2 patients

was unchanged but no one experienced aggravated sei-

zures. Five (71%) of 7 patients with complete oblitera-

tion were seizure-free and 2 (40%) of 5 patients with

partial obliteration were seizure-free.

Other factors influencing seizure control are nidus vol-

ume, seizure frequency, and seizure duration. The lesser

the volume, frequency, and duration was small, prognosis

was the better. But there was no significant statistical

difference.

There was no operative death among the 43 patients.

Four (8.8%) patients experienced bleeding after GKRS,

2 patients had symptomatic ARE. Seizure was aggravated

in 2 patients.

Discussion

The cause of epileptogenesis from cerebral AVMs is

still unclear. A number of different hypotheses have

been outlined by previous authors [15, 17, 31] including

1) focal cerebral ischemia attributable to a ‘‘steal’’ phe-

nomenon resulting from a neighboring arteriovenous

shunt; 2) gliosis, neuronal degradation, demyelination,

and hemosiderin deposits lining the AVM bed; and 3)

secondary epileptogenesis at a distance site ‘‘kindling’’

phenomenon, in which epileptic discharges are enhanced

by an excitatory synaptic connection from the AVM.

Previously published surgical series reported a vary-

ing rate of success in improving seizure after the surgical

excision of AVMs [3, 6, 14, 20, 22, 23, 31]. Currently,

relatively good seizure results have been noted with

Table 4. Outcome in patients with medically intractable seizures

Case Medication

duration

Sz� type Outcome Obliteration F=U duration Sz free

interval

1 1 C.P free complete 54 18

2 1.5 C.P free – 10 2

3 3 G.T.C free complete 77 27

4 10 G.T.C free complete 100 32

5 13 G.T.C free complete 43 17

6 29 F.M.S free partial 54 32

7 4 G.T.C free complete 48 20

8 10 G.T.C free partial 60 34

9 20 G.T.C improved partial 48 24

10 20 G.T.C improved complete 146 45

11 2 G.T.C improved complete 84 38

12 0.5 G.T.C improved partial 57 34

13 10 G.T.C improved – 72 20

14 6 G.T.C unchanged – 36 –

15 7 G.T.C unchanged partial 27 –

� Sz Seizure.
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radiosurgical treatment of AVMs [4, 10, 13, 16]. New-

onset seizure can be a complication of radiosurgery.

However, in a multicenter analysis of complications fol-

lowing neurosurgical AVM treatment, 22 of 1255 (1.8%)

patients experienced new or worsened seizures [8].

Some authors think that radiosurgery has a beneficial

effect on seizure outcomes even before an AVM’s com-

plete obliteration [4, 10, 13, 16], although higher seizure-

free rates were observed for patients with complete

obliteration [4, 16]. One possible explanation is that ir-

radiation might affect epileptogenesis from tissue sur-

rounding the AVM, independent of radiation-induced

AVM thrombosis [10, 13]. Others think that radiosurgi-

cal reduction of the steal phenomenon contributes to the

resolution of epileptogenic activity from the surrounding

ischemic area [10, 13, 16].

Several authors have suggested that seizures associat-

ed with AVMs are easy to control and that surgery allows

good control of seizures [12, 14, 23, 26, 28, 31, 32].

Trumpy and Eldevik [28] cured 50% of their patients

with preoperative seizure due to AVMs. Guidetti and

Delitala [12] reported that seizures improved in 53%

of patients after AVM surgery. Heros et al. [14] reported

that over half of all preoperative seizures were cured or

greatly improved after the resection of AVMs, and that

only 12.7% worsened. However, several studies disclosed

that epileptogenic foci secondary to AVMs become pro-

gressively more intractable [8, 9], or that surgery cannot

contribute to seizure control [2, 3, 6, 20, 22]. Forster

et al. [6] reported that only 4% of patients with epilep-

togenic AVMs were seizure-free after surgery. Parkinson

and Bechers [22] stated that patients with preoperative

seizures were likely to have them postoperatively. Drake

[27] concluded that the excision of the AVM alone would

not relieve associated epilepsy. The reported risk of new

epilepsy after AVM surgery also varies, ranging from

<10 to >50% [1, 3, 6, 14, 20, 28, 30].

Although the primary aim of radiosurgery for cerebral

AVMs is to obliterate the nidus and eliminate the risk of

bleeding, a positive effect of radiosurgery for seizure con-

trol has also been reported by several articles [18, 24, 27].

Steiner et al. [27] reported that 40 of 59 patients with

seizure became seizure-free or were significantly im-

proved after radiosurgery. In their series, 11 patients with

medically intractable seizures became seizure-free with

or without complete obliteration. Lunsford et al. [18]

noted that 51% of 43 patients showed improved seizure

control, and only one showed deterioration. These re-

ports suggest that a focused single high dose of irradia-

tion does have some beneficial effect on seizure related

to AVMs in a high proportion of cases. But the effect of

irradiation has not been quantified because of the com-

plexity of the variables affecting seizure control, such as

medication, presence or absence of previous hemorrhage

or surgery, and physiological factors.

In our study, we suggest that Gamma Knife radiosur-

gery is a potentially valuable treatment modality for med-

ically intractable seizure and provides some basis for a

hemodynamic effect related to seizure control. Indeed,

ischemia of the surrounding brain is considered to be

one of the pathophysiological factors of epilepsy, and

amelioration of the arteriovenous shunt should be ex-

pected to alter regional blood flow resulting in relief of

epilepsy.

Conclusion

Our study provides evidence that Gamma Knife radio-

surgery can improve symptomatic epilepsy associated

with AVMs in a high proportion of treated patients and

it provides some basis for the hemodynamic effect of

radiosurgery on seizure associated with AVMs. Although

we acknowledge that radiosurgery to intractable seizure

has the effectiveness, because the number of cases was

small, more investigation is needed.
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Summary

Background. In patients with lesions at the eloquent areas, the aim of

surgical interventions should be a more radical removal of the lesions

with preservation of brain function. In this retrospective study, our

techniques for localizing lesion and the postoperative results of 26 pa-

tients with cavernous angiomas (CA) located at the eloquent areas are

summarized.

Method. The MR based 3D-rendering images were reconstructed

from the 2D MR images by using a computerized program. These im-

ages were obtained in all patients for the localization of their lesion.

Following craniotomy, to verify the actual location of lesions, we com-

pared the 3D-image to the exposed cortical surface. Simultaneously,

intraoperative ultrasonogram (IOUS) was used for the accurate localiza-

tion of the lesion. In order to minimize the damage to the eloquent area,

the minimal corticotomy was planned at the margin of the sulcus nearest

to the lesion.

Findings. An accurate localization of the lesion was possible in all

26 patients and the eloquent areas near the lesions were identified on

the operation field. Complete removal of the CAs was done in all cases.

One patient developed temporary monoparesis postoperatively, but the

patient fully recovered in a month. Fourteen patients presented with

preoperative seizures, and all patients had excellent seizure outcome

after their surgery. The mean duration of the follow-up period was 27

months.

Conclusions. We could localize the lesion accurately using MRI 3D-

rendering images and IOUS during the operation for CA. We planned

minimal corticotomy to the lesion and we completely removed the lesion

without causing any additional neurological deficit. Although CA can be

located in eloquent areas, surgical removal of these lesions is a safe and

effective treatment option for lowering the risk of developing symptoms

and controlling the seizure.

Keywords: Cavernous angiomas; eloquent brain areas; minimal cor-

ticotomy.

Introduction

Cerebrovascular malformations are developmental ab-

normalities that affect the blood vessels supplying the

brain. The most commonly used classification scheme

subdivides these lesions into four categories: (1) venous

malformations, (2) arteriovenous malformations, (3) cav-

ernous malformations and (4) telangiectases. Although

CAs constitute only 5–10% of cerebrovascular malfor-

mations, they are being increasingly recognized as a

cause of seizures and focal neurological deficits [3, 7, 12].

Postmortem studies suggest that CA affect approximate-

ly 0.4–0.9% of the general population and 64–84%

of CAs are located above the tentorium [3, 7, 9, 13].

Patients with supratentorial CA often present with epi-

leptic seizures, and they less frequently present with

intracranial haemorrhage or focal neurological deficits

that are caused by the mass effect. However, with the

introduction and advancement of MR imaging tech-

niques for the diagnostic evaluation of CA, the number

of diagnosed cases has risen dramatically for asymptom-

atic patients or for those patients suffering with non-

specific symptoms [11–13]. A general consensus exists

that surgically removing CAs is appropriate for those

patients with intractable epilepsy or progressive neuro-

logic deficit due to CA’s acute haemorrhage or mass

effect. But controversy is going on with regard to treat-

ment of those asymptomatic patients with incidentally

found CAs, for patients with new-onset of seizure

and patients with long lasting rare seizures [2, 9, 14].

Especially when CAs are located in eloquent brain areas,

the possibility of postoperative morbidity and haemor-

rhage as sequela should be considered. Thus, the clinical

outcome of surgery for these lesions has been a matter of

concern.

In this study, we described our technique of surgical

approach for CA in eloquent brain area and we report on

the clinical results.



Patients and method

Patients

Between 2001 and 2005, 55 patients were operated in our department

for resection of CA and their lesions were pathologically confirmed. Of

these patients 26 with the following conditions were selected: 1) Patients

with solitary lesion located in eloquent brain area, 2) when urgent sur-

gical interventions were not required at the time of diagnosis and CA

were found incidentally; we included patients with non-specific symp-

toms such as headache or dizziness without increased intracranial pres-

sure and patients with new-onset seizure or long lasting rare seizures.

Mean age of patients was 35 years old (19–59 years). Seventeen were

male and 9 female. The medical records and MRI images were reviewed

retrospectively, and average follow-up period was 27 months.

Localization of the lesion

MRI-based 3D-rendering images were obtained for all patients for

localization of the lesion. The 3D-rendering images were reconstructed

from the 2D MR images, upon which the lesion was drawn. They

provided us with anatomical information about the location of the lesion

and the gyri and sulci adjacent to the lesions in the eloquent brain area.

This information was used for the preoperative planning and for per-

forming the surgical procedures. To verify the actual location and to

adjust the trajectory of dissection toward the lesion, we compared the

3D-rendering images to the exposed cortical surface. Functional MRI

was done in 13 patients preoperatively to reveal the anatomical relation-

ship between the lesions and the eloquent brain area. In 14 patients with

the lesion located in the primary motor cortex area, the somatosensory

evoked potential (SSEP) was done to identify the central sulcus.

By inspection and palpation, we identified the discoloration of the

superficial CAs that were bleeding. Also, lesions exhibiting an abnormal

consistency could be palpated. In 6 out of 26 cases, corticotomy was

planned by this simple method. Intraoperative ultrasound (IOUS) was

done for accurate localization of the lesion in the other 20 cases. On an

ultrasound study, CAs generally appear as hyperechoic, mostly well

demarcated lesions when using the bright-mode=grey-scale. Following

craniotomy, the sterilely draped microprobe was placed on the dura

with aseptic saline used as a coupling medium. After accessing the

Fig. 1. (Left) T1 sagittal and T2 coronal MR images showing the subcortical CA in left precentral gyrus. (Right) Created MR 3D-rendering image

showing the lesion and adjacent cortical anatomy. We could identify the epicenter of CA by comparing the operation field with 3D-rendering image
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anatomical orientation by using a frequency of 5–6MHz, the frequency

was raised to 8–9MHz to evaluate the exact margin of the lesion. After

opening the dura, the angioarchitecture of the overlying cortical surface

was inspected and the best point for performing a corticotomy was

chosen depending on sonographic information such as the vascular anat-

omy and the shortest distance to the lesion. Additionally, the examina-

tion could be repeated several times during the surgical resection, and

this was also helpful for detecting the remaining lesion.

Surgical planning and procedure

The craniotomy site was determined using the 3D-rendering images

that were taken preoperatively. Skin incision and osteoplastic craniot-

omy were done to expose the lesion and the eloquent brain area. After a

craniotomy flap has been created and the dura opened, the anatomy of

the sulci and gyri were identified by comparing the operation field with

the 3D-rendering images (Fig. 1). Careful physical examination and

IOUS helped to map the epicenter of the lesion. In order to minimize

the damage of the gyri in the eloquent brain area, corticotomy was

planned for the margin of the sulcus that was nearest to the lesion

(Fig. 2). CAs have a low bleeding tendency and they are composed of

haemosiderin and gliotic tissue that forms precise margins; thus, mini-

mal corticotomy could almost always be performed. The CA and sur-

rounding gliotic tissue were removed with care being taken to minimize

the traction induced upon the eloquent brain area. Then, cranioplasty and

wound closure were done by the standard neurosurgical technique.

Results

The location of the CA was in the primary motor

cortex in 14 cases, the speech related cortex in 8 cases,

the primary visual cortex in 3 cases and the basal ganglia

in 1 case. The lesions varied in diameter from 5 to

40mm (mean: 21mm). The clinical characteristics at

Fig. 2. (Left) T1 sagittal and coronal MR images showing the complete removal of CA. (Right) In order to minimize the damage of the precentral

gyrus, corticotomy was performed at the margin of the central sulcus that was nearest to the lesion
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the time of diagnosis are presented in Table 1. On the

preoperative MRI images, overt bleeding was found in 6

cases and microhaemorrhage was found in 15 cases, and

this microhaemorrhage was accompanied by mass effect

in 5 cases.

Accurate localization of the lesion was possible in all

26 patients and the eloquent brain area near the lesions

was identified on the operation field. Complete removal

of CAs was done in all cases. One patient developed

temporary monoparesis in the upper extremities, but

the patient fully recovered in a month. Acute complica-

tions related to the operation did not occur, though

delayed sensory aphasia developed one week after an

operation in one patient. The patient had developed hae-

morrhagic infarction in the left parietal lobe after

removal of a subcortical CA in the left primary motor

cortex, but the patient fully recovered without neurolo-

gic sequelae by instituting conservative management.

Of the 6 patients with non-specific symptoms such as

headache and dizziness before their operations, the symp-

toms improved in 5 patients and they were unchanged in

1 patient postoperatively. Five patients with new-onset

seizure became seizure-free postoperatively without tak-

ing any anti-epileptic drugs (AED). Nine patients with

rare seizures also remained seizure-free, of whom 3 are

on AED medication. The mean duration of follow-up was

29 months (6–54 months) for the 14 patients who had

suffered preoperative seizure.

Discussion

CA constitutes 5–10% of all cerebrovascular malfor-

mations and the studies that have been conducted based

on autopsy and MRI have suggested that CA affects

approximately 0.4–0.9% of the general population. CA

is most prevalent in the second to fourth decade of

life and there is no gender difference in its prevalence

[3, 7, 12, 13].

The presenting symptoms are due to haemorrhage and

the mass effect of CA, and these vary widely from asymp-

tomatic to non-specific symptoms, seizure and acute or

progressive neurologic deficit. The CA below the tentor-

ium frequently presents with focal neurologic abnormal-

ities. On the other hand, CA above the tentorium often

presents with seizure [1, 10, 11]. With the advancement

of MR imaging techniques, the number of diagnosed

cases has dramatically risen in asymptomatic patients.

Previous studies have reported that 11–44% of patients

with CA are asymptomatic [11–13].

The indications for surgical resection are different for

each of the clinically presenting manifestations and the

indications are influenced by other factors such as

patient’s age and gender, the location of the lesion and

the multiplicity of the lesions. There is a general consen-

sus that surgical resection of solitary CA is the treatment

of choice for patients with progressive neurological def-

icit or medically intractable epilepsy. However, conser-

vative management or surgical resection for the overall

group of CAs is still a subject of intense controversy

[2, 9, 14].

The CA patients with no history of clinical haemor-

rhage have an annual bleed rate of 0.7–4.2% [10, 13]. A

first haemorrhage from a CA is rarely life threatening,

but it may result in significant morbidity from which the

patient may or may not fully recover. Particularly, the

lesions in or near the functional cortex may exhibit overt

neurological deficits after even minor bleeding.

The risk=benefit considerations of intervention for the

patients with lesion located in the critical areas are more

difficult. Although the surgical approach is associated

with risk, the consequences of haemorrhage are more

serious; hence, the potential benefit of lesion excision

is also greater. In addition, the physiological burden of

knowing that patients have a lesion needs to be consid-

ered. Frequent headache or slight non-specific symptoms

can cause patients great anxiety, necessitating frequent

clinical evaluation and imaging studies. A modern sur-

gical series revealed that solitary supratentorial CA can

be resected with few complications and no death beyond

the standard risks of general anesthesia [2, 4, 5, 15, 18].

These series emphasized that accurate localization of the

lesions must be done for minimizing the surgical trauma

to the adjacent functional cortex.

To reduce perioperative morbidity and mortality, the

neurosurgeon has a broad spectrum of localization and

Table 1. Clinical manifestations of 26 patients with CA in eloquent

brain areas

Factors No. of cases (%)

Presenting symptoms

– Asymptomatic or incidentally discovered lesion 6 (23)

– Non-specific symptoms without IICP 6 (23)

– New-onset seizures 5 (20)

– Long-lasting rare seizures 9 (34)

Location of lesions

– Primary motor cortex 14 (54)

– Speech related cortex 8 (30)

– Visual cortex 3 (12)

– Basal ganglia 1 (4)

IICP Increased intracranial pressure.
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navigation devices such as intraoperative CT, intraopera-

tive MRI and the frameless neuronavigation system.

Before the computer-assisted surgery era, the resection

of lesions located in the functional cortex presented with

a high risk of morbidity and mortality. This was prob-

ably due to performing large corticectomies in order to

find the lesions. Wadley et al. reported that after routine

use of preoperative CT scan and localization by using

skin markers, the results became better with morbid-

ity ranging from 20 to 40% and with a mortality rate

ranging from 0 to 20% [16]. Gralla et al. used MRI

neuronavigation in combination with intraoperative MR

technique for operations on 26 patients with solitary CA;

they observed a deterioration of neurological function in

only 3.8% of patients [4]. However, for the application

of MRI neuronavigation, it takes a long time to prepare

for the operation, and changed location of the lesion

during surgery due to leakage of cerebrospinal fluid

must be considered. 3D-rendering images can readily

be reconstructed from the preoperative MRI without per-

forming additional imaging studies. By comparing the

operation field to the 3D-rendering images, it is possible

to accurately localize the lesion. In our study, we could

identify the precise location of the lesion in the opera-

tion field by using the 3D-rendering images in all 26

cases, and we could plan the minimally necessary corti-

cotomy for approaching the lesion.

IOUS has been used by neurosurgeons for about 50

years and numerous reports have revealed the availabil-

ity of this technique [6, 8, 15, 18]. Lunardi and Acqui

suggested that IOUS is superior to MRI navigation for

localizing lesions because IOUS is a real-time imaging

technique and it is not influenced by changed location of

the lesion during surgery [8]. Woydt et al. compared

IOUS and intraoperative MRI for operating CAs, and

they reported that although both modalities help to ac-

curately localize the lesion, IOUS is superior to MRI

navigation because IOUS is applicable in all surgical

positions, it gives information about local blood flow

and it can be applied several times during the operation

[17]. In our study, the sonographical orientation and

localization at the cortical surface guided the neurosur-

geon directly to the target in 20 cases. As a real time

method, it is suggested that IOUS is an accurate and

technically reliable method for localization of CA.

Seizures are the most common manifestation of su-

pratentorial CAs, and they account for 40–80% of the

presenting symptoms [3, 7, 13]. Previous studies have

suggested that epilepsy secondary to CA could be the

result of either haemosiderin interstitial deposition or the

formation of cortical scars. One prospective study by

Moriarity et al., showed that a supratentorial CA was

associated with an estimated 2.4%=year cumulative risk

of new seizures [10]. It is known that seizure in CA

patients is not easily controlled with AED treatment,

and Robinson et al. reported that the response to the

drugs was gradually decreased when only medical treat-

ment was done [13]. A recent study reported that for

patients with solitary CA, seizure was controlled in

78–88% of the patients postoperatively, and the duration

and frequency of preoperative seizure were the most

important prognostic factors [1, 19]. Despite that pa-

tients with intractable seizures were excluded from our

study, the fact that 14 patients with preoperative seizure

became seizure-free implicates that surgical removal of

the CA is very effective for controlling seizure. How-

ever, for the 9 patients in our study with preoperative

rare seizures, further observation and evaluation is being

done.

Conclusions

We were able to localize the lesion accurately by

using MRI 3D-rendering images and IOUS during op-

erations for CA. Furthermore, we could obtain the nec-

essary anatomical information concerning the adjacent

eloquent brain area. We planned minimal corticotomy to

the lesions and safely removed the lesions, even in the

eloquent brain area, without producing neurological def-

icits. In conclusion, for patients with no symptoms or for

those with rare seizures, surgical removal of CA is a safe

and effective treatment option for lowering the risk of

developing symptoms and for controlling seizure.
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Summary

After the demonstration that spinal cord stimulation (SCS) can im-

prove peripheral blood flow it was Hosobuchi (’86) who first studied the

effect of SCS on cerebral blood flow (CBF) in human beings. Our group

found that SCS can produce either an increase of CBF or a reduction

or no effect. In patients studied with both SPECT technique and TCD,

the sign of the induced variations, when present in both, was the same.

Cervical stimulation produces more frequently an increase in CBF

(61% of cervical stimulations). Our experimental studies confirm that

SCS and CO2 interact with the mechanism of regulation of CBF in a

competitive way and produce a reversible functional sympathectomy.

Further experimental reports suggest that SCS 1) drastically prevents

cerebral infarction progression in cats; 2) improves clinical symptoms of

patients in persistent vegetative states; 3) suppress headache attacks in

migraneous patients; 4) significantly reduces ischemic brain oedema in

rats. Following these clinical and experimental observations, Hosobuchi

first used cervical SCS for the treatment of cerebral ischemia in man

(’91). More recently we confirmed the therapeutic effect of SCS on

ischemic stroke in humans, experimental brain injury and cerebral vaso-

spasm in rabbits.

Keywords: Spinal cord stimulation; cerebral blood flow; stroke; brain

injury; vasospasm; cerebral autoregulation; functional sympathectomy.

SCS and CBF: historical data

SCS affects peripheral, coronaric and CBF in humans.

Functional reversible sympathectomy may be one of the

mechanisms put in play by SCS to produce such effects

[19, 20, 25].

The possibility to interfere with the mechanisms of reg-

ulation of the cardiovascular system is quite fascinating.

After the demonstration that SCS can improve pe-

ripheral blood flow [19], Reis showed in 1984 a reduc-

tion in the intracranial vasomotor control together with

an increase of the cerebral blood flow (CBF) following

the electrical stimulation of the medullary reticular for-

mation [24]. In 1985, Hosobuchi, one of the pioneers

of modern neurostimulation, first observed the effect of

SCS on CBF in human beings [6]. He studied by SPECT

technique ten patients treated with SCS for chronic in-

tractable pain, five had an electrode at the C3–C4 level,

the remaining five had a T8–T9 electrode. The result of

his study was that cervical stimulation was producing a

significant rise in hemispheric CBF. This effect was ip-

silateral to the induced paresthesia suggesting that the

alteration in CBF was not related to the increased cere-

bral metabolic rate resulting from the afferent volley

produced by the artificial stimulation of the spinal cord.

Among the possible ways of assessing CBF in humans,

transcranial Doppler sonography (TCD) was utilized as

well according to the Aaslid criteria [1]. TCD allows a

non-invasive evaluation of blood velocity within intra-

cranial arteries [12, 13]. Since there is a significant pos-

itive correlation between blood velocity and CBF, we

could study an extensive series of patients wearing spinal

cord epidural electrodes at different segmental levels

with both TCD and Xe technique in order to 1) confirm

the effect of SCS on CBF; 2) compare observations

made with two different methods; 3) evaluate the corre-

lation between the stimulated spinal segmental level and

the effect on CBF, and 4) evaluate the mechanism put in

play by SCS in responsive patients [21, 22]. SCS can

produce either an increase of CBF or a reduction or no

effect. In patients studied with both Xe technique and

TCD the sign of the induced variations, when present

in both, was the same. A reduction of CBF is very rare

and occurs for more caudal electrodes location (16%

of thoracic SCS) while cervical stimulation produces

more frequently an increase in CBF (61% of cervical

stimulations). The stimulation of different cord levels

in the same patient can produce different effects. The

result of the stimulation in the same patient is always

reproducible during time. Furthermore Mazzone, even



confirming such an observation with both xenon 133 in-

halation technique and TCD, focused the attention of the

concept of ‘‘redistribution of CBF’’ rather than an ab-

solute change in CBF during SCS. Intriguingly he con-

cluded that ‘‘a symmetrical increase in regional CBF

was found mainly in the anterior regions; frontal lobe

functional activation by the ascending reticular pathways

through the thalamo-cortical projections might be hy-

pothesised’’ [17, 18].

SCS and CBF: the study of the mechanisms

SCS interferes with the mechanisms of regulation of

heart rate in man by means of so called ‘‘reversible

functional sympathectomy’’. A functional reversible sym-

pathectomy was advocated as a possible mechanism for

SCS in man [20].

Linderoth demonstrated that SCS-induced peripheral

vasodilatation was abolished by bilateral sympathecto-

my in rats and that peripheral sympathetic activity,

recorded from the sympathetic chain close to the stellate

ganglion, might be suppressed by SCS applied at the

Th2 level in cats [12]. Further personal studies aimed

to investigate on sympathetic balance during experimen-

tal SCS confirmed the functional reversible sympathecto-

my also in mediating CBF changes [26, 29]. CBF of the

internal carotid arteries were measured in four rabbits by

means of a Doppler device and an electromagnetic flow-

meter (Transonic Mod. T 106, Ithaca, NY, USA) in basal

conditions, during sympathetic trunk stimulation (STS)

(10 volts, 10 cycle per sec, 0.5msec duration, for 1min)

at the neck, during SCS (210 microsec duration, 80 cycle

per sec, with intensity 2=3 of the motor threshold, ap-

plied for 20min) and finally during simultaneous SCS

and sympathetic trunk stimulation. A reduction of CBF

was evident in every case soon after starting STS. At the

end of stimulation the effect disappeared immediately.

SCS produced an increase of CBF in rabbits, and no

change in the remaining 2 animals. In 2 animals show-

ing an increase of CBF during SCS, STS produced only

25–30% of its effect while in the remaining 2 animals

vasoconstriction was comparable to the one observed in

basal condition.

Data obtained showed that a decrease (65–70%) of

cervical sympathetic excitability occurs as a consequence

of SCS. In the same year Myklebust found norepineph-

rine levels markedly affected during SCS confirming a

sympathetic inactivation secondary to neurostimulation

[23] and Linderoth [13, 14] found out that SCS reduces

ischemia in an animal model of limb vasospasm with a

‘‘preventing’’ effect. Among the possible factors in-

volved, substance P (SP), vasoactive intestinal polypep-

tide (VIP) and calcitonin gene-related peptide (CGRP)

have been discussed [14]. On the other hand Hosobuchi

showed a persistent elevation of CBF after interruption

of the stimulation, suggesting the involvement of humor-

al factors; in fact indomethacin partially blocked the

effect of SCS on CBF in 2 patients, while atropine did

not affect the results [6].

Personal studies aiming to better understand the pos-

sible vascular autoregulatory mechanisms involved were

performed on the ocular flow changes during SCS [30].

Both ophthalmic and cerebral haemodynamics underlay

similar autoregulatory mechanisms: 1) the brain and the

retina are surrounded by biological fluid as cerebrospinal

fluid and corpus vitreum; 2) perfusion pressures of both

central nervous system and eye can be considered as the

difference between arterial and endocavitary pressure;

3) constant CBF and OBF are provided by the same

autoregulatory mechanisms (myogenic, metabolic, neu-

rogenic) [30]. Middle cerebral artery blood flow velocity

by TCD and pulsatile ocular blood flow (OBF) by means

of the Langham System were evaluated at rest and dur-

ing cervical SCS in a group of patients [11]. A strict

parallelism between cerebral and ocular haemodynamic

changes (a decrease, an increase and no changes) was

shown in three patients wearing cervical and thoracic

electrode during stimulation, leading to the discussion

on the role of autoregulation, possible common target of

SCS in mediating such an effect [30].

Further personal study on the possible mechanisms

involved by cervical SCS in TCD assessed responsive

patients was performed by using the CO2 autoregulation

test. This work was done in cooperation with the Depart-

ment of Internal Medicine of our University [21, 28].

The TCD patterns were evaluated and compared during

progressive hypercapnia, both in basal conditions and

during SCS. Hypercapnia was induced by rebreathing

a mixture containing, at the beginning of the rebreathing

period, 7% CO2 and 93% O2. The CO2 concentrations

were continuously monitored by mass spectrometry. The

variables of the respiratory model were evaluated by

a pneumotachograph. As is well known, an increase in

CO2 produces a vasodilatation which is detected by TCD

with an increase in blood velocity and a decrease in

resistance parameters [28]. By repeating the same study

in the same patients during SCS we found a reduction

of the response to CO2. A possible explanation of such

a phenomenon is that SCS and CO2 interact with the

mechanism of regulation of CBF in a competitive way.
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They could act at the level of the same target and make it

not amenable to other interference. If this is so, since the

target of CO2 are the preterminal arterioles, so called

resistance arterioles, we could extrapolate that they are

at least one of the target of SCS in producing its cere-

brovascular effect. Finally, Isono found out that no hae-

modynamic effect occurs during SCS when the dorsal

column is sectioned at the medullo-cervical junction

thus confirming the role of specific spinal cord pathways

in determining the increase of CBF during SCS [9, 10].

SCS and CBF: the experimental evidence

In 1987 Garcia-March reported CBF changes induced

by SCS in animals [4] and in 1994 such evidence was

confirmed by personal studies [26]. In the former study

dogs were used to determine hemodynamic changes

with electromagnetic flowmetry in the carotid territory,

goats were used to evaluate hemispheric blood flow with

the same technique and with 131 iodo antipyrine brain

scintigraph. The results showed an average increase of

CBF at the common and internal carotid level of more

than 60% and an increase of CBF of more than 50%.

These changes occurred during the first 15 minutes of

stimulation [2]. In the latter study 23 New Zealand white

rabbits were stimulated at cervical level and CBF de-

tected by using CW Doppler and electromagnetic flow-

meter. During SCS an increase in CBF was detected in

52.5% of the cases, a decrease in 19.5%, no change in

38%. Significant CBF Changes were evident from the

5th minute of SCS, the CBF changes ranging between

20 and 100% (mean 60%). Bilateral or monolateral

changes were independent of the electrode site. One year

later Isono confirmed by hydrogen clearance method an

increase in CBF during cervical SCS in cats up to 140%

lasting for 15min after the end of SCS [20].

Possible terapeutical implications

Experimental

Interestingly, Matsui and Hosobuchi first studied the

effects of SCS on experimental stroke [16]. They used

a cat middle cerebral artery occlusion model (MCAO).

Three groups were studied: a control group had only the

occlusion of the middle cerebral artery, a sham operated

had also the implantation of an epidural spinal electrode

at the cervical level but no spinal stimulation, and a

third group underwent cervical SCS (1–2 volts, 50Hz)

starting 6 hours after awakening from the operation.

Mortality rate and infarct size in the three groups were

analyzed.

Cervical SCS prolonged the survival rate within 24

hours after MCAO, compared to group 1 and 2, but there

was no difference in total survival rate between groups 2

and 3.

The infarct size showed no difference in the dead cats

of the three groups, but a significant difference occurred

among the surviving cats of groups 2 and 3 demonstrat-

ing that cerebral SCS prevents the progression of brain

infarction. The authors raised the question: ‘‘is cervical

SCS producing a luxury perfusion, potentially risky in

acute infarction or does it help saving the penumbra

zone of non functioning but still viable tissue that

recovers its function as a consequence of improvement

of blood flow?’’. Only ‘‘a useful effect on experimental

stroke’’ could be generically claimed. Three years later

Gonzalez-Darder showed that cervical SCS significantly

reduces brain oedema on diffuse cerebral oedema

achieved by temporary occlusion of both carotid arteries

followed by a reperfusion period [5]. Such a protection

from ischemia induced oedema occurs when stimulation

starts one hour before ischemia and just after ischemia.

The mechanism mediating such effect of SCS could be a

global increase of CBF limiting the extension and inten-

sity of ischemia or metabolic changes in cerebral tissue

protecting the brain against ischemia or the activation

of systems changing the intracranial vascular response.

In 1994 Broseta published the results of cervical SCS in

three groups of different experimental stroke models in

rabbits (1. bilateral carotid ligation, 2. unilateral micro-

coagulation of MCA and 3. microcoagulation of verteb-

ral artery); SCS was performed one week after vessel

obstruction. An improvement of CBF ranging from 27%

up to 32% was recorded by Laser Doppler technique in

the lesional area [2].

In 2001 personal studies were undertaken with the aim

to evaluate the possible preventing effect of SCS in an

animal model of combined ischemic and traumatic in-

jury [36]. Twenty New Zealand rabbits underwent liga-

ture of both carotid arteries and a right hemispheric

craniectomy as well as about three hours’ mechanical

injury (200mg) over the dura. In 10 animals (control

group) SCS was not delivered; in 10 (SCS group) cervi-

cal SCS was started 20min after arterial ligation and

before the craniectomy and the mechanical injury. In

two animals of both groups Near Infrared Spectroscopy

(NIRS) was used; the probe was fixed over the dura

during the whole experiment. Changes in deoxihemo-

globine (HHb), oxihemoglobine (HbO2) and citochrome
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aa3 (Cit aa3) redox state were recorded on line [3]. MR

examination was performed in all animals at the end of

the experiments. Compared to the control group, none

but one of the SCS showed lesional pattern far from the

craniectomy suggesting a ‘‘preventing’’ effect of SCS

on the secondary damage associated with our model of

combined ischemic and traumatic brain injury; moreover

NIRS showed changes consistent with CBF salvage in

the craniectomy area. From 1994 to 2001 personal studies

were performed on the effects of cSCS on experimental

�early spasm� [31–34]. Based on the suggested role

of the sympathetic system in mediating vasospasm, the

possible interferences of SCS with the natural history of

experimental so called ‘‘early spasm’’ was investigated.

Such a short lasting phenomenon is very easy to be

studied in the lab. Vasospasm due to SAH is both

‘‘acute’’ and ‘‘recurrent’’. Early spasm occurs within

minutes of the SAH, its duration is approximately 1

hour. Twenty-nine adult Burgundy rabbits were studied.

Group 1: under homeostatic monitoring, ‘‘on-line’’ car-

otid blood flow (carotid BF) changes produced by SAH

in cisterna magna of 12 (plus 12 sham treated) animals

were studied from the common carotid artery after exter-

nal carotid artery occlusion before, during SAH up to the

end of the experiments. All the animals underwent digi-

tal subtraction cerebral panangiography (CPA) after SAH

obtaining a significant increase of carotid BF only when

basilar vasospasm was shown by CPA. Carotid BF in-

crease during basilar vasospasm was defined ‘‘functional

monitoring’’ of early spasm. Group 2: twelve animals

wearing a cervical epidural electrode underwent carotid

BF ‘‘functional monitoring’’ of early basilar spasm before

and during CSCS. Findings obtained were: carotid BF

changes during cervical SCS occurred in 10 animals. No

carotid BF changes (i.e. no basilar vasospasm) occurred

after SAH up to the end of the experiments in all the

stimulated animals. The role of reversible functional

sympathectomy in mediating the effect of SCS on ‘‘early

spasm’’ seemed able to prevent �early spasm� due to

SAH in all animals studied, independent of occurrence

and sign of stimulation induced CBF variations.

Clinical

Soon after some preliminary observations, there was

great interest with regard to possible clinical applications.

The first attempt was performed in 1989 by Kanno who

reported 23 patients in vegetative states treated with SCS

at the level of C2. A good clinical improvement was

evident in eight. Regional CBF was evaluated by SPECT

in 20 cases. A decrease as well as an increase of CBF

was shown, but there was no a clear correlation with

clinical outcome [8]. Changes in CBF following SCS in

patients with impaired consciousness were also observed

by Matsui et al. by using SPECT and Xe wash out tech-

nique. Again, although an increase in CBF was shown in

some patients, there was no correlation with the clinical

outcome [15]. The observations made in coma patients

are complex to be analysed because of the variability

of the clinical pattern, the extensive damage and the

remarkable preexisting functional alterations. Following

these clinical and experimental observations Hosobuchi

first used cervical SCS for the treatment of cerebral

ischemia [7]. For this purpose he selected 3 patients with

symptomatic cerebral ischemia caused by advanced ar-

teriosclerotic vascular disease or bilateral carotid oc-

clusive disease non amenable to conventional surgery

because ‘‘of an unacceptably high surgical risk or be-

cause their symptoms were not severe enough to justify

the risk of the procedure’’. In all three cases, cervical

SCS alleviated the symptoms of ischemia. Xenon-CBF

studies or single-photon emission computer tomography

showed increased CBF in response to cervical SCS.

Hosobuchi’s results seemed to justify further clinical

trials.

In 1994, a personal experience was published concern-

ing the case of a 64 year old patient who developed a

severe spastic hemiparesis and dysphasia following a left

parieto-temporal chronic ischemic stroke [27]. Clinical

and neurophysiological study (surface polyelectromyo-

graphy) were performed together with TCD examination

before and after 7 days of SCS. An improvement of

clinico-neurophysiological findings were observed as

well as an increase of TCD CBF velocity (þ43% right;

þ130% right). The evidence of an improvement of

dysphasic disturbance suggested the main role of CBF

changes, compared with the neurogenic enhancement,

in mediating therapeutic effect of SCS [27]. In the same

year Broseta published the results of SCS performed

on 10 patients presenting with various cerebral low

perfusion syndromes [2]. Though not constant, an in-

crease of alertness, retention, speech, emotional labi-

lity and performance in skilled acts was achieved. No

MRI changes were observed, though SPECT readings

showed an ‘‘increase in blood flow in the penumbral

perilesional area’’.

Finally personal conclusive results were published

concerning 18 patients harbouring a TC=MRI cerebral

lesional pattern dealing with a vascular injury (4 hae-

morrages; 14 ischemias. In this study a complex haemo-
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dynamic assessment was performed by using TCD,

SPECT and NIRS [35]. The findings were as follows.

SPECT group: an increase of regional CBF during

SCS was measured far from the stroke areas in 9

patients, further decrease in CBF was found in 2, no

changes in one. TCD group: an increase of CBF velo-

cities during SCS was found in 4 patients, no changes in

6, a decrease in one. NIRS group: data consistent with

and increase in CBF were obtained during SCS in the

only patient that had undergone such a study. In 6 pa-

tients studied with different techniques, data obtained

fitted only in two patients. In 3 patients no changes in

TCD were faced with changes in SPECT. In one case an

improvement in TCD was evident in the left while an

improvement of SPECT was shown in the right side.

As matter of fact, according to the previous experi-

ences of Mazzone, evidence of a redistribution of CBF

more than a clear increase was shown in such patients

[17, 18]. The personal conclusion that SCS is a valid

therapeutic tool in stroke patient even if, as matter of

fact, parallelism between clinical and haemodynamic

changes during SCS was not demonstrated in our pa-

tients, raising the question on the role of ischemic pen-

umbra in mediating clinical improvement, otherwise

advocated by Broseta’s previous experience in order to

justify clinical improvement [2]. In his paper on the

hhtreatment of cerebral ischemia with SCSii Hosobuchi
concluded: . . .‘‘although no mechanism clearly responsi-

ble for this intriguing therapeutic efficacy can be proposed

yet, further clinical trials of SCS for inoperable cerebral

ischaemia may be justified’’ [7]. So far, as shown, data

concerning an increase in local or global CBF in stroke

as well as in low-perfused patients during SCS have been

published, but no clear indications for SCS in stroke to

merely improve CBF have been accepted.

In conclusion, there is clear evidence that SCS, parti-

cularly at the cervical level, affects the CBF, but further

studies are needed before speculating on all the mech-

anisms mediating such an effect and its possible appli-

cations. Although all these results are quite exciting,

there are still too many question marks to be answered

prior to extending such observations into clinical prac-

tice. The literature data as well as personal observations

seems to suggest a ‘‘preventing’’ rather than ‘‘therapeutic’’

effect of SCS on cerebrovascular diseases models in

animals, as demonstrated for cerebral oedema, stroke

and vasospasm.

Further experimental and clinical studies are required

to confirm a ‘‘preventing’’ effect of SCS on the chronic

phase of cerebral vasospasm in humans and to investigate

on the ‘‘therapeutic’’ rather than ‘‘preventing’’ effect of

SCS on cerebro-vascular diseases.
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Summary

Syringomyelia is an uncommon disease that is caused most often by

type I Chiari malformation, which develops in the hindbrain, and less

frequently by other factors which are not limited to the hindbrain, in-

cluding trauma, infection, or scoliosis. Idiopathic syringomyelia is rare.

We present in this article a patient with idiopathic syringomyelia char-

acterized by hypoesthesia and progressive weakness in the left lower

limb. Decompression was attempted by means of laminectomy and a

syringoarachnoid shunt. Motor, sensory, and bladder functions were

monitored by the change in Japanese Orthopedic Association scores,

which increased from 10 points preoperatively to 14 points 30 days

postoperatively. This case demonstrates the effectiveness of surgical de-

compression in a patient with remarkable neurological deficit.

Keywords: Idiopathic syringomyelia; syringoarachnoid shunting;

neurological deficit.

Introduction

The pathophysiology of syringomyelia (cavitation

within the spinal cord) remains controversial [1–4]. Most

cases have been associated with type I Chiari malfor-

mation. Others have been associated with typically non-

congenital conditions, including scoliosis, arachnoiditis,

and trauma. However, idiopathic syringomyelia is rare.

Syringomyelia is more easily detected nowadays be-

cause of the availability of spinal magnetic resonance

imaging (MRI). Before this technique became popular,

the nonspecific and highly versatile signs and symptoms

of syringomyelia – such as chronic pain, hyperhidrosis,

hypertension, limb paresthesia, sensory loss, progressive

weakness, and, in some cases, ascending paralysis [3, 5] –

resulted in syringomyelia being easily overlooked, es-

pecially in patients with minor signs and symptoms.

Consequently, most patients were diagnosed so late in

the course of the disease that its neurological sequelae

were irreversible.

Fortunately, the neurological deficits associated with

syringomyelia can be reversed if decompression is car-

ried out earlier in the course of the disease. In reviewing

the literature on treatment options for this patient, we

found that few articles had been reported about the nat-

ure and treatment of syringomyelia in Asia, especially

in Taiwan. So, we would like to present a patient with

idiopathic syringomyelia, his clinical course, treatment

procedure and prognosis.

Case report

A 35-year-old male dentist had experienced gradually progressive

weakness in his left leg since 5 years ago. The weakness exacerbated

in the last 2 months and he had to use a cane when walking. A neu-

rological examination revealed weakness in the left leg, especially dorsi-

flexion of the big toe, and hypoesthesia of pinprick and light touch

sensation below the T7 dermatome on the left side of the body. The

patient had no history of trauma, spinal tumor, or any evidence of spinal

arachnoiditis. MRI studies revealed an inflated cord with a large cavity

in the thoracic region of the spinal cord (T2–T9) (Fig. 1). Due to the re-

cent exacerbation of his symptoms, we arranged surgical decompression

for him.

Surgical technique

The first surgical procedure was T6–T8 laminectomy to expose the

dura mater. The next procedure was to open the dura and a 1-mm

midline myelotomy was performed with a microknife to create an open-

ing for the cavitation. The fluid of the cavity was drained out and

pressure was relieved, then we inserted an elastic catheter (18-gauge

spinal stent: 2 cm in length, 1.24mm in diameter) through this opening

into the cavity in a cephalad direction and the caudal end placed in the

dorsolateral subarachnoid space. We secured the tubing to the dura with

6-0 Prolene suture (Fig. 2).

Evaluation and follow-up of neurological function

The Japanese Orthopedic Association (JOA) scoring system was used

to evaluate the neurological condition, specifically the peripheral motor

activity (upper and lower extremities: 4 points, each), sensory activity



(upper and lower extremities: 2 points each; trunk: 2 points), as urinary

bladder function (3 points) before operation and on postoperative days

(PODs) 7, 14, and 30 (Table 1). The recovery rate was calculated using

the following formula:

Recovery rate (%)¼ (postoperative score� preoperative score)�
(17� preoperative score)	100.

Results

The JOA score was 10 points before surgery, 11 on

POD 7, 12 on POD 14, and 14 on POD 30, and recovery

Fig. 1. Preoperative MRI, sagittal view (a) revealing a syrinx (arrow)

with long thoracic extension (T2–T9). Axial view (b) revealing a large

syrinx (arrow) with massive compression to cord (flattened appearance)

Fig. 2. Intraoperative findings. A bone window was made between T6

lamina and T8 lamina. A midline dural opening was made. Dorsal

midline myelotomy was performed to open the syrinx. The shunt tube

was placed into the syrinx (arrow 1) and the caudal end is of the

catheter was secured to the dura with a 6-0 Prolene suture (arrow 2)

(placed in the dorsolateral subarachnoid space)

Table 1. Summary of the JOA scale grades for cervical myelopathy

[23]�

Variable Grade

I. Motor function

a. Upper extremity

unable to feed oneself 0

unable to handle chopsticks; able to eat with a spoon 1

handle chopsticks with much difficulty 2

handle chopsticks with slight difficulty 3

normal 4

b. Lower extremity

unable to stand and walk by any means 0

unable to walk with a cane or other support

on a level surface

1

walk independently on a level surface

but need support on stairs

2

capable of fast walking but clumsy 3

normal 4

II. Sensory function

a. Upper extremity

apparent sensory loss 0

minimal sensory loss 1

normal 2

b. Lower extremity

apparent sensory loss 0

minimal sensory loss 1

normal 2

c. Trunk

apparent sensory loss 0

minimal sensory loss 1

normal 2

III. Bladder function

a) Urinary retention and=or incontinence 0

b) Sense of retention and=or thin stream 1

c) Urinary retention and=or pollakiuria 2

d) Normal 3

� Cumulative normal grade in a healthy individual is 17.

Table 2. JOA score and recovery rate: pre-op and post-op

Parameter Pre-op POD 7 POD 14 POD 30

JOA score 10 11 12 14

Muscle power

(L foot dorsiflexion)

3 4� 4� 4

Recovery rate – 14% 28% 57%
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rates were 14, 28, and 57%, respectively. Strength in

the left extensor hallucis longus muscle rose from grade 3

preoperatively to grade 4 by POD 30 (Table 2).

Discussion

Syringomyelia is characterized by dilation of the cen-

tral canal in the spinal cord and results in neurological

deficits because of gradual compression of the spinal

cord. Its clinical presentation includes progressive weak-

ness in the upper and=or lower extremities, diminished

sensation, and chronic pain. People with this disorder are

frequently misdiagnosed because of vague signs and

symptoms. A delay in the diagnosis of this disorder can

result in irreversible neurological deficits. These deficits

can be reversed, however, by early and effective decom-

pression of the spinal cord.

Current theories about the mechanism for the forma-

tion of syringomyelia are controversial. Possible mech-

anisms include perforation of the foramen of Magendie

resulting in the subsequent expansion of the central

canal (the Gardner theory) and the ‘‘ball-valve’’ effect

of obstruction of the foramen magnum associated with

type I Chiari malformations (the Williams theory) [6, 7].

Obstruction of the cerebrospinal pathway results in a

pressure gradient [3, 5], which is relieved when pres-

sure is dissipated through potential spaces. Eventually,

this results in the creation of an intramedullary cavity

[3, 5].

Conditions leading to syringomyelia can develop with-

in the hindbrain or elsewhere [3, 8]. The most common

hindbrain lesion that results in syringomyelia is type I

Chiari malformation, which develops within the foramen

magnum [9–13]. Spinal cord trauma, the second leading

cause, can also lead to meningeal fibrosis and syringo-

myelia [3, 8, 14–16]. Other causes of syringomyelia do

not necessarily involve the hindbrain such as spinal cord

tumor, infection, kyphosis, and a reaction to iophendy-

late (Pantopaque) [3, 1, 4, 17]. In our patient, syringo-

myelia was classified as idiopathic after all these

potential factors had been excluded.

The treatment strategy for patients with this disorder

varies with the extent of disease progression. Some pa-

tients show no signs or symptoms during disease pro-

gression for many years; such patients may be treated

conservatively [6, 7, 18–21]. Syringomyelia has been re-

ported to resolve spontaneously with conservative treat-

ment in a few cases [1, 6, 18, 21, 22], but some patients

deteriorate progressively with that approach. Such pa-

tients may better be treated with surgical decompression,

comprising myelotomy, syringosubarachnoid or syrin-

gopleural shunt, and spinal cord transaction [3]. In our

patient, severe spinal cord compression induced several

symptoms of syringomyelia, i.e. left foot drop and left-

sided hypoesthesia, which worsened over 1 month. We

performed a shunting procedure, which was followed

by improvement in muscle strength in his left leg and

improved sensation on the left side of his body. It has

been reported that once neurological deficits develop in

patients with syringomyelia, they cannot be completely

reversed with surgery [1, 22]. However, our experience

supports the concept that surgical decompression may be

of some help for neurological deficits in patients with

syringomyelia.
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Summary

Stem cell therapy has been demonstrated to be effective in the man-

agement of haematological malignancy and solid cancer, but its role in

neurodegenerative conditions remains uncertain. We hypothesize that:

(1) ventricular delivery of bone marrow stem cells improves functional

outcome in experimental ischaemia of the mouse brain; and (2) this

improved outcome is due to migration of bone marrow stem cells to

areas of ischaemia. Twelve mice with transient cerebral hemisphere

ischaemia were randomly allocated to receive bone marrow stem cells

or saline. The six animals that underwent cell therapy were found to

perform better and committed fewer errors in the water maze system

compared with the six control mice. Migration of these bone marrow

stem cells was evident within the ventricular cerebro-spinal fluid (CSF)

system and the brain parenchyma. This could also occur in clusters of

cells. Preferential migration of these cells took place in lesioned areas.

Keywords: Bone marrow stem cells; cerebral ischaemia; water maze

system.

Introduction

Stem cell therapy is generally regarded as a potential

treatment modality for cancer and degenerative diseases.

In neurodegenerative disorders such as stroke, spinal

cord injury, Parkinson’s disease and Alzheimer disease

[5], consistent efficacy and its biological mechanism

have not been worked out. In this study, two questions

were asked: (1) Could the impaired learning and mem-

ory ability of the mice with transient cerebral ischaemia

be improved by stem cell therapy? (2) If so, does mi-

gration of the stem cells into areas of cerebral ischae-

mia occur?

Material and methods

Twelve mice were selected for the experiment, where it took them

approximately 90 seconds to pass the spatial learning and memory

test using the water maze system after training [1, 6]. Cerebral hemi-

sphere ischaemia was induced by a 20-minute occlusion of both

common carotid arteries [2, 4]. Ten micro liter of 2.5	105 bone

marrow-derived stem cells, labelled with bromodeoxyuridine (BrdU),

were injected stereotactically into the right lateral ventricle of the

mouse brain one day after ischaemia induction. Behavioural assess-

ment of the ischaemic mice four weeks post-transplant was per-

formed using the water maze system for five days. Animals were

then euthanized. After reperfusion with paraformaldehyde, the brain

was removed. Immunostaining of BrdU and NeuN were performed

in frozen sections of 10 mm thickness.

Results

Compared with the control mice having sham opera-

tions, the time taken for completion of the behavioural

assessment was significantly shorter (mean� 1 standard

deviation: 29� 10s vs 45� 13s; p¼ 0.01) and the inci-

dence of errors committed on day five by ischaemic

mice with undergone cellular therapy was significantly

reduced (2� 1 vs 6� 2; p¼ 0.001). BrdU-labeled bone

marrow stem cells were noted to migrate from the ven-

tricular CSF system to the brain parenchyma (Fig. 1).

Migration of BrdUþ cells in clusters was also demon-

strated in the lesioned brain where loss of neurons was

demonstrated (Fig. 2).

Discussion=conclusion

Migration of implanted bone marrow stem cells occurs

in an orderly and systematic fashion. The co-adhesion of

the implanted cells led to cell clusters migrating to le-

sioned areas. These phenomena may be attributable to the

micro-environment provided by the cerebral ischaemia.

The development of successful cell therapy strategies for



brain repair requires the elucidation of this ill-understood

regulatory mechanism in the nervous system [3].
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Fig. 1. Migration of implanted bone marrow stem cells to the parenchyma of the ventricular system. (A) H&E-stained brain section (B, C and D)

migration of BrdU-labelled bone marrow stem cells to the highlighted area

Fig. 2. Implantation of cell clusters to the lesioned area of the cortex
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Summary

We investigated the effect of stereotaxically transplanted human mes-

enchymal stem cells (hMSCs) on behavioral change after traumatic cold

brain injury in adult rats. Cortical lesions (n¼ 20) were induced by

touching a metal stamp, cooled with liquid nitrogen, to the dura over the

forelimb motor cortex of adult rats. The procedure produced a localized

lesion, and the animals showed significant motor deficits. hMSCs were

freshly isolated from human iliac bone and cultured in tissue culture

flasks with 10ml Dulbecco’s modified Eagle’s medium. The animals

received hMSC grafts (3	105 hMSCs) 6 days after cold lesion (n¼ 10).

All rats were sacrificed 3 or 7 weeks after cold injury, and immuno-

histochemical staining was performed on brain sections to identify

donor hMSCs.

Neurological evaluations were performed with the forepaw adjusting

step test and modified neurological scoring. Treatment with 3	105

hMSCs improved the rat’s neurological functions. We also found that

the transplanted cells successfully migrated into the injured brain, pre-

ferentially localized around the injury site, and expressed the neuronal

and astrocyte marker.

These data suggest that hMSCs may be a potential therapeutic tool for

brain injuries.

Keywords: hMSCs; transplantation; behavior recovery; traumatic

cold injury; immunostaining.

Introduction

Traumatic brain injury (TBI) is the most common

brain injury in humans and involves mechanical,

ischemic, and excitotoxic components [1, 2]. TBI results

in motor and cognitive deficits that may persist for a

prolonged period of time after the traumatic event. Fol-

lowing the initial mechanical damage, secondary path-

ways are activated that contribute to ischemic and

excitotoxic damage [2–4]. Traumatic injury of the cen-

tral nervous system, including events such as ischemia,

edema, ionic imbalances, energy metabolism, and bio-

chemical changes resulting in neurotoxicity that are

harmful to brain cells, result in secondary neuronal dys-

function and death [5, 6]. These alterations are poten-

tially harmful because they create a hostile environment

and may also cause bystander effects to cells not

exposed to the initial injury.

The primary goal of therapy after TBI is to ameliorate

the destructive processes that begin with the injury.

Traditional therapy for brain trauma involves the surgi-

cal removal of lesions and prevention of secondary

complications. Regardless of the selected therapeutic

intervention, trauma will always cause loss of neurons.

Therefore, successful restoration of the injured brain

must be accompanied with regeneration or transplan-

tation of fetal embryonic stem cells. Brain tissue,

marrow-derived stromal cells, neural stem cells, or other

genetically engineered cells are capable of integration

and differentiation to restore functional connectivity

[7–11]. One of these cell types, adult stem cells, has

been located in several human organs such as bone mar-

row, blood, cornea, retina, brain, skeletal muscles, liver,

and skin. Stem cells located in continuously renewing

tissues are able to regenerate or repair tissues throughout

life. However, neural stem cells (NSC) of the non-

regenerating adult central nervous system (CNS) exhibit

poor capacity to generate new neurons to replace cells

lost after injury or degeneration. Some stem cells may

have the capacity to differentiate, but the mechanism of

restoration is not clear. One possibility is that the pro-

genitor cells integrate into the brain and take over the

function of the neurons or glia that were destroyed by

injury. Another is that the transplanted cells provide

support to injured cells, and protection to host cells.

In recent years, there has been increasing interest in

MSCs, because they may have several potential thera-

peutic applications. In addition to their ability to support



hematopoiesis, MSCs can differentiate into tenocytes,

adipocytes, osteocytes, chondrocytes, and smooth mus-

cle cells [12, 13]. They also have the ability to secrete

growth factors [14, 15], and their potential for central

nervous system repair has been recognized [16, 17].

Bone marrow is a relatively accessible source of auto-

logous hematopoietic stem cells with which there are ex-

tensive clinical trials. In a recent discovery, adult human

bone marrow-derived cells can be easily expanded in

vitro and manipulated via their culture conditions to ex-

press markers associated with cells of neuroectodermal

lineage [18–20].

However, the functionality of neural markers does not

directly imply that bone marrow-derived cells injected

into focal areas of cerebral ischemia [21] or infused

peripherally [22] will lead to functional improvements.

Similarly, rodent studies have demonstrated that focal

implantation or intravenous infusion of bone marrow

cells can lead to remyelination in the spinal cord [23].

In the previous study, rodent bone marrow cells

migrated into the brain and differentiated into microglia

and astrocytes when transplanted into previously irra-

diated recipients [13, 14]. Also, when implanted into

the lateral ventricle or striatum of mice, cultured marrow

stromal cells migrate into the brain and differentiate into

astrocytes [15, 16].

In the present study, we examined the cell growth ki-

netics and expansion of hMSCs in vitro as well as inves-

tigated the effect of hMSCs transplanted stereotaxically

on functional outcomes in animals after traumatic brain

injury. This represents an extension of our research eval-

uating the potential use of MSCs as a therapy for TBI.

Materials and methods

Isolation and culture of hMSCs

Bone marrow aspirates were obtained by puncturing the posterior iliac

crest of human donors under local anesthesia, and hMSC growth and ex-

pansion were then examined in vitro. Each 10ml of aspirate was diluted

with 10ml of Hanks’ balanced salt (HBS; Gibco, Invitrogen, NY, USA)

solution and washed by gentle inversion several times. Mononuclear cells

of bone marrow specimens were separated on a ficoll density gradient

(Ficoll-Paque, Pharmacia, CA, USA). About 5ml of ficoll was layered

beneath 20ml of sample and spun at 800g for 30min at room tem-

perature. The mononuclear cell layer was removed from the gradient

interface and washed twice with Hank’s balanced salt solution. Cells

were spun at 3000 rpm for 5min and resuspended in glucose Dulbecco’s

modified Eagle’s medium (DMEM; Gibco-BRL, Grand Island, NY) with

10% FBS (Hyclone, Logan, Utah, USA) and 1% penicillin streptomycin

(Gibco, Invitrogen, NY, USA). Cells were plated in a 25 cm2 tissue

culture flask and incubated at 37 �C with 5% humidified CO2. After

24 h, non-adherent cells were removed. Adherent cells were washed twice

with PBS and shaken to remove adherent hematopoietic precursors, and

fresh DMEM medium was added. The medium was changed every other

day and the cells were grown to 70–90% confluence. Cells were har-

vested with 0.05% trypsin-EDTA for 5min at 37 �C. Cells were then

replated in a 75 cm2 flask, and again grown in DMEM medium supple-

mented with bFGF (10ng=ml, Sigma, St. Louis, MO, USA).

The plastic-adherent hMSCs were split on day 10 (90% confluence)

and every 8–9 days after that to assess cell growth and yield.

Immunocytochemistry

Cultured cells were fixed with 4% paraformaldehyde in PBS and were

incubated with primary antibodies overnight at 4 �C. The following

primary antibodies were used: monoclonal anti-glial fibrillary acidic

protein (GFAP 1:200; Sigma, St. Louis, MO, USA), monoclonal mouse

anti-neurofilament protein (NF 1:40; Dako, Denmark), neuron-specific

class III �-tubulin (Tuj1) monoclonal (1:400; Covance, CA, USA), and

Map-2 monoclonal (1:200; Sigma, St. Louis, MO, USA). For detection

of primary antibodies, fluorescently labeled Cy3-conjugated IgG sec-

ondary antibodies (Jackson Immuno Research, West Grove, PA, USA)

were incubated for 2 h at room temperature. Cells were mounted in

VECTASHIELD containing 4,6-diamidino-2-phenylindole (DAPI; Vec-

tor Laboratories, Burlingame, CA, USA) and images were obtained via

confocal microscope.

Experimental group

Rats were divided into 3 experimental groups: (i) normal group, 5 rats

without cold lesions; (ii) control group, only cold lesioned rats (n¼ 15);

(iii) a cold lesioned group transplanted with hMSCs in the motor cortex

(n¼ 15). To examine the change of behavioral recovery, all 3 groups

were behaviorally tested at 2, 4, and 6 weeks after hMSC transplanta-

tion. Rats were then sacrificed 6 weeks after transplantation for immu-

nohistochemistry analysis to confirm hMSC integration into host tissue.

Surgical procedures and behavioral testing

Five animals per group were housed in a temperature-controlled

clean room on a 12-h light=dark schedule with free access to food and

water. Male adult Sprague-Dawley rats weighing 250–280g were used

for the cold brain injured rat model. Under a mixture of ketamine

(75mg=kg), acepromazine (0.75mg=kg), and rompun (4mg=kg) anes-

thesia, the head was fixed in a stereotaxic frame. The scalp was incised

and a circular craniectomy was made over the right forelimb motor

cortex (�2mm anterior and posterior from bregma, 3mm lateral from

the midline). Special care was taken to keep the dura intact to prevent

bleeding. The cold lesion stamp was pre-cooled to �70 �C with liquid

nitrogen, and then touched to the exposed dura for 30 sec, 3 times. The

skin was closed over the lesion. We confirmed the injured lesion with

TTC (2,3,5-triphenyltetrazolium chloride; Sigma, St. Louis, MO, USA)

staining because living cells reduce tetrazole to a water-insoluble red

colored formazan, resulting in dead and living tissue being differentiated

based on their respective colors [24].

One day after cold lesion injury, animals were behaviorally tested to

confirm the injured motor cortex. Neurological scoring was examined

using the rat stroke motor score [25] with modifications to measure

forelimb function specifically. We also assessed contralateral forepaw

adjusting steps on a treadmill, which moved at a rate of 90 cm=12 sec, as

described in a previous study [26]. This test consisted of 5 trials alter-

nating between each forepaw at the 2nd, 4th, and 6th week after hMSC

transplantation in the injured rat models.

Preparation of cells for transplantation

Cells were used for transplantation at the 3rd passage and were

labeled with a pulse of 10M 5-bromodeoxyuridine (BrdU; Sigma,
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St. Louis, MO, USA), which was added to the culture medium 48 h

before transplantation. Cells were trypsinized at 37 �C for 5 minutes

with 0.05% trypsin-EDTA, and the dissociated cells were resus-

pended in PBS. Using a sterilized stainless steel needle (0.3 mm

O.D.) connected to a Hamilton microsyringe, 3 ml of the cell sus-

pension (5	104 cells=ml) was injected into the cortex at 2 sites

(AP; �1mm, ML; þ1.1mm, DV; 2.0mm) over a period of 4min.

A time lapse of 4min before the removal of the needle allowed

the cells to settle within the injection site. The rats were given a

daily injection of cyclosporin A (10mg=kg, i.p. Chong Kun Dang.

Pharm., Seoul, Korea) 24 h before grafting, which was continued

until sacrifice.

Immunohistochemical assessment of transplanted hMSCs

Following the 6th week behavioral test, rats were anesthetized with

25% urethane (Sigma, St. Louis, MO, USA) in PBS and intracardially

perfused with 125ml of normal saline followed by 250ml of ice-cold

4% paraformaldehyde in phosphate-buffered saline (pH 7.4, PBS).

The brains of all anesthetized rats were removed and post-fixed in the

same fixative for an additional day at room temperature. Tissues were

transferred to 30% sucrose in PBS and immersed for 48h at 4 �C.
They were then frozen in O.C.T. compound (Tissue-Tek, Sakura

Finetk, Torrance, CA, USA) at �20 �C and sectioned (section thick-

ness 35 mm) using a freezing microtome. To detect BrdU, sections

were incubated in 2N HCl for 1 h at 37 �C before the staining proce-

dure. For double staining with BrdU, other cell type specific markers

were used and visualized by a green color. The primary antibodies

used were: BrdU-FITC monoclonal (1:200, Serotec, Oxford, UK), neu-

ronal nuclei (NeuN) monoclonal (1:100; Chemicon, Temecula, CA,

USA), neuron-specific class III �-tubulin (Tuj1) monoclonal (1:400;

Covance, CA, USA), Map-2 monoclonal (1:200; Sigma, St. Louis,

MO, USA), monoclonal anti-glial fibrillary acidic protein (GFAP

1:200; Sigma, St. Louis, MO, USA), and monoclonal mouse anti-

neurofilament protein (NF 1:40; Dako, Denmark). For primary antibody

detection, a 2-h room temperature incubation with fluorescently-

labeled CY3-conjugated IgG secondary antibody (Jackson Immuno-

research Lab.) was performed, and images were then obtained via

confocal microscope.

Data analysis

Statistical analysis was performed with SPSS version 9.0 statisti-

cal software (SPSS Inc., Chicago, IL, USA). Firing rate comparisons

from different rats in each group were performed using analysis of

variance (ANOVA). Results showing significant differences between

groups were compared using Kruskal-Wallis one-way ANOVA and

then a Mann-Whitney U-test. Statistical significance was accepted

when p was <0.05.

Results

Isolation and culture of hMSCs and Immunochemistry

To examine hMSC growth kinetics and expansion in

vitro, we obtained bone marrow aspirates from the pos-

terior iliac crest of human donors under local anesthesia.

As described in the methods section, hMSCs were

expanded in DMEM medium in the presence of bFGF

for 8–10 days, incubated at 37 �C with 5% humidified

CO2, and then fixed. Figure 1 shows immunocytochem-

ical stainings of cultured hMSCs with the following pri-

mary antibodies: GFAP (Fig. 1A; glial fibrillary acidic

protein in astrocyte), Tuj1 (Fig. 1B; neuron specific beta

III isoform of tubulin), MAP-2 (Fig. 1C; microtubule

associated protein-2 confined to neuronal cell bodies

and dendrites), and NF (Fig. 1D; neurofilament) with

red color. Cell nuclei were counterstained with DAPI

Fig. 1. Double immunocytochemical expressed confocal image of hMSCs. hMSCs were grown in the presence of bFGF. (A) Immunocytochemistry

with GFAP, (B) Tuj1, (C) MAP-2 and (D) NF (red images). Blue images are cell nuclei counterstained with DAPI
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(blue). Confocal microscope images contain long pro-

jections of immunoreactive filamentous structures that

are visible in the cytoplasm. The number of MAP-2 and

NF positive cells was less than GFAP and Tuj1 positive

populations.

Characterization of the brain cortex after cold

lesion and after hMSC graft

The pre-cooled stamp caused a wedge-like lesion that

penetrated all layers of the cortex. The lesion affected

the right forelimb motor cortex and resulted in a motor

deficit in the left forelimb. The place and depth of cold

lesioned brain were determined by observation of TTC-

stained sections. As shown in Fig. 2, the control lesioned

group was perfused 6 days after injury and we found that

the lesion formed a central necrotic area with edema.

Lesions were surrounded by a zone of reactive astro-

cytes that displayed a heavily up-regulated expression

of GFAP (Fig. 2B). In contrast, animals transplanted

with hMSCs demonstrated a smaller injured cavity than

the control groups (Fig. 2C).

Functional recovery by transplanted hMSCs

One day after cold lesion injury, animals were tested

to confirm the motor cortex injured rat model. Cold

injured rat models were selected for transplantation

by quantification of forepaw adjusting steps and sum

neurological score. The animals demonstrated a similar

degree of impairment in both behavioral tests one day

after motor cortex injury. Behavior tests were also per-

formed at the 2nd, 4th, and 6th week after hMSC trans-

plantation. A neurological score is the sum of scores

including symmetry movement, forelimb flexion angle,

and climb score, as described by Garcia et al. [25].

In the injured rat models grafted with hMSCs, the num-

ber of forepaw adjusting steps was significantly increased

2 weeks after injury (control group: 4.03� 2.1, grafted

group: 10.67� 3.8, �p<0.05) (Fig. 3A).

Fig. 3. Time course of behavioral recovery after

hMSC transplantation (A) forepaw adjusting step

test. Behavior test scores were evaluated at 2, 4,

and 6 weeks post-transplantation and compared

to pre-transplantation values. (B) Sum of neuro-

logical score including symmetry movement, fore-

limb flexion angle, and climb tests. Values are

means� SEM (�p<0.05)

Fig. 2. Characterization of the brain cold lesion before grafting. (A) Normal group, (B) cold lesioned group, (C) hMSCs transplanted group
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Also, the animal models grafted with hMSCs, demon-

strated significantly higher neurological scores 6 weeks

after injury (control group: 1.5� 1.13, grafted group:

6.92� 1.08, �p<0.05) (Fig. 3B). The symmetry move-

ment and forelimb flexion angle scores were significant-

ly increased 2 weeks after injury, but the climb score did

not improve (Table 1).

Immunohistochemical characterization

of the transplant and surrounding implantation

BrdU pre-labeled hMSCs were observed in the im-

plantation site and surrounding areas of injury 6 weeks

after transplantation. BrdU positive cells were immuno-

reactive for several neural specific markers (A; GFAP,

B; APC, C; MAP2, D; NeuN, and E; NF), as shown in

Fig. 4. These results show that the transplanted BrdU-

pre-labeled hMSCs, although small in population, have

successfully grafted the lesion, integrated well within

the host brain, and differentiated into neural lineage cells

(neurons and astrocytes) in vivo.

Discussion

Brain trauma leads to the production of free radicals,

excitotoxicity, calcium overloading, cytokine secretion,

Fig. 4. Confocal microscopic images for several antibody stained motor cortex sections (section thickness is 35 mm) of injured rat models grafted

with hMSCs. Immunohistochemical staining and antibodies are as follows (red image); (A) GFAP positive cells around injured area, (B) APC,

(C) MAP-2, (D) NeuN, and (E) NF. Green images are BrdU positive cells. Scale bar is 50mm

Table 1. Exchange of neurological score in experimental groups

Pre-modeling Model 1 week after graft 2 week after graft 4 week after graft 6 week after graft

Symmetry movement score

Normal (n¼ 5) 3 3 3 3 3 3

Control (n¼ 15) 3 1 1.1 � 0.32 1.2 � 0.42 1.3 � 0.48 1.4 � 0.52

hMSCs (n¼ 15) 3 1 1 2.17 � 0.83� 2.42 � 0.51� 2.58 � 0.51�

Forelimb flexion angle score

Normal (n¼ 5) 3 3 3 3 3 3

Control (n¼ 15) 3 1 1 1.3 � 0.48 1.5 � 0.53 1.4 � 0.52

hMSCs (n¼ 15) 3 1 1.08 � 0.28 2.5 � 0.67� 2.5 � 0.67� 2.42 � 0.67�

Climb score

Normal (n¼ 5) 3 3 3 3 3 3

Control (n¼ 15) 3 1.3 � 0.48 1.5 � 0.52 1.7 � 0.48 1.8 � 0.63 1.7 � 0.67

hMSCs (n¼ 15) 3 1.25 � 0.45 1.3 � 0.49 2.16 � 0.71 1.9 � 0.51 1.8 � 0.57

We examined using the rat stroke motor score with modifications to measure forelimb function specifically at the 2nd, 4th, and 6th week after hMSC

transplantation in the injured rat models. The symmetry movement and forelimb flexion angle scores were significantly increased from 2 weeks after

injury, but the climb score did not improve.
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growth-factor activation or withdrawal, and other possi-

ble reactions that are harmful to brain cells [27, 28].

These alterations are potentially harmful because they

create a hostile environment and may also cause bystan-

der effects to cells not exposed to the initial trauma. The

emerging field of regenerative medicine represents an

alternative approach to the more traditional pharmaco-

logical therapy for restoration of damaged tissues.

Recently, MSCs have been studied in vitro and used as

a cell source to repair CNS disease and other organ

disorders in vivo [16, 18, 29, 30]. These cells have been

studied because of their ability to differentiate into non-

mesodermal lineage cells and their possible use as vehi-

cles for autotransplantation and gene therapy for various

diseases. The present study has demonstrated that

hMSCs, which have the potential to give rise to a variety

of neuronal cells, can affect functional recovery in the

motor cortex injured rat model. hMSCs transiently or

continuously expressed several neural specific markers

(GFAP, MAP-2, NeuN, APC, and NF), but have a lim-

ited population. Also, hMSCs significantly reduced the

magnitude of behavioral impairment observed by the

forepaw adjusting step and neurological tests, compared

to media transplanted animals. This result supports the

claim that hMSCs have a multi-potential ability.

Until recently, adult cells have been thought to be

restricted to their tissues of origin. Cells are well known

to be capable of repairing damage in tissues in which

they reside, such as blood, muscle, liver, and skin.

However, the finding that adult cells could be reprogram-

med to express genes typical of all three differentiated

lineage cell types (mesoderm, endoderm, and ectoderm)

when fused to cells in heterokaryons was quite unex-

pected [31].

Our data demonstrate that following hMSC grafting,

increased neurogenesis was observed within the im-

planted areas of the brain. The functional outcome of

hMSC-treated animals was also significantly improved.

There was also improvement in functional outcome,

which was not only maintained but became more sig-

nificant with time. We used BrdU as a marker of grafted

cells. BrdU is a thymidine analog that is incorporated

within the deoxyribonucleic acid of replicating cells.

It is possible that hMSCs, which graft and migrate into

the brain, may proliferate, pick up BrdU, and stain

positively.

The brain sections from hMSC recipient rats were

double-stained with neuronal-specific antibodies and

BrdU. Cells that were positive for both neuronal markers

and BrdU were observed, although in very small popula-

tions, whereas functional recovery was significantly im-

proved. Some of the grafted cells expressed phenotypic

features of neurons and astrocytes, but their number was

small, and the probability of their integration into func-

tional neural circuitry is low. The functional benefit

obtained as a result of hMSC transplantation may be due

to the production of neurotrophic growth factors [12].

The functional improvement in animals that received

hMSC transplants was not dependent on establishing

new neuronal circuits between grafts and the host, or

dependent on reducing the injury site size. This fact

suggests that functional restoration was probably a result

of proteins released by grafted hMSCs that promoted

brain plasticity in the host brain.

Neurotrophic growth factors are essential for the pro-

liferation and maturation of neurons, and hMSCs can

produce these growth factors both in vitro and in vivo

[2, 12]. As Mahmood et al. reported, hMSCs normally

secrete brain-derived neurotrophic factor, nerve growth

factor, basic fibroblast growth factor, vascular endothe-

lial growth factor, and hepatocyte growth factor when

cultured in isolation. However, this secretion was signif-

icantly enhanced when TBI extracts of rat brain were

added to the culture media [32].

Li et al. treated an ischemic stroke rat model with

intravenous hMSC injection and found in vivo production

of nerve growth factor and brain-derived neurotrophic

factor by hMSCs, which correlated with improvement

in functional outcome [17]. Recent data indicate that

growth factors such as brain-derived neurotrophic factor,

basic fibroblast growth factor, and vascular endothelial

growth factor promote neurogenesis [33–36]. Growth

factors are expressed intracellularly and are also secreted

by cells into the extracellular matrix. They interact with

specific cell surface receptors, and the ensuing signal

transduction activates second messenger systems, with

subsequent initiation of new gene expression leading to

new cell function.

We are aware of the problem of immune rejection of

human cells in rats, but no significant immune response

against hMSCs was observed in vivo. In a related study

of hMSCs, it was found that rats were not sensitized

against hMSCs after intravenous transplantation of

hMSCs in rats subjected to cerebral ischemia [12]. There

is also the possibility that hMSCs secrete mediators that

decrease the immune responses involved in xenograft

rejection [1].

Our study clearly shows that the transplantation of

hMSCs can be a potential treatment for functional re-

covery after TBI. hMSCs can be obtained from human
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bone marrow, expanded in culture, and used as a ther-

apeutic source. Success in TBI treatment with hMSC

transplantation may eventually be expanded to treat

a wide variety of neurological disorders. Further study

is needed to investigate how MSCs affect other neu-

ral restorative functions such as synaptogenesis and

angiogenesis.
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Summary

Recently, bone marrow stromal cells have been shown to have the

capacity to differentiate into neural cell under experimental cell culture

conditions. Some investigators suppose that these cells, when placed into

an environment of injury, express factors that promote repair or active

compensatory mechanisms and endogeneous stem cells within the in-

jured tissue [2, 3]. Rats were subjected to a weight driven implant spinal

cord injury. After one week, the rats were treated with cultured human

mesenchymal stem cells (MSCs) transplantation and basic fibroblast

growth factor (bFGF) infusion into the CSF space. Functional outcome

and histologic evaluation were performed. The data showed improved

functional outcome in the group treated with MSCs transplantation and

bFGF administration compared with the group of MSCs transplantation

and control, which means bFGF might take an additional role to improve

functional outcome. Glial differentiation of MSCs was noted but neuro-

nal differentiation was doubtful. In this study, we did not demonstrate the

mechanism of the neurotrophic factor affecting neural repair. However,

this study is consistent with growing literature that MSCs and neuro-

trophic factor promote tissue repair and functional recovery after spinal

cord injury and suggests that MSCs transplantation and bFGF warrants

investigation as a therapeutic intervention after spinal cord injury.

Keywords: Spinal cord injury; human mesenchymal stem cell;

growth factor; transplantation; behavioral test.

Introduction

Bone marrow stromal cell (MSC) is an adult stem cell

which may be a candidate for cell therapy to treat CNS

injury. It is reported that transplantation of marrow stro-

mal cells (MSCs) can promote functional recovery of the

injured spinal cord [2–4, 6, 7]. However, the mechan-

isms of these actions are not clearly defined. Possible

mechanisms are as follows: 1) secretory factors by MSCs

prevent apoptosis of damaged neuron and promote neu-

ronal survival (neuroprotective effect) 2) secretion of

growth factor for axonal regeneration or increasing

sprouting for plasticity 3) secretion of trophic factor

for replacement of damaged cell or tissue from endoge-

nous neural stem cell 4) MSCs originated from bone

marrow differentiate and replace the damaged cell or

tissue 5) forming of the supportive structure that guides

axonal regeneration 6) increasing myelination of dam-

aged axon through differentiated myelinating cell or in-

creasing schwann cell activity. Many growth factors are

involved in the neuroprotective and neuroregenerative

effect in the injured spinal cord. This study investigates

whether a combined treatment with grafts of MSC and

intrathecal injection of bFGF can promote tissue repair

and functional recovery after spinal cord injury (SCI).

Materials and methods

Separation and culture of hMSCs

After our protocol had been determined and institutional review board

approval was received, human MSCs were obtained from the iliac crest

of patients during spinal fusion surgery using sterile syringes aspiration.

All samples were collected after written informed consent was procured.

MSCs were isolated by the non-selective flask adherent method follow-

ing collection of the interphase fraction coat from a Ficoll gradient.

When the cultures reach confluency, approximately after 2–3 weeks,

the cells are harvested with 0.05% w=v trypsin and 0.02% w=v EDTA in

phosphate-buffered saline (PBS; pH 7.4) for 5min at 37 �C, replate and
cultured once again for 2 weeks, then harvested. To identify and label

cells derived from the cord blood, bromodeoxyuridine (BrdU, 3 ug=ml;

Sigma, St. Louis, MO) was added to the medium for 3 days. Thereafter,

the cells were subcultured in chambered slides and the BrdU incorpora-

tion was verified by BrdU immunocytochemical staining.

Spinal cord injury

A total of 30 male Sprague-Dawley rats (Daehan Hiolink, Chungbuk,

Korea, body weight 200–300g) were housed according to US national



institutes of health and USDA guidelines. All our animal experiments

were approved by the institutional Animal Care and Use Committee of

Yonsei University College of Medicine. All surgery was done under

anesthesia with a combination (2ml=kg) of ketamine (25mg=ml), rom-

pun (1.3 gm=ml), and acepromazine (0.25mg=ml). A spinal cord mod-

erate contusion lesion was made at the thoracic (T9) level using the

New York University (NYU) weight-drop device. A metal rod 10g in

weight and 2.0mm in diameter was dropped from a height of 25mm

onto the exposed spinal cord for contusion injury.

Transplantation of hMSCs and infusion of bFGF

via subarachnoid space

Rats were assigned, without bias, to the control group (A, n¼ 10), the

MSCs transplant group (B, n¼ 10), and the MSCs transplant and b-FGF

group (C, n¼ 10). Control group animals were slowly injected 7 days

after injury with 5ml of PBS 1.2mm deep on contusion epicenter using

the glass micropipette injector system for 5 minutes. The MSCs trans-

plantation groups were injected with 5ml (5	105 cells) cell suspension

at the same site as control group. The MSCs transplant and b-FGF group

was injected with the same amount of cell suspension and infused with

b-FGF (5ml=day, 0.36 ng=ml) for 7 days after cell transplantation via

intrathecal catheter. The control group and MSCs transplant group were

infused with the same amount of phosphate buffered saline (PBS; GIBCO

BRL), also for 7 days. Cyclosporin A (1mg=100 gm) was injected daily

from 2 days before transplantation to 8 weeks after transplantation.

Behavioral assessment after SCI

The hindlimb motor function was assessed by using the open-field

BBB scoring system described by Basso et al. [1]. This scale measures

hindlimb movements with a score of 0 indicating no spontaneous move-

ment, with an increasing score being given for the use of individual

joints, coordinated joint movement, coordinated limb movement,

weight-bearing and so on to a maximum score of 21. The test was

carried out 1 day postoperatively and once every week up to the eighth

week after SCI. Behavioral testing was performed by two independent

examiners who were kept blind to the rat’s treatment status.

Histologic study

Cavity size evaluation after SCI

Eight weeks after transplantation, rats were perfused with 0.9% saline

followed by a fixative solution of 4% paraformaldehyde. The T9 trans-

planted segment of the spinal cord was dissected and left on the same

fixative solution at 4 �C. Segments 10mm rostral and caudal of the injury

site were then paraffin embedded. Longitudinal sections were collected

from 20-mm-long spinal cord segments containing the injury and injection

sites. Every 4th sections in each group were stained with Cresyl violate

and the cavity size was measured withMetamorph image analysis system.

Immunohistochemistry

Forty micron sections were cut axially and collected in PBS at room

temperature. For the immunologic studies, deparaffinized spinal cord sec-

tions were boiled in citrate buffer (pH 6.0) for 10 minutes in a microwave

oven. Following blocking in normal serum, the sections were incubated

with monoclonal antibodies (mAb) against human nuclear proteins (MAB

1281, dilution 1:50 in PBS, Chemicon, Temecula, CA) or bromodeoxy-

uridine (anti-BrdU, dilution 1:100 in PBS, Chemicon, Temecula, CA).

To identify cells co-expressing BrdU antibody with glial marker

(GFAP) and neuronal marker (Neurofilament, MAP-2), we utilized fluor-

escence immunohistochemical staining techniques on all 3 groups.

The secondary antibodies used in this study were sheep antibodies con-

jugated with Texas red (anti-sheep poly-Ab, 1:200; Vector Laboratories,

Burlingame, CA) and mouse antibodies conjugated with fluorescein

isothiocyanate (FITC) (anti-mouse mAb, 1:200; Vector Laboratories,

Burlingame, CA). The sections were then washed, mounted and exam-

ined under a laser scanning confocal microscope equipped with a Bio-Rad

MRC 1024 (argon and krypton) laser scanning confocal imaging system.

Statistical analysis

Comparisons of BBB scores between each group were made using an

ANOVA test. Significance was accepted for p<0.05.

Results

Characterization of MSC in vitro

Human MSCs isolated using the flask adherent method

showed the typical polygonal shape of stromal cells. It

took 3–4 weeks to obtain confluence after the first plating

and the doubling time of these cells was 3–4 days. BMSC

proliferated well in DMEM supplemented with 10% FBS

without any added specific mitogens or growth factors.

Immunocytochemistry for anti-CD105 antibody (human

endothelial cell marker) revealed >90% of the positive

cells at 3 passaged primate BMSC. Human specific anti-

mitochondrial antibody also strongly labeled human

MSCs. This antibody may be useful in subsequent trans-

plantation studies (data was not shown).

BBB locomotion scores

The BBB scores of each group had an average of 5.8

points at post SCI week one. There were no differences in

each group (p-value 1.00). There was no statistical differ-

ence until 5 weeks after injury between the groups. From

Fig. 1. BBB Scores of each group. Eight weeks after transplantation,

the transplant group with MSCs and bFGF was more improved with

regard to their BBB locomotion scores as compared to the other groups

(one way ANOVA, p<0.05)

134 K. N. Kim et al.



6 weeks after injury (5 weeks after cell transplantation)

the MSCs transplantation groups showed better functional

recovery than the control group. At week 8 after trans-

plantation, the BBB score were 9.8, 11.0, and 13.1 points

for the A, B, and C groups, respectively (Fig. 1, One-way

ANOVA test, p<0.05). Thus, the MSCs transplantation

group showed an early improvement compared to the

control group, especially in the MSCs with b-FGF infu-

sion group, which was dramatically improved in neuro-

logic function compared to other groups (p<0.001).

Cavity size comparison in each group

and immunohistochemical results

For measurement of the cavity volume, 21 rats at

8 weeks post-transplantation were used. Every 4th long-

Fig. 2. Cavity sizes in each group at 9 weeks after injury. (Left) Cresyl-violet staining, 	100, (Right) volume of spinal tissue subtracted cavity %.

(A) Control, (B) MSCs transplantation, (C) MSCs transplantation with bFGF infusion. The spinal cords of MSCs-injected rats had cavities much

smaller than those of the control rats. The bFGF infusion group showed largest preserved spinal cord tissue among the three groups (One-way

ANOVA test, p<0.05)

Fig. 3. Double immunofluorescence staining of BrdU (green) and GFAP (red). A, D: GFAP, B, E: BrdU, C, F: Merge (A, B, C:	100, D, E, F:	200).

BrdU-GFAP positive cells were seen at MSCs injection site 8 weeks after transplantation

Effect of human mesenchymal stem cell transplantation 135



itudinal sections at an interval of 50 mm were stained

with Cresyl violet. The volume (%) of spared spinal

tissue was then calculated by Metamorph image analysis

system. The spinal cords of MSCs-injected rats had cav-

ities much smaller than those of the control rats. The

bFGF infusion group showed largest preserved spinal

cord tissue among the three groups (Fig. 2, p<0.05).

The BrdU positive transplanted cells were scattered

around the cavity at injury epicenter area. The BrdU

positive cell was also positive for anti-human mitochon-

drial antibody. The number of BrdU positive cells with

or without bFGF infusion were calculated in 6 rats. In

the bFGF infusion group, more transplanted cells sur-

vived than in the MSCs only transplant group (data was

not shown). Double immunostaining with BrdU and

GFAP antibodies showed that cells with BrdU and

GFAP immunoreactivity were scattered in the spinal

cord. Double immunostaining with NF and MAP-2 anti-

bodies demonstrated that the BrdU-reactive cells did not

express neural cells marker (Fig. 2).

Discussion

The present study demonstrated that human MSCs

transplantation can improve locomotion with reduced

cavity formation in the injured rat spinal cord. The infu-

sion of bFGF via intrathecal route showed additional

favorable effect to the damaged spinal cord. Some stud-

ies in rodents have demonstrated improved neurologi-

cal recovery when MSCs were delivered following CNS

injury [2–4]. However, the mechanisms that mediate

these salutary effects remain speculative. In the present

study small numbers of transplanted cells expressed glial

marker (GFAP), but not neuronal markers. It is proposed

that functional benefit observed in the MSCs-trans-

planted rats may not be due to the integration of MSCs

into the injured tissue, but to the production of some

trophic substances beneficial for the nervous tissue.

It was also reported that neurotrophic factors such as

NT-3, BDNF, FGF, and NGF enhanced the regeneration

of damaged axons and so helped recover neurological

functions after CNS injury. Recently it was shown that

bFGF delivery to injured rat spinal cord can promote

functional recovery by neuroprotection and stimulation

of endogenous cells [5]. In this study, we did not demon-

strate an intrinsic mechanism of neurotrophic factor

affecting neural repair. However, our experiment is con-

sistent with growing literature that MSCs and neuro-

trophic factor promote tissue repair and functional

recovery after spinal cord injury and suggest that MSCs

transplantation and bFGF warrants investigation as a

therapeutic intervention after spinal cord injury.

Conclusions

We have shown that MSCs transplantation and bFGF

intrathecal infusion improve the neurological function

and decrease post-injury cavitation in spinal cord injured

rats. The growth factor may have neuroprotective or

regenerative effects after spinal cord injury.
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Summary

Stem cell therapies are an important strategy for the treatment of

stroke. Bone marrow-derived stem cells (BMSCs) may promote struc-

tural and functional repair in several organs via stem cell plasticity. The

tissue damage could stimulate the stem cells migration, and they track

into the site of damage and then undergo differentiation. The plasticity

functions of BMSCs in an injuries tissue are dependent on the specific

signals present in the local environment of the damaged tissue. Recent

studies have also identified the specific molecular signals, such as SDF-

1=CXCR4, required for the interaction of BMSCs and damaged host

tissues. This review summarizes the current understanding of how

BMSCs reach and function in cerebral ischemic tissues.

Keywords: Stroke; stem cells; homing; therapy.

Introduction

Atherosclerosis of cerebral vessels leads to focal

ischemic stroke and subsequent degeneration in the re-

stricted central nervous system region with acute loss of

neurons, astrocytes and oligodendrocytes [1]. This pro-

cess finally results in tissue necrosis and possibly irre-

versible impairment of brain functions. In neurological

disorders the aim of cell therapy is to replace, repair or

enhance the biological function of damaged cells in

order to restore brain function.

Several different types of stem cells, such as those

from peripheral blood, bone marrow, and embryonic

stem cells, have been successfully used to induce neu-

rogenesis and functional recovery in various experimen-

tal models of ischemia [2, 3].

This functional recovery of the damaged brain is de-

pendent on the response to specific signals present in the

local ischemic tissue micro-environment. The beneficial

effects are considered to be mediated by two factors: (1)

increasing endogenous angiogenic, neurogenic and anti-

apoptotic factors due to interactions between BMSCs

and host brain parenchymal cells [2, 4, 5]; (2) differen-

tiation of BMSCs themselves directly into both neuronal

and endothelial cells that restore brain function [2].

Thus, BMSCs have neuroprotective effects not only

directly, through their differentiation, but also through

their ability to induce angiogenic, neurogenic and anti-

apoptotic factors either by themselves or by interaction

with host cells.

This review will focus on our recent studies on stem

cell-based therapies for application in stroke patients,

the possible mechanisms that may be involved in stem

cell-based therapies, and how stem cells reach the site of

cerebral ischemia and function there in the context of

stem cell plasticity.

Granulocyte-colony stimulating factor (G-CSF)

and stem-cell based therapy

Granulocyte colony-stimulating factor (G-CSF), a 20-

kDa glycoprotein, is able to mobilize stem cells from

bone marrow into the peripheral blood (PB) [6]. Recom-

binant G-CSF is also a common treatment after hema-

tologic disease, or chemotherapy, when white blood cell

counts tend to be dangerously low and there is a risk of

infection [7]. G-CSF is also widely used to induce mobi-

lization of blood precursors in different clinical settings

such as chemotherapy-induced myelosuppression and

peripheral blood stem cell recollection for autologous

and allogeneic bone marrow transplantation [8].

We have recently demonstrated that G-CSF can en-

hance tissue regeneration and improve the survival rate

after stroke by mobilizing BMSCs from bone marrow



into peripheral blood [9]. Our earlier study showed that

subcutaneous injections of G-CSF, starting one day after

cerebral ischemia and continuing for up to 5 days, pro-

mote BMSC migration to the injured brain and enhance

neural repair in rats suffering from cerebral ischemia [9].

Infarction volume was markedly reduced, and there

was also significant recovery of neurological dysfunc-

tion. G-CSF may enhance this process by increasing the

number of circulating BMSCs, and their infiltration into

the CNS. In addition, a sufficient number of BMSCs,

mobilized by G-CSF, could home in on cerebral ische-

mic injuries to promote neuronal repair and recovery

of brain function; this would provide a basis for the

development of a non-invasive autologous therapy for

cerebral ischemia. If G-CSF treatment can mobilize

autologous BMSCs into circulation, enhance their trans-

location into the ischemic brain and thus significantly

improve lesion repair, it represents an attractive strategy

for the development of a clinically significant non-inva-

sive stroke therapy. Our recent pilot clinical trial demon-

strated that G-CSF could mobilize BMSCs in patients

after acute stroke in a safe, feasible manner and provide

a neurological outcome superior to conventional treat-

ment (Shyu et al. manuscript submitted).

Chemotaxic factor of SDF-1=CXCR4

SDF-1 is a strong chemo-attractant for CD34þ cells

that express CXCR4, the receptor for SDF-1, and it

plays an important role in BMSC trafficking between

peripheral circulation and bone marrow [10]. SDF-1

regulates adhesion=chemotaxis of bone marrow hemato-

poietic progenitor cells through activation=regulation of

specific integrin molecules [11–13]. Over-expression of

SDF-1 in ischemic tissues has recently been found to

enhance BMSC recruitment from PB and to induce neo-

angiogenesis [14, 15]. Since mobilized peripheral blood

stem cells are increasingly used for clinical cell trans-

plantation, it is becoming clear that proteolytic degrada-

tion of SDF-1 and CXCR4 on stem cells is an important

step in stem cell release and homing [16].

Since SDF-1 receptors are present on bone marrow

stem cells [17], up-regulation of SDF-1 in the local

ischemic damage after injury [18–20] may be related

to homing and engraftment of stem cell to the injured

tissue. Hill et al. [21] recently demonstrated that up-

regulation of SDF-1 was associated with endothelial

cells when GFP-bone marrow transplanted mice under-

went temporary middle cerebral artery occlusion (MCAo).

We hypothesize that SDF-1 is up-regulated in ischemic

tissues and that ischemia-associated hypoxia causes an

imbalance between plasma and bone marrow SDF-1

concentration, resulting in the transient establishment

of an SDF-1 gradient that favors stem cell translocation

into ischemic tissue, thereby enhancing angiogenesis

and functional recovery.

Function of stem cells in ischemic brain

It is possible that BMSCs migrating to the ischemic

hemisphere create local chemical gradients and=or local-

ized chemokine accumulation, dictating a directional

response in endothelial, neuronal and glial progenitor

cells [14]. For example, SDF-1 might also stimulate host

endothelium progenitor cell (EPC) differentiation from

pre-existing blood vessels and=or host EPCs derived

from bone marrow [22]. In the ideal transplantation sce-

nario, stem cells implanted directly into or around the

damaged area would differentiate in situ into those ori-

ginal host cells that have died. The optimum strategy

would probably be to combine transplantation of neural

stem cells (NSCs) close to the damaged area with sti-

mulation of neurogenesis from endogenous NSCs form-

ing a ‘‘new neuron network’’.

The results of our recent study suggested that mobi-

lized EPCs contributed to ‘‘collateral circulation’’, and

could even ‘‘line-up’’ and ‘‘build’’ new vessels in the

ischemic brain [23].

Conclusion

Definitely, cell therapy may serve as a future restora-

tive therapy for stroke. Further studies are necessary to

examine whether stem cells can have a therapeutic role

as, supportive cells, a sole treatment and=or as vehicles

of gene delivery; and to what extent these cells are capa-

ble of neuronal remodeling. Moreover, it remains to be

shown how transplanted cells are integrated into neuro-

nal circuits and promote functional recovery, and

whether grafts survive for long periods of time.
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Summary

Neural prosthesis has been successfully applied to patients with mo-

tional or sensory disabilities for clinical purpose. To enhance the per-

formance of the neural prosthetic device, the electrodes for the biosignal

recording or electrical stimulation should be located in closer proximity

to target neurons than they are now. Instead of revising the prior implant-

ing surgery to improve the electrical contact of neurons, we propose a

technique that can bring the neurons closer to the electrode sites. A new

method is investigated that can control the direction of neural cell

growth using surface nanostructures. We successfully guide the neurons

to the position of the microelectrodes by providing a surface topograph-

ical cue presented by the surface nanostructure on a photoresponsive

polymer material. Because the surface structure formed by laser holo-

graphy is reversible and repeatable, the geometrical positioning of the

neurons to microelectrodes can be adjusted by applying laser treatment

during the surgery for the purpose of improving the performance of

neural prosthetic device.

Keywords: Photoresponsive polymer; surface structure; neural cell

guide; growth control; neural prosthesis.

Introduction

Neural prosthesis is a technology which rehabilitates a

patient with motional or sensory disability by electrical

recording or stimulation of the neurons [2]. The neural

prosthesis has become an important therapeutic option

for these disabilities because transplantation and stem

cell approaches for the neural cell are promising, but still

distant. Significant progress has been made in several

areas of neural prosthesis. The cochlear implant system

restores the auditory sense in the deaf [4]. The artificial

retina system stimulates the remained retinal neural cells

in patients with degenerated photoreceptors to restore

vision [8]. The cortical prosthetic device is proposed to

monitor and stimulate the motor cortex for quadriplegic

patients due to cervical injury and amyotrophic lateral

sclerosis [7]. Functional electrical stimulation is also

promising for patients with neurogenic bladder, paraple-

gia due to lumbar injury and so on [10]. Microelectrodes

in these devices play a crucial role in stimulating and

recording neural signals for monitoring and controlling

the activities of the nervous system. To record the bio-

signals and stimulate the neurons effectively with high

resolution, the electrodes have to maintain contact with

the targeted neuronal cells closely enough to focus the

electrical current onto the target cells. The electrode sur-

face needs to be within 100 nm of the nerve cell in order

to obtain a reasonable signal to noise ratio [5]. However,

in almost all prosthetic devices, the relative position of

electrodes with respect to target neurons is determined

at the moment of the operation. Correct positioning of

the electrode with micro and nanoscale precision is not

possible with conventional surgery. Moreover, once the

device is implanted into the body of the patient, the

position cannot be adjusted without revision of the pre-

vious implantation surgery. In an approach of enhancing

the interfacing electrical activity [1], a semiconductor

fabrication technique with silicon, silicon nitride, and

gold was used to provide a substrate to align neurons by

reaction to the topography. This approach succeeded in

guiding the neurons by providing micro or nano struc-

ture on the surface of the devices.

Nevertheless, the limitation of such approach is that

the topography in the substrate is fixed after fabrication,

so modifying the physical structure to adjust the position

of the neurons after surgery is not possible. A material

with dynamically changeable properties would open a



new stage of adjusting the cells to the electrodes by

controlling the growth of neurons. Photofabrication with

laser holography provides unique advantages over con-

ventional techniques, including being a one-step process

without complicated procedures, and allowing pattern-

ing without a photomask, easy control of depth and

width, noncontact optical fabrication, and the super-

imposition and reversibility of patterns [3, 6]. Micro

and nanoscale grooved structure can be generated with

laser holographic fabrication. The primary hippocampal

neurons are known as changing directions of neurites

growth on the microgrooved structure [9]. This implies

that the hippocampal neurons can be guided onto the

target electrode by the contact guidance. By applying

this photofabrication technology to neural prosthetic

devices, it is expected that the relative position of neu-

rons could be improved without surgery after insertion

of the device.

Materials and methods

Holographic photoresponsive polymer

Azobenzene copolymer, poly [(methylmethacrylate)-co-(disperse red

1 acrylate)] (57042-7, Sigma Aldrich) was used as a holographic photo-

responsive polymer. It was dissolved in tetrahydrofuran at a concentra-

tion of 5% (w=w). The polymer film was formed by spin coating on a

cover glass with a thickness of about 1mm. The coated polymer was

dried for 6 hours at 70 �C to remove the solvent.

Surface fabrication and laser holography

In order to form a holographic SRG, we used a 488-nm Arþ ion laser

and the classic Lloyd’s mirror setup (Fig. 1). Light from the laser was

expanded by a beam expander at an appropriate range and polarized. We

formed an interference pattern by the superposition of two beams. One

came directly from the laser and the other was reflected from a mirror.

The incident beam from the laser was linearly polarized at an angle of

þ45� while the reflected beam from the mirror had an angle of �45�

with respect to the substrate normal. These two orthogonal beams

exhibited polarization modulation on the polymer surface resulting in

molecular migration to form regular sinusoidal SRG. The intensity of

Arþ ion laser was about 300mW=cm2. The width of grooves was

determined by the combination angle between the two beams, and the

depth by the duration of laser irradiation. The formation of the grating

was monitored in real time by probing with a He–Ne laser (wavelength

of 633 nm) onto the inscribed region. The probe beam was linearly

polarized at 45� to the axis of grating and did not influence the fabrica-

tion process.

Cell culture

Primary hippocampal neurons were prepared from embryonic day

18 Sprague-Dawley rats as described previously [15]. The disso-

ciated neurons were placed in modified Eagle’s medium supplemen-

ted with 20% glucose, 1mM sodium pyruvate, 2mM L-glutamine,

and penicillin-streptomycin (Invitrogen) for 3 hours, and grown in

neurobasal medium supplemented with B27 and 0.5mM L-gluta-

mine. To reduce glial proliferation, we treated the neurons with

Ara-C after 3 days. Once a week, we removed half the volume of

medium and replaced it with fresh maintenance medium. To sterilize

the polymer for culturing neurons, the prepared polymers were

dipped into 70% (v=v) ethanol in water and rinsed three times with

sterilized water. Prior to cell seeding, cover glasses were treated with

poly-D-lysine coating to enhance the adhesion of the neuronal cells

on the polymer substrate.

Fig. 1. Schematic view of the optic setup for SRG formation. Two orthogonal beams interfered on the surface of the polymer to form the

groove structure. The period of the grating pattern depended on the combination angle �. (PD Photo detector, BE beam expander, P polarizer,

M mirror, A aperture)
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Analysis of cell morphology

After inscribing SRG on the polymers, the exposed surfaces were

investigated with a scanning electron microscope (SEM, XL30FEG,

Philips) and an atomic force microscope (AFM, XE-150, PSI) in contact

mode. Cell morphology was analyzed with a phase- and differential-

contrast microscope. Rat hippocampal neurons were washed with phos-

phate-buffered saline (PBS) and fixed with 4% (v=v) paraformaldehyde

for 10min at room temperature. After fixation, cells were gently washed

with PBS and dehydrated in a series of ethanol solutions (70, 80, 90,

then 100% (v=v), each for 10min) to ensure total dehydration. The

samples were desiccated overnight, sputtered with gold, and analyzed

by SEM.

Results and discussion

Cell viability

Primary hippocampal neurons were proliferated on

poly-D-lysine coated photoresponsive polymer. The

viability of neural cells on the polymer was investigated

by optical microscopy. The morphology of the cells indi-

cated that they were healthy, lacking any symptoms of

cell deterioration such as retracted or beaded neurites,

swollen somata, or detachment from the polymer sur-

face. The cultured cells survived for over 6 weeks, dur-

ing which time the polymer did not degenerate.

Neurons guiding with photoresponsive polymer

The morphology of neurons on the surface patterned

with grooves was observed using both optical micro-

scopy and SEM. Figure 2a shows a neuron cultured on

SRG, whose neurites grew out from the cell body per-

pendicular to the grooves formed by laser holography. In

Fig. 2b, neurites were also aligned in perpendicular

direction, revealing that neurons have a strong tendency

to grow in perpendicular direction in the grooved sur-

face. The repeating microgrooves provided a continuous

topographical cue to the neuronal behavior, making the

neurites grow perpendicular to the grooves.

Figure 3a shows the localized topographic effect on

the growth of neuronal process. When the neurites of a

neuron with its cell body outside of the grooved region

grew into the microfabricated region, the neurites ad-

justed their trajectories to the direction perpendicular

Fig. 2. SEM image of rat hippocampal neurons attached on SRG

(1.4mm wide, 400 nm deep), clearly showing a neurite growing out

from a cell body perpendicular to the direction of microgrooves (a).

The directions of the neurites were controlled by the surface

topography, aligned in perpendicular direction to the grooves (b)

Fig. 3. Optical microscopy image of rat hippocampal neurons after

6 days in culture: (a) SRG (1.2mm wide, 600 nm deep) is running

horizontally in the middle light region. Neurites extending into the

grooved region tended to grow perpendicular to the SRG. (b) Neurons

were guided to grow towards an electrode site by laser-treated surface

topography
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to the grooves. This observation further supports that the

direction of growth of living neurons can be controlled

using photofabrication with laser holography. Figure 3b

demonstrates guiding neurons to the site of recording

and stimulating microelectrode array. Black lines are

gold line insulated with an insulating layer to transmit

the current to the cells, and the black square on the end

of gold line is a recording and stimulating site which is

not insulated. Photoresponsive polymer was coated on

the insulation layer of the microelectrode array. To make

a contact between a microelectrode site and a neuron,

we made the laser-induced surface gratings on the poly-

mer. The neurons responded to the microtopography and

were guided toward the site of electrode.

Conclusion

Interfacing nerve or sense cells with microelectrodes

is important for the successful performance of neural

prosthetic devices. Micro and nano surface structure

generated by laser holographic method was applied to

guiding neural cells. On the laser-treated region, rat hip-

pocampal neurons showed a strong tendency of growing

in a perpendicular direction to the grooved surface struc-

ture. We succeeded in guiding the neural cells toward

the site of microelectrode. Our experiments indicate that

laser holographic fabrication on azobenzene copolymer

is a promising technique to enhance the electrical inter-

face between neurons and microelectrodes. This could

be used to improve the performance of neural prosthet-

ic device after implanting the device in a noninvasive

manner.
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Summary

Background. The purpose of this study was to design and make a

simple, inexpensive brain knife that could produce consistent results

following transection in animal model.

Materials and methods. After testing various materials including com-

mercially available products, microelectrode recording needles as used in

deep brain stimulation (DBS) surgery were selected as ideal candidates.

They were modified to serve as type of wire-knife for the purposes of

study. For this study, the major pathway for dopaminergic neuron from

substantia nigra to striatum was selected for transection. A total of 40

Sprague-Dawley rats were assigned to 8 groups; normal, 1–4, 6, 8, and

10 weeks post-transection. Degree of cell death was determined and

surviving neurons were counted by means of fluorescent microscopic ex-

amination, immunohistochemistry involving tyrosine hydroxylase (TH)-

immunoreactive staining, and mapping to verify complete transection.

Results. Compared to control, percentage of remaining neurons in

each group was 61.3, 36.8, 29.9, 5.1, 5.9, 7.0%, respectively. Complete-

ness of lesion was correlated with the absence of TH-immunoreactivity

in the striatum.

Conclusion. Our model seems to provide complete cell death in early

period after transection with consistent results. Thus, this type of brain

knife can be very handy, without any extra cost, in any research model

involving transection of fiber bundle for studies on neurodegeneration

and neuroregeneration.

Keywords: Knife; electrode; transection; substantia nigra; cell death;

degeneration.

Introduction

Various types of injury to the central nervous system,

mechanical, chemical, inflammatory or ischemic, cause

varying degrees of degeneration of damaged neurons

[18]. The degree of cell death whose outflow tract is

injured may be related to the nature of injury, the pro-

portion of axons within the tract that are damaged, and

the distance of injury to the nucleus [5]. However, pre-

vious studies have indicated that much more time is

required, at least 10–12 weeks, for cell death to take

place in experimental models of mechanical transection

involving the optic or nigrostriatal pathway [18, 21].

This may be due not only to location or type of injury

but the extent of injury, where partial injury may pro-

voke slow and incomplete degeneration of neurons

involved. This type of model may be ideal for studying

the nature of a slow progressive course of degenerative

process. However, it would be very appealing for the

monitoring of therapeutic measures if such process can

be obtained at short term with complete lesion.

Nigrostriatal pathway has been lesioned surgically

[18], electrolytically [3] and chemically using both 6-

hydroxydopamine(6-OHDA) [7, 23, 26, 31] and methyl-

4-phenyl-1,2,3,6-tetra-hydro-pyridine [9, 13]. However,

inconsistent results have been reported with regard to

extent of lesion and time course of cell death. Also, dif-

ferent methods for lesioning the nigrostriatal tract have

been reported to lead to different degrees and rates of

dopaminergic neuronal cell death. Previous studies have

shown that after a mechanical transection of the medial

forebrain bundle (MFB), about 50% of SN dopaminergic

neurons survive; reported survival rates being 44% at

18 days [17] and 50% at 19 days after transection using

an commercialized extruding wire knife, 60% survival 56

days after partial hemitransection of the midbrain, and

52% survival at 15 days [16] and 31–44% survival at

14 days [30] after hemitransection. However, these com-

mercialized available knifes are quite expensive and do

not last long. Thus, it was intended in this study to estab-

lish a mechanical transection injury model where a more

complete lesion can be obtained in a short period of time



to provide an effective, simple and inexpensive model to

be used for studies of degeneration and regeneration.

Material and methods

Operations

A total of 40 female Sprague-Dawley rats weighing between 200 and

250 g were anaesthetized using 1.5 cc mixture of ketamine (62.5mg=kg)

and xylazine (3.25mg=kg) administered intraperitoneally. Additional

dosage of anesthetics was given according to the depth of anesthesia.

The animals were then fixed into a stereotaxic frame (David Kopf) with

the incisor bar set at 3.3mm below the interaural line. A midline incision

was made and the periosteum cleared from the cranium before the tip of

the operating instrument was referenced against the bregma. The rele-

vant piece of skull was removed using a dental drill before a second

reference was made against the dura [21].

Retrograde tracer injections

Bilateral intrastriatal injections were made in 80 of the animals seven

days before the nigrostriatal transection using a Hamilton syringe (Preci-

sion Sampling Corporation). Twelve different coordinates at six different

tracts of each striatum according to Paxinos and Watson atlas [26] were

chosen to level the whole striatum, and each of these were 1) 1.6mm

anterior to bregma (AP: 1.6), 1.7mm frommidline(L: 1.7), and 4.4mm&

5.8mm from cortex (D: �4.4, �5.8); 2) AP: 1.3, L: 3.0, D: �4.2, �6.4;

3) AP: 0.3, L: 2.3, D: �3.7, �7; 4) AP: 0.1, L: 4.0, D: �4.4, �6.8;

5) 1.2mm posterior to bregma(AP: �1.2), 4.5mm lateral to midline

(L: 4.0), and 5.0mm & 7.0mm from cortex (D: �5, �7); and 6) AP:

�2.8, L: 5.0, D: �6, �6.6 (Fig. 1). The tip of the syringe was lowered

vertically according to these stereotactic coordinates and retrograde fluo-

rescent tracer DiI (1,10-dioctadecyl-3,3,30,30-tetramethyl-indocarbocy-

anine perchlorate) was then injected (2ml at each tract and 1ml at last
tract) and the syringe was left in situ for 2min before being withdrawn.

Nigrostriatal transection

The right nigrostriatal tract of 45 animals was transected in the MFB

using our custom-designed, modified small wire knife. It is similar to the

wire knife developed by Scouten et al. [34] (Fig. 1). It is mainly made of

platinum-tongsten steel and has a memory effect so that it would be kept

straight within the guide-canula, but will have circular configuration

when it is pushed-out from the canula. It is 100-mm thick and 3-mm

wide by 3-mm high. The tip of the knife with the outer canula was

lowered vertically from a point 3.6mm posterior to and 3.0mm right of

the bregma, and to 6.0mm below the dura before the wire was extruded.

It was intended to transect MFB which contains most of the nigrostriatal

fibers corresponding to 1mm rostral to the tip of SN. When the knife is

extruded from the canula, it forms a smooth curve in the coronal plane,

reaching 3.0mm medial and about 3.0mm from the tip of the canula.

The knife is then withdrawn vertically by 2.5mm. Thereafter the blade

was retracted before again being extruded and lowered by 2.5mm. Thus,

the tract was cut twice before the wire was finally retracted and the knife

removed.

Immunohistochemistry

All experimental animals, including the control ones, were deeply

reanesthetized with a toxic dose of the same anesthetics according to

time protocol and transcardially perfused with 75ml of cold PBS and

250ml of cold 4% paraformaldehyde in 0.1M phosphate buffer solution

(PBS at pH 7.4) at 4 �C over 20min. The brains were then removed and

postfixed for 2 h in the same solution before being cryoprotected in PBS

containing 30% sucrose overnight at 4 �C. Coronal sections of 25mm
thickness were cut on a freezing microtome from brain immobilized in

standardized position according to Paxino–Watson atlas [26]. Section

containing rostral pole of SNpc (neuronal group A9 [6]) was carefully

determined first (corresponding to 4.0mm caudal to bregma, named sec-

tion ‘‘0’’, and most caudal section being 1.6mm from section ‘‘0’’).

Every seventh section through the nigral complex was mounted in water-

based fluoromount-G (Fisher Scientific) on uncoated glass slides, ana-

lysed for the number of DiI-labeled SN neurons, and photographed.

Sections were then incubated in a free floating state at room temperature

(if taken from slides after counting DiI labelled neurons) or washed

3	10min (if sections were in free floating state) with TBS containing

0.25% Triton X. Sections were then blocked in PBS containing 5% goat

serum and 0.2% Triton X-100 for 30min before being transferred to a

I: 40,000 diluted solution of mouse monoclonal anti-tyrosine hydroxlase

(anti-TH) antibody (Chemical International Inc.) in which they

were incubated in TBS=serum (1%)=Triton X-100 for 2 h at room

Fig. 1. Transection of MFB by custom-designed wire knife. It is 100 mm thick, 3mm long, 3mm high, forms a curved shape when it is extruded into

target region. Two vertical cuttings are made at target coordinates of (L) 3.0mm, (AP) �3.6mm, (DV ) �6.0mm with tool bar set at �3.3mm. It is

done by mediolateral plane movement and is slipped back into guidance carrier after cutting
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temperature followed by 16 h at 4 �C. Visualization of antibody bind-

ing was with a biotinylated goat anti-mouse immunoglobulin antibody

(Vector Labs) in TBS=serum at 1:200 for 1.5 h followed by 1.5 h with

avidine biotin I complex (ABC Elite, Vector Labs) in TBS. Peroxidase

activity was developed in 0.04% 3,3-diaminobenzidine tetrahydro-

chloride=0.06% NiCl2=0.02% H2O2 in Tris HCl. Sections were finally

washed 3	10min in PBS and mounted on glass slides subbed with

0.2% gelatin, in glycerol gelatin, air dried, incubated for 30 seconds in

0.005% OsO4, dehydrated in ethanol, cleared in xylene, and cover-

slipped in Permount.

Mounted sections were examined using a fluorescent microscope

(Leitz) and number of TH-immunopositive SNpc neurons as defined

by Bjorklund and Lindvall having a maximal cell body diameter greater

than 10mm on both transected and control sides were counted at

250	magnification and mapped using NIH Image software for survival

and location of cell death according to time. Size of cell body was also

measured. After analysis and photography, sections were rehydrated and

stained with cresyl violet.

Total number of SNpc neurons were calculated according to

Abercrombie formula for correction of split-cell counting errors where

N¼ n[t=t(tþ d)] (N¼ total number of cells; n¼ number of cell counted;

t¼ section thickness; and d¼ cell diameter) [1]. Also, counts were ex-

pressed as a percentage of the number of neurons labelled on the lesioned

side compared with the number on the control side for each animal.

Results

Animals were sacrificed one to 16 weeks after mechan-

ical transection of the MFB. Coronal sectioned brains

were processed for immunohistochemistry against TH.

Completeness of transection of MFB was evidenced by

absence of TH-(þ) fibers in the striatum (Fig. 2). Borders

used to define the SNpc (A9) were first outlined by

Bjorklund [6] and later adopted by Hagg and Varon [11].

Comparison of DiI, TH-(þ) labeled, and cresyl

violet stained neurons in control animals

In 5 control animals, the total number DiI (þ) and

TH-(þ) labeled neurons in both sides of SNpc were

counted to see whether most neurons in SNpc were

labeled compared to all neurons irrespective of size and

phenotype expression that were stained exclusively in cre-

syl violet. Total number of TH-(þ) neurons in SNpc of the

non-lesioned side of animals was not significantly different

from that in control animals [3687� 88 (mean� SEM)

vs. 3927� 86; Abercrombi corrected; Mann-Whitney

U test]. The total number of DiI (þ), TH-(þ), and cresyl

violet stained neurons in each SNpc of control animals

were 3222� 86, 3369� 84, and 3663� 82, respectively.

This indicates that the number of TH-(þ) neurons was

92% of the number of cresyl violet-stained neurons and

the number of DiI (þ) neurons 95.6% of TH-(þ) neurons.

Thus, the DiI (þ) and TH-(þ) neurons seems to repre-

sent the same neuronal population and this is close to

90% of the dopaminergic neurons in SNpc.

Degree and time course of SNpc neuronal loss

after transection of MFB

The total number of DiI neurons and size of neurons

after transection are listed in Table 1. The percentage of

loss of SNpc neurons compared with control side at 1, 2,

4, 6, 10, 12 and 16 weeks after a unilateral mechanical

lesion of the MFB were 38.7, 63.2, 71.1, 94.9, 94.3, 95,

93.9, 92.3%, consecutively. Sizes of neurons were also

Fig. 2. Completeness of transection is demonstrated by absence of TH(�) immunostaining (right) compared to control side (left)

Table 1. Total number and size of labeled DiI neurons after transection

Control side Lesion side Size of neuron

Normal 4037 � 161� 20.3 � 5.8

1 week 3985 � 149 2444 � 432 18.8 � 4.3

2 weeks 3634 � 78 1338 � 71 17.5 � 4.2

3 weeks 3749 � 106 1120 � 106 16.1 � 3.3

4 weeks 3635 � 68 185 � 47 15.3 � 4.4

8 weeks 4218 � 60 240 � 10 17.1 � 1.4

10 weeks 3761 � 88 188 � 19 17.3 � 2.3

12 weeks 3664 � 90 223 � 15 16.1 � 1.2

16 weeks 3655 � 84 281 � 18 16.3 � 1.8

�Numbers are expressed Mean � SEM.

A new and simple transection knife for study of neurodegeneration and neuroregeneration in animal model 147



decreased after transection. There was a significant drop

in the number of surviving neurons after the first week,

followed by a modest degree of decrement during the

second to third week, but another steep decline after the

third week. Beyond this time, there were no significant

changes in the number of surviving neurons until 16

weeks, shown as plateau.

Approximately 40% of cells died within the first week

after the lesion, followed by a progressive cell loss, with

a leveling off at approximately 95% cell loss after about

4 weeks (Fig. 3). There were no significant changes with

regard to number of surviving neurons. There is a clear

correlation, as might be expected, between the comple-

teness of lesion achieved and the degree of resulting cell

death. Notably, even at complete transection, as judged

by an almost complete absence of tracer in the ipsilateral

striatum, about 5–7.7% of the nigral neurons survived.

This lack of tracer in the most complete lesions, coupled

with the distribution of surviving cells, suggests possi-

ble existence of contralaterally projecting SN neurons.

After 4 weeks up to 16 weeks, the same relationship

between completeness of lesion and degree of cell death

can be seen, representing the absence of any significant

regeneration of SNpc neurons after complete transec-

tion of their axons projecting to the targeted region, the

striatum.

Disscussion

This study has shown that following a mechanical

transection of the MFB, there is an almost complete loss

of TH-neurons from the SN. This loss progresses line-

arly reaching an end point at about 4 weeks at which

time only 5.1% of SNpc neurons remain. However, it is

associated with a somewhat biphasic pattern with two

sharp declines from time of transection to first week, and

third week to fourth week, with modest to plateau curve

in between. It may be due to an early response of SNpc

neurons to complete axotomy followed by delay in

neuronal loss associated with compensatory induction

and upregulation, of TH expression or other mechanisms

involving restorative processes of dying neurons, but

then ensuing continued cell death without regenerative

process. The exact mechanism of neuronal death with

regard to time and degree of cell death should be verified

in future with a quantitative study on up- or down-

regulation of various factors involved in the degenera-

tion and regeneration of specific axons and neurons in

SN and striatum. In this study, the cell loss in SNpc was

attributable to cell death and not merely a down-regula-

tion of TH, as was demonstrated by the injection of a

retrograde tracer, DiI, into the striatum seven days before

the transection.

DiI labelling has been shown not to affect the survival

of neurons in vitro and in vivo, and remains robustly de-

tectable up to 9 months in vivo without leakage to other

cells [15, 20]. Its retrograde transporting capability is

based to a large part on passive diffusion through associa-

tion with lipids, including cellular membranes, and results

in the ‘‘filling’’ or labeling of neuronal cell body and all

processes [4, 9]. This was also observed in this study

where survived neurons, previously labeled with DiI,

up to 10 weeks maintained its labeling without fading.

Also, with the dose as used in this experiment, it has been

shown to cover the whole striatum, thus labeling most of

the axons of SNpc neurons in striatum. However, it was

associated with a somewhat strong background which,

due to its strong fluorescence, sometimes interfered with

Fig. 3. Representative pictures showing axotomy-induced degeneration of SNpc neurons with time; intact side of SNpc 4-weeks post-transection

showing TH-(þ) neurons (left), transected side showing complete neuronal loss in SNpc (right)
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the visualization of the outline of surviving neurons.

Labeling with a lesser dose may in future solve this

problem.

The wire knife used in this study is similar to the wire

knife developed by Scouten et al. [27] but it is simpler,

stronger, and inexpensive as well as effective in transect-

ing most of, if not all, nigrostriatal axonal pathway as

demonstrated in earlier studies. It is mainly made of

platinum-tongsten steel and is custom-designed to have

a memory effect so that it would be kept straight within

the guide-canula, but will have a circular configuration

when pushed-out from the canula. It is 100-mm thick,

3-mm wide and 3-mm high. From previous and the pre-

sent study, it has been proved to be simple in use, have

good endurance (each lasting more than one year), and

to be much less expensive as compared to commercial

products. When the purpose of research is to seek ther-

apeutic effects of certain drugs or therapeutic modalities

that require a definitive and consistent model, the authors

believe that this model would be ideal because it pro-

vides a complete hemi-Parkinson model in a short period

of time. However, it would not be suitable for studying

similar to clinical syndromes when a slower, selective

and progressive dying of SNpc neurons is preferred.

This type of model, more related to human Parkinson

disease, however, may also be quantified in chronologi-

cal order by modifying the transection technique. This

technique is currently under investigation and will be

very attractive if and when it is possible to repeat with

consistency any degree of transection and degree of neu-

ronal degeneration of SNpc.

As for the number of DiI (þ) and TH-(þ) neurons

counted in the control groups, results showed that per-

centage of DiI (þ) neurons among TH-(þ) neurons was

95.6%, meaning that retrograde DiI labeling was essen-

tially complete. Also, results indicated that DiI (þ) and

TH-(þ) neurons represent 88 and 92% of cresyl violet

stained neurons and TH-(þ) neurons represent 92% of

cresyl violet stained neurons. These figures are similar to

previous studies [11]. The remaining portion, about 10%,

may represent the uncounted neurons due to small size

(<10 mm in diameter) or non-dopaminergic neurons nor-

mally present in SNpc along with dopaminergic neurons

that account for the majority of neurons in this area.

Such smaller sized neurons may also be dopaminergic

but were not counted because they may represent in-

trinsic or interneurons that exclusively reside in SNpc

without their axons projecting to the striatum. Thus, the

retrogradely labeled DiI (þ) neurons and TH-immunor-

eactive neurons in this study very likely represent the

same neuronal population and this is close to 90% of the

dopaminergic neurons in SNpc.

Following transection of the MFB, 40, 63, 70, 95, 94,

95, 94, and 93% ipsilateral cell death in the SN was

achieved within 1–4, 8, 10, 12, 16 weeks, respectively,

whilst terminals in the striatum completely lose TH

immunoreactivity within the first week. The data pre-

sented above suggest that pure axotomy of the nigro-

striatal tract took approximately 4 weeks to cause

maximum neuronal loss in the SN in our study. This

number showed no significant change beyond 4 weeks

(and up to 16 weeks) indicating no regeneration of nigral

neurons after complete axotomy takes place. The degree

and time course of cell death following axotomy in this

study were more complete after much shorter time inter-

vals compared with other studies involving mechanical

injury of nigrostriatal pathway [2, 11, 16] or electrolytic

lesion of the MFB where TH activity in the SN is re-

duced to 40% of the control level by 14 days and re-

mains at this level until at least 60 days after the lesion

[25]. This may perhaps be explained by the fact that

damaging of axons closer to cell bodies was possible

with the technique used here. Thus, this model provides

a complete hemitransection model with a degree similar

to those from neurotoxin but at the same time preserving

anatomical structures in both SN, striatum, and nigro-

striatal pathway rostral to the transection. It represents a

simple, inexpensive, ideal model for the study of degen-

eration and regeneration for various purposes.
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Pediatric intractable epilepsy 93

Percutaneous radiofrequency neurotomy

(PRN) 81

Peripheral denervation 29

PET 51

Photoresponsive polymer 141

Posterior primary ramus (PPR) 81

Primary somatic sensory cortex 77

Radiosurgery 97

Refractory epilepsy 87

Repetitive transcranial magnetic stimulation

(rTMS) 57

Restoration of neurological and mental-

cognitive, neurobehavioral functioning
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Secondary somatic sensory cortex 77

Seizure 97

Semimicroelectrode 33

Spinal cord injury 133

Spinal cord stimulation 111

Stem cells 137

STN-DBS 37

Stroke 21, 111, 137

Substantia nigra 145

Substantia nigra, microelectrode 33

Subthalamic nucleus 33, 43, 49, 51, 87

Surface structure 141

Syringoarachnoid shunting 117

Team work 3

Thalamotomy 29

Thalamus 21

Therapy 137

Torticollis 29

Transection 145

Transplantation 125, 133

Traumatic and nontraumatic brain damage
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Traumatic cold injury 125

Vagus nerve stimulation 93
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Ventral posterior thalamus 77

Water maze system 123
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